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Abstract

Oncolytic reovirus demonstrates mixed results in clinical trials. To achieve better clinical
outcomes a more complete understanding of reovirus infection is needed. Efficient reovirus
infection often culminates in cell death by apoptosis. Mitochondria play essential roles regulating
apoptosis and oxidative phosphorylation. Although mitochondria are implicated in integrating
reovirus-induced apoptotic signaling, no study has explored how modulating apoptotic pathways
or mitochondrial metabolism influences reovirus infection.

I demonstrate that directly priming apoptotic pathways may be an effective strategy for
augmenting reovirus-induced cytolysis in pediatric leukemia cells and possibly other cancer
cells. Further study is warranted to explore the clinical potential of this strategy. The experiments
attempting to modulate mitochondrial function may be consistent with a role for mitochondrial
respiration in reovirus infection. However, the influence of mitochondrial metabolism on

reovirus infection requires more directed study in the future.
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Chapter One: INTRODUCTION

This thesis pursues an enhanced understanding of the role of apoptotic pathways and
mitochondrial regulation in efficient reovirus oncolysis. Naturally occurring reovirus is relatively
harmless to humans but replicates robustly in and kills many types of cancer cells by apoptosis in
vitro and in vivo. Although reovirus is currently being evaluated in numerous clinical trials, the
observed antitumor efficacy as monotherapy has been modest. As reovirus may soon achieve
clinical approval as an adjuvant to chemotherapy, it will be important to improve our
understanding of the factors regulating efficient reovirus oncolysis to improve antitumor efficacy

and to better predict patient response.

1.1 Oncolytic Virotherapy
1.1.1 Introduction to Oncolytic Viruses

Oncolytic (cancer-killing) viruses (OVs) are naturally occurring or engineered,
replication competent viruses that preferentially infect and kill cancer cells. The concept of using
viruses for cancer therapy originated in the 1900’s'. But only in the 1990°s had significant
improvements in the understanding of cancer, virology, and genetic manipulation allowed for
convincing pre-clinical study of oncolytic viruses, providing support and promise for the clinical
translation of these agents’. Significant progress has been made in the field and currently nine
different virus families are being investigated in clinical trials against advanced malignancy. At
least a few of these agents, including oncolytic reovirus, are likely to become approved

anticancer agents””.

1.1.2 General Mechanisms of Oncolytic Virotherapy

Although each virus has a specific cellular tropism, many naturally occurring viruses
preferentially infect and kill tumor cells, while others are engineered to do so. OVs take
advantage of aspects of tumor biology, whereby preferential virus infection is often facilitated by
1) overactive biosynthetic pathways, ii) defective antiviral pathways, and iii) altered or enhanced

cell surface expression of receptors for virus’. Following efficient replication, OVs can kill

1



infected cancer cells through direct mechanisms, such as infection-induced apoptosis, necrosis,
or autophagy. OVs can also induce immunogenic forms of cell death®, leading to stimulation of
antitumor immunity capable of destroying uninfected cells. OVs also induce bystander killing of
uninfected cells through destruction of tumor associated vasculature and by engineered viral
proteins conferring pro-drug activating activity®. Clinically, oncolytic virotherapy of tumors is

complex and likely involves multiple pathways contributing to tumor destruction.

1.1.3 Advantages of Oncolytic Viruses

Oncolytic virotherapy provides numerous potential advantages over conventional
chemotherapy, including limited toxicity, dose escalation within the tumor, and stimulation of
antitumor immunity®®. This is important, because cancer remains as a worldwide epidemic. In
the United States 2 in 5 people will develop an invasive cancer in their lifetime, and only 3 in 5
patients will live to 5 years from diagnosis’. It is clear that patients are in need of improved
therapeutic options. OVs such as reovirus and others hold great promise as safe, effective
adjuvants to current cancer therapy.

The majority of OVs in the clinic (7 of 9) have been genetically modified. Oncolytic
viruses can be genetically engineered for a number of broad purposes including: i) enhancing
tumor specificity, ii) ‘arming’ viruses for improved anticancer effect, and iii) tumor
visualization® '°. Due to the size constraints and the segmented dSRNA genome of reovirus, it
had previously been impossible to engineer reovirus. However, recent developments including 1)
the development of a reverse genetics system allowing for the manipulation of reovirus genes'’,
and ii) the apparent dispensability of the C-terminal of the reovirus o1 protein'?, may allow the
future development and study of engineered reoviruses (RN Johnston and M Shmulevitz

collaboration).

1.1.4 Clinical Observations from Oncolytic Virotherapy Trials

As expected, oncolytic virotherapy has been found to be safe in patients. However,
disappointingly, the strong efficacy of oncolytic viruses observed in vitro and with in vivo mouse

models of numerous cancer types has not carried over to human trials. Reasons for this are
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thought to include 1) inefficient delivery of virus to tumor, i1) inefficient virus spread within the
tumor, and possibly iii) acquired resistance to virus infection. Resistance can occur when either
cell, virus, or both adapt during the course of infection such that cells support infection but may
no longer be killed. It is unclear if this occurs in humans, but resistance to reovirus infection has
been demonstrated in cancer cell lines that were persistently infected by this virus and it is
possible this may occur in patients'?.

Based on numerous early trials, it seems clear that oncolytic viruses will not be a stand
alone therapy, but likely a powerful adjuvant to the current standards of care’. In this regard,
trials combining oncolytic viruses, including reovirus, vaccinia virus (VV), and Herpes Simplex
virus (HSV), with chemotherapy or radiation have provided a high frequency of tumor responses
that include partial or complete tumour regression'’. An oncolytic adenovirus has already been
approved in China'’, and it is expected that other OVs including reovirus, VV, and HSV, which
are currently in phase I1I clinical trials, will become clinically approved anticancer agents”.

The full potential of oncolytic virotherapy has yet to be realized. Improvements in virus
arming, virus delivery to tumor, and importantly, improving the understanding of tumor
susceptibility to each virus will lead to improved therapy and prediction of patient responders.
This thesis focuses on the study of oncolytic reovirus, and therefore the following section

provides an overview of Oncolytic Reovirus.

1.2 Oncolytic Reovirus
1.2.1 Discovery of Oncolytic Reovirus

Studies performed in the lab of Dr. Patrick Lee at the University of Calgary, Alberta
demonstrated that activation of the RAS pathway in nontransformed cells conferred sensitivity to
efficient reovirus oncolysis. Transforming reovirus resistant NIH-3T3 cells with constitutively
active EGFR, SOS, or RAS, conferred sensitivity to efficient reovirus replication and reovirus-
induced apoptosis'*'®. As activation of the RAS pathway was thought to be present in >30% of
all tumors, Dr. Lee’s group found that wildtype reovirus (Type 3 Dearing, T3D) preferentially

infected and killed cancer cells in vitro and in vivo'. The company Oncolytics Biotech® Inc.



based in Calgary, Alberta was formed to assess the clinical application of reovirus as an

oncolytic agent (Reolysin®, www.oncolyticsbiotech.com)'* > 1.

1.2.2 The “Active RAS” Model for Susceptibility to Oncolytic Reovirus

Experiments performed by Dr. Lee’s group originally led him to propose that RAS
transformation released a block in viral translation mediated by dsRNA-activated PKR.
However, more recent studies found that RAS transformation does not affect translation of
reovirus proteins'®, and in fact reovirus can overcome host translation shutoff regardless of PKR
status". Research now suggests that active signaling through RAS promotes four aspects of
reovirus infection: i) enhanced proteolytic uncoating of the virus, ii) inability to synthesize or
respond to antiviral IFN-f3, iii) enhanced infectivity of reovirus progeny virions, and iv)
enhanced apoptosis-mediated release of reovirus progeny'® *’. These observations form the basis
of the current “Active RAS” model for reovirus oncolysis. Figure 1 illustrates the current

“Active RAS” model for susceptibility to reovirus oncolysis.
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Figure 1. Current Model for Reovirus Oncolysis: Active RAS Signaling Confers

Susceptibility to Reovirus Infection

Active RAS signaling promotes efficient reovirus infection by enhancing i) proteolytic
disassembly of virions during entry into host cells, ii) enhanced infectivity of progeny virions,
1i1) enhanced reovirus-induced apoptosis and release of progeny virions, and iv) reovirus spread
by suppression of cellular antiviral responses'™® ?°. The pathways downstream of RAS that
mediate these effects are unclear. Studies clearly support a role for RAS in promoting efficient
reovirus infection in cancer cells. Importantly, however, recent studies strongly indicate that the

RAS model alone is insufficient to fully explain susceptibility to reovirus oncolysis.



1.2.3 Gaps in the “Active RAS” Model

Although RAS activation clearly plays a role in efficient reovirus infection, there are
significant gaps in this model. Multiple studies performed in vitro, in vivo, and in tumor biopsies
found no correlation between sensitivity to reovirus cytolysis and the level of EGFR/RAS
pathway activation® .

The current model fails to include other signaling and regulatory pathways that have been
implicated in regulating reovirus oncolysis. For example, the status of cellular tumor suppressor
genes, such as p53 and RB, impinges on the efficacy of reovirus oncolysis, though this effect
may be cell line dependent®® ?’. The mitogen-activated pathway kinase (MAPK) pathways have
been shown to regulate apoptosis (JNK)®, reovirus replication (p38)*°, and downregulate
interferon pathways (ERK)*’. However these effects are completely dependent on the cell line, as
each of these studies found no effect of inhibition of the other 2 pathways on reovirus infection.

Microarray studies of gene expression changes following reovirus infection highlight
many other pathways and proteins potentially involved in reovirus infection. The three major
pathways highlighted by these studies were: downregulation of DNA damage response genes,
upregulation of genes involved in ER stress response, and upregulation of cellular innate immune
response genes " °'. The precise role of downregulating DNA damage responsiveness is
unknown, but may be related to the influence of p53 status on reovirus induced cell killing, as
p53 is implicated in regulating cell fate decisions at the mitochondria®” *%. ER stress induces host
translation shutoff, and recent evidence suggests that reovirus can overcome this block and allow
preferential synthesis of viral proteins, which may explain why reovirus infection leads to

upregulation of ER stress proteins'® *.

Finally, although reovirus induces significant
enhancement of type I interferon pathway genes, data suggest that reovirus infection is largely

unaffected by these changes™.

1.2.4 Overview of Oncolytic Reovirus in Clinical Trials

To date, reovirus has been enrolled in 31 completed or ongoing trials within the US, UK,
or Canada for patients with various tumor types. Results demonstrate an excellent safety profile,

with the ability of reovirus to overcome pre-existing antiviral humoral immunity leading to many



partial and a few complete responses when combined with chemotherapy®*~°. Oncolytic reovirus
is currently in a phase III trial for head and neck cancer that has recently concluded, and this
virus is likely to become an approved therapy.

As is the case with other oncolytic viruses, antitumor efficacy in clinical trials has been
less than expected. Furthermore, it is clear that reovirus monotherapy alone is not sufficient for
cure®. The partial tumor responses observed in clinical trials and the ability of reovirus to
combine effectively with chemotherapy provide optimism for the clinical utility of reovirus.
However, to improve the efficacy of reovirus-based therapy and to better predict patient response
to reovirus, it is essential to improve the understanding of the molecular determinants underlying
cancer cell susceptibility to efficient reovirus infection.

This thesis aims to further understand and improve the efficiency of reovirus infection at
the level of apoptosis and the mitochondria. Therefore the following section introduces basic
reovirus biology, highlighting the prominent role of apoptosis in reovirus pathology and reovirus

oncolysis.

1.3 Reovirus
1.3.1 Introduction to Mammalian Reovirus

Respiratory enteric orphan virus (reovirus) is a non-enveloped, segmented double-
stranded RNA (dsRNA) virus that is capable of infecting most mammals and replicates in the
cytoplasm of infected cells. Reovirus is found ubiquitously in nature in water stores and sewage,
reflecting the fecal-oral route of transmission. There are three main serotypes of mammalian
reovirus, namely Type 1 Lang (T1L), Type 2 Jones (T2J), and Type 3 Abney (T3A) and Dearing
(T3D). Although all three serotypes have been studied extensively, only strain T3D is being
investigated for its oncolytic potential.

Reovirus virions contain 10 segments of dSRNA enclosed within two concentric protein
capsids: an inner protein core and an outer capsid. The outer capsid proteins stabilize the virus
and facilitate virus entry into the host cell, while the core functions to further shield and
participate in transcription of the reovirus genome. Reovirus dsRNA segments are classified into

large (L1, L2, and L3), medium (M1, M2, and M3), and small (S1, S2, S3, and S4). Each



segment of dsSRNA encodes a single protein except for the S1 and M3 gene segments. S1
encodes two proteins in alternate reading frames and M3 encodes two proteins in the same
reading frame. Together, these genes encode eight structural proteins (protein core and outer

capsid) and four nonstructural proteins (virus replication and assembly).

1.3.2 Reovirus Infection in Humans and Mice

Studies in mice suggest that reovirus infections initiate in the respiratory and enteric
tracts by virus binding to microfold (M) cells in the pulmonary and intestinal epithelium®’. Virus
is carried by transcytosis across M cells and exposed basally to epithelial cells, as well as to
lymphoid tissue and Peyer’s patches in the airway and intestine, respectively. Reovirus infects
and replicates in epithelial cells of the respiratory and enteric tract. In the intestine, basolateral
infection and replication in epithelial cells leads to apical release of progeny virions to facilitate
host to host dissemination’’. If antiviral defences are isufficient, reovirus dissemination within
the infected host occurs in a serotype-dependent manner involving neural and hematogenous
routes. Hematogenous dissemination accounts for spread of type 1 reovirus, while neural
dissemination is used primarily by type 3 reovirus. Both types of reovirus lead to infection and
disease within the central nervous system, heart, and liver’’.

Reovirus infection is normally associated with only mild flu-like symptoms and diarrhea
but no severe disease (hence ‘orphan’ virus). This is due in part to the protective effects of the
innate immune response. In the intestine, the type I IFN response elicited by dendritic cells
following exposure to reovirus in Peyer’s patches is essential for controlling intestinal viral
infection®® and limiting reovirus-induced encephalitis® and myocarditis®.

Although innate immunity acts as the first level of protection at the site of primary
infection, antibody-mediated immunity plays an important role in restricting viral spread to other
sites in the body such as the central nervous system, heart, liver, and muscle’’. This is
highlighted by in vivo work showing that B cell- and antibody-deficient, but not T cell- deficient,
mice are very sensitive to efficient reovirus replication in many tissues leading to lethality”’.

Together, the innate and acquired immune defences in humans and mice are efficient at
restricting reovirus infection. Most people are exposed to reovirus during childhood leading to

only mild or asymptomatic infection, and therefore many adults contain circulating reovirus-
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specific antibodies. Further, the excellent safety profile of this virus has contributed to and been

fully supported by clinical observations™.

1.3.3 Reovirus Replication: Attachment and Entry Into the Host Cell

The complete reovirus replication cycle is summarized in schematic form in Figure 2.
Infection of a host cell begins with attachment of the reovirus virion to the cell surface. Initially,
virions bind to sialic acid, facilitating a higher affinity interaction with the tight junction
molecule Junction Adhesion Molecule A (JAM-A) on the cell surface. Interaction with sialic
acid and JAM-A are mediated by binding to the stalk and head domain, respectively, of viral
61%. Virus internalization occurs by endocytosis and requires interaction with B 1-integrin, likely
via integrin-binding sequences in viral A2, which occurs following engagement of JAM-A*'.
Virions in early endosomes require transport along microtubules toward acidified (late)
endosomes®, a process that is aided by proper sorting of early endosomes by activated Src

kinase®.

1.3.4 Reovirus Replication: Proteolytic Disassembly and Penetration into the Cytoplasm

Following successful transport to acidified/late endosomes, virions undergo proteolytic
uncoating via endo/lysosomal proteases such as cathepsins B and L** **. Proteolytic disassembly
generates an infectious subviral particle (ISVP) defined by degradation of 03, rearrangement of
ol and ul/ulC (C-terminal fragment of ul formed from autolytic cleavage of ul), and cleavage
of ulC into particle-associated ¢ and 0 fragments. The ISVP particle is also generated in the
intestinal lumen during natural infection, and is fully infectious®. Efficient generation of the
ISVP is essential for productive reovirus replication and infection-induced apoptosis®™ *.
Following ISVP formation, further conformational changes allow release of wIN and other ul
fragments, and loss of attachment protein ol (these virus particles are called ISVP*). Released
wIN and ¢ associate and form pores in the endosomal membrane that recruit reovirus particles

and facilitate entry into the host cell cytoplasm®”*.
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Figure 2. Reovirus Replication Cycle.

Reovirus particles attach to cells through JAM-A on the cell membrane and undergo receptor-
mediated apoptosis to enter cells. Disassembly of reovirus by proteolytic cleavage of virions into
infectious subviral particles (ISVP) is required for penetration into the host cytoplasm. Of note,
extracellular proteolysis can create ISVPs capable of penetrating the plasma membrane.
Transcriptionally active core particles undergo primary transcription to provide [+] mRNA and
viral proteins that assemble to form nascent core transcriptase particles within viral factories
formed by uNS (yellow). Secondary transcription from nascent cores is responsible for most
viral transcription and protein synthesis and formation of progeny virions. Replication of mRNA
into dsRNA and addition of outer capsid proteins to packaged core particles inhibits transcription
and precedes viral release by multiple mechanisms, notably cell death by apoptosis.

Figure adapted from: https://instructl.cit.cornell.edu/research/parker lab/Reovirus.htm
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1.3.5 Reovirus Replication: Viral Transcription, Translation, and Factory Formation

Endosomal degradation and penetration into the cytoplasm yields reovirus ‘core’
particles. Reovirus cores are transcriptionally active and contain all enzymes required for
transcription and capping of de novo transcripts and replication of the viral genome. Viral A3 is a
viral RNA-dependent RNA polymerase (with helicase activity) that associates with viral cofactor
u2 within the core. Viral polymerase is localized next to each of the 12 transcript exit channels
formed from pentameric A2 turrets and peripentonal A1 within the inner capsid. Following the
helicase and RNA polymerase activities of A3, viral mRNAs are capped by the combined actions
of Al (RNA triphosphate phosphohydrolase activity) and A2 (guanylyltransferase and
methyltransferase activity) as nascent mRNA exits the core particle. Within the cytoplasm, host
ribosomes recognize capped viral mRNA, recruit translation initiation factors, and protein
synthesis ensues.

Upon release into the cytosol, the initial wave of transcription (called primary
transcription) takes place within 1-2 hours. Primary transcription favours generation and
translation of capped viral mRNA coding for A3, 03, oNS, and uNS during the first 4-5 hours
post-infection (hpi). The function of early transcripts coding for A3, 63 and oNS is thought to be
in stabilization of other viral transcripts®’.

Early translation of the uNS matrix protein facilitates formation of a cytoplasmic
structure called a viral factory (VF; also called viral inclusion) surrounding the transcriptionally
active core particle. Reovirus factories were recently shown to be a membranous network
derived from ER-associated cell membrane®. This structure grows in size as viral transcription
and translation continue, is visible as puncta within 2 hours, localizes to the perimeter of the
nucleus, interacts with microtubules, and has multiple contacts with the endoplasmic reticulum
and especially mitochondria*.

uNS binds and recruits nascent inner capsid (core) structural proteins and viral [+]
mRNA into newly formed core particles (a result of primary transcription). Nascent core
particles have transcriptase activity and following generation of dsSRNA, produce a second wave
of transcription (called secondary transcription) that accounts for the majority of viral mRNA

synthesized during infection. As infection progresses viral translation gradually increases along
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with a corresponding decrease in cellular translation, and within 10 hpi viral mRNA translation
is predominant. By 10 hpi, all viral transcripts are generated at levels proportional to their
nucleotide length, whereas protein levels are maintained at fairly constant relative levels to each
other regardless of transcript levels. Viral translation is tightly regulated and involves features of
the transcript, including content and length of the non-translated region, total transcript length,

and regulation by cellular and viral RNA-binding proteins®’.

1.3.6 Reovirus Replication: Progeny Virions and Release from the Host Cell

The mechanisms underlying the highly precise genome assortment and packaging into
new viral cores remain unknown, but are thought to involve specific viral mRNA-protein and/or
RNA-RNA interactions. Generation of dSRNA by [-] strand synthesis using [+] mRNA templates
is accomplished by the viral polymerase, and may occur only following assortment and
packaging of a complete set of viral mRNA. Following assembly of a complete core with
dsRNA, viral RNA polymerase is inhibited and outer capsid proteins are added to complete
progeny virions. Precise mechanisms of release of progeny virions are not well understood, but

can occur as a result of apoptotic cell death, non-apoptotic cell death, or independently of cell

death*’*8,

1.3.7 Host Cell Responses to Infection: Interferon Induction

Reovirus infection induces antiviral IFN in infected cells in vitro and in mice’’. IFN
induction is dependent on viral RNA, but is not dependent on viral replication. IFN induction
during reovirus infection is stimulated by recognition of viral dsSRNA by numerous pattern
recognition receptors including RIG-I and Mda-5 ***, DHX9%, DHX33"' and probably others’".
Viral RNA binding stimulates interaction of these proteins with interferon-promoter stimulating
factor 1 (IPS-1, also called MAVS), which mediates downstream activation of transcription
factors IRF3 and NF-kB leading to IFN induction®®. IFN-B is the predominant secreted factor
following reovirus infection of normal and cancer cells. The extent of IFN induction is

dependent on cell type and reovirus strain®’.
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1.3.8 Host Cell Responses to Infection: Interferon Stimulated Genes

The implications of reovirus-induced IFN in the whole organism have been discussed
above. At the cellular level, reovirus-induced interferon leads to expression of antiviral IFN-
stimulated genes (ISGs), such as dsRNA-activated protein kinase (PKR). Reovirus infection
leads to PKR activation in non-treated and especially in IFN-treated cells’’. However, while PKR
normally functions to limit host and viral protein translation by phosphorylating translation
initiation factor elF2a, observations suggest that PKR activation does not inhibit reovirus
replication or cytopathic effects’’. In fact, reovirus replication seems to benefit from PKR
activation’" >,

Reovirus dsRNA also activates another ISG called 2°,5’-oligoadenylate synthetase that
activates the ssSRNA endonuclease RNase L. However, similarly to PKR, while RNase L would

be expected to negatively impact reovirus replication, replication is unaffected and may actually

benefit from RNase L.

1.3.9 Host Cell Responses to Infection: Cell Cycle Inhibition

Reovirus infection can lead to inhibition of host cell cycle progression and DNA
synthesis, an effect dependent on viral replication that segregates with the S1 gene. S1 encoded
ols localizes to the nucleus and stimulates phosphorylation and inactivation of cell cycle control
kinase cdc2, causing G»/M arrest through an unknown mechanism®. Microarray analysis of
reovirus infected cells found altered transcripts of several genes regulating cell cycle progression
through G1/S, G2/M, and mitotic spindle checkpoints®®. It remains unclear what benefit may be

provided to reovirus infection by blocking cell cycle progression.

1.3.10 Host Cell Responses to Infection: Introduction to Reovirus-induced Apoptosis

Efficient reovirus infection induces apoptosis in vitro and in vivo>. Reovirus-induced
apoptosis contributes to tissue injury and virus spread in the infected host’’, and tumor debulking
and stimulation of antitumor immunity in mouse tumor models® **. Reovirus also combines

synergistically with cytotoxic chemotherapy and radiotherapy in vitro and in vivo due to

15



enhanced viral replication and apoptosis™. Together, these observations support a partial role for
apoptosis in tumor responses observed in clinical trials.

This thesis pursues the hypothesis that targeting apoptotic pathways more directly will
enhance reovirus oncolysis in vitro, and also pursues an enhanced understanding of the
regulation of reovirus-induced apoptosis at the level of the mitochondria. Therefore, the
following sections introduce apoptosis, regulation of this process, and the regulation and role of

apoptosis in reovirus pathogenesis and particularly reovirus oncolysis.

1.4 Apoptosis

Apoptosis is a well-conserved, programmed, active form of cell death responsible for
elimination of cells when they are damaged, pose a threat to the organism, or are no longer
needed®. Apoptosis is essential during embryonic development, immune system maintenance,
and response to pathogens or other harmful stimuli. At the cellular morphology level, apoptosis
induces cytoplasm and nuclear shrinkage, DNA condensation, DNA and nuclear fragmentation,
and cellular fragmentation into roughly spherical, intact vesicles of different size termed

"% Apoptotic bodies are taken up by phagocytosis into cells and degraded in a

‘apoptotic bodies
non-immunogenic manner™.

Apoptosis is highly regulated, and dysregulation is associated with multiple diseases,
including cancer®. The nature and degree of stimulus or condition, the signaling pathway
architecture (including mutational status) within a cell, and the mitochondrial state (influenced
by metabolism) within a cell determine its fate. The primary pathways regulating apoptosis
downstream of harmful stimuli are 1) the extrinsic, death-receptor-mediated pathway, and ii) the

intrinsic, BCL-2 family/mitochondria-mediated pathway. These pathways will be outlined

below, and are summarized in Figure 3.
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Figure 3. Extrinsic and Intrinsic (Mitochondrial) Pathways of Apoptosis.

The extrinsic apoptotic pathway involves the activation of death receptors at the cell surface
leading to caspase-8 activation. In certain cellular contexts (type I cell death), high levels of
caspase-8 activation are sufficient to directly initiate effector caspases leading to cell death. In
type II cell death, death signal amplification is required and low levels of active caspase-8
truncate the proapoptotic BH3-only protein BID (tBID), which converges on the
intrinsic/mitochondrial apoptotic pathway to induce efficient cell death. The intrinsic pathway is
regulated at the level of the mitochondria by the BCL-2 family proteins. Components of this
family act with each other and in membranes, and the location, concentration and specific
affinities of these proteins dictate the events at the mitochondria. The BH3-only proteins act as
stress sensors, responding to numerous stress/death stimuli and acting to indirectly and directly
promote the activation of BAX and BAK, proteins that oligomerize and form pores leading to
mitochondrial outer membrane permeabilization (MOMP). The antiapoptotic members of this
family include BCL-2, and act to sequester either BH3-only proteins or BAX and BAK directly,
and are capable of preventing MOMP and cell death. When triggered, MOMP is a “point of no
return”, sealing cell fate through the release of numerous apoptogenic proteins from the
mitochondrial intermembrane space (IMS), as well as the resulting decrease in bioenergetic
capacity (not illustrated). Released cytochrome c¢ associates with APAF-1 and procaspase-9 to
activate effector caspases, an event that is further promoted by the suppression of the caspase
inhibitory proteins IAPs by released SMAC, leading to cellular dismantling. Release of the
endonucleases AIF and ENDO-G further contributes to DNA condensation and fragmentation
leading to death.
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1.4.1 Extrinsic Pathway of Apoptosis

The extrinsic apoptotic pathway is initiated by apoptotic ligand binding to death receptors
on the cell surface. A family of death receptors with specific ligands exist and two signaling
pathways in this family function primarily as inducers of apoptosis, namely FasL/Fas, and
TRAIL/DR4,DR5. Receptor engagement by ligand leads to receptor trimerization and
conformational changes in the cytoplasmic tail of receptors containing death domains. Death
domains bind and recruit the FAS-associated death domain (FADD) proteins that recruit and
activate initiator caspase-8. All together, formation of this protein complex is termed the death-
inducing signaling complex (DISC), responsible for cleavage and activation of caspase-8. In
certain cellular contexts, a high level of death receptor signaling substantially activates caspase-
8, which cleaves and activates effector caspases leading directly to apoptotic cell death, called
type I death® ®. In other cellular contexts (type II cell death), less efficient stimulation of the
extrinsic pathway and caspase-8 activity requires signal amplification through the intrinsic BCL-
2 family/mitochondria-mediated pathway to induce efficient apoptosis. Mitochondrial
amplification is mediated by the caspase-8 cleavage target BID, yielding proapoptotic tBID,
which interacts with other BCL-2 family proteins at the mitochondrial outer membrane (MOM)
to promote apoptosis (see below). The difference between type 1 and II cell death is not an
intrinsic difference in cells, but seems to be related to the amount of cell surface death receptor

expression as well as the propensity to efficiently assemble DISCs and activate caspase-8° .

1.4.2 Intrinsic (Mitochondrial) Pathway of Apoptosis

The mitochondria act as “gatekeepers” of cell life and death and play the central role in
eliciting apoptosis downstream of intrinsic apoptotic signals. Numerous proteins that function
normally within the mitochondrial intermembrane space (IMS) are released as a result of
mitochondrial outer membrane permeabilization (MOMP), which act together or independently
to induce cell death. One of the major events contributing to efficient apoptosis is release of
cytochrome ¢ from the IMS into the cytosol. Cytosolic cytochrome ¢ and ATP associate with the
adaptor protein APAF-1, facilitating dimerization and activation of the initiator casapase-9,

which then cleaves to activate the executioner caspases-3/7. The executioner caspases are largely
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responsible for the morphological features associated with apoptosis by inducing DNA
fragmentation, degradation of nuclear and cytoskeletal proteins, exposure of phagocytic

recognition signals, and formation of apoptotic bodies®®

. Efficient caspase activation
downstream of MOMP is promoted by the release of other IMS proteins called SMAC and
HTRAZ2 that act to neutralize the caspase-inhibitory function of inhibitor of apoptosis proteins
(IAPs). Release of further proapoptotic proteins from the IMS, including endonucleases AIF,
EndoG, and CAD, leads to DNA condensation and fragmentation, further contributing to cell
death®.

Triggering MOMP is considered a “point of no return” that commits cells to die®. This is
consistent with reports that caspase activity downstream of MOMP is not essential for
appropriate cell death in vivo®. Furthermore, dysfunction of mitochondrial respiration (due to
cytochrome c loss)® and/or release of proapoptotic endonucleases® ™ following MOMP leads to
cell death independently of caspases. Due to the essential role for mitochondria in metabolism as
well as cell death, it is not surprising that MOMP is highly regulated.

The intrinsic pathway is directly regulated by the BCL-2 family of proteins. This family
includes two categories of proapoptotic proteins: 1) the multi-BCL-2 homology (BH) domain
containing proteins BAX and BAK, which are the main effectors of apoptosis induction, and ii)
the BH3 domain-only proteins of which there are many. The proapoptotic proteins are kept in
check by a single category of antiapoptotic, multi-BH domain containing proteins, including
BCL-2, BCL-XL and MCL-1"".

MOMP is formed by the direct pore-forming activity of BAX and BAK oligomers in the
MOM vyielding pores of sufficient size to release key IMS proteins. Their activation is controlled
by: 1) direct activation by “activator” BH3-only proteins, required for proper MOM insertion and
oligomerization of BAX and BAK, ii) direct sequestration via interactions with antiapoptotic
proteins (ex. BCL-2), iii) indirect effects of “sensitizer” BH3-only proteins that interact with
antiapoptotic proteins to displace “activator” BH3-only proteins (more efficient displacement)
and/or to displace BAX and BAK (less efficient) to promote MOMP’".

It should be noted that BCL-2 proteins have roles distinct from cell death regulation,
including in mitochondrial dynamics (fission and fusion), ER functions, and autophagy’'. The

role of BCL-2 proteins in cell fate decisions versus other functions appears to be governed by the
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specific proteins expressed, their concentration, and affinity of binding partners found at/in
specific organelle membranes’'.

BH3-only proteins are essential initiators of intrinsic apoptosis in response to many
cellular stressors, including DNA damage, growth factor withdrawal, ER stress, and intracellular
pathogens, including reovirus’” 7>. This family is normally under transcriptional and post-
translational regulation to limit apoptotic functions, however diverse death stimuli can signal to
release this control and promote apoptosis’>. For example, the convergence point whereby
extrinsic pathway signaling achieves signal amplification through the mitochondria is through
truncation and activation of the BH3-only protein tBID. tBID localizes and inserts into the
MOM, recruiting BAX and inducing conformational changes in BAX, thereby facilitating

membrane insertion and activation, leading to MOMP and cell death”.

1.5 Apoptosis in Reovirus Infection

Reovirus infection induces the morphological and biochemical features of apoptosis in
vitro and in vivo™. Cell death and tissue injury following reovirus infection requires apoptosis.
This is supported by the in vitro report that BCL-2 overexpression blocks reovirus induced
apoptosis’*. Further, reovirus-induced central nervous system tissue injury in neonatal mice is
associated with extrinsic and intrinsic apoptosis, and injury is dramatically reduced in caspase-3
deficient animals”. Similarly, caspase inhibition protects against reovirus-induced myocardial
injury in vivo’®.

Apoptosis also plays a prominent role in the combinatorial effects of reovirus with
chemotherapy or radiotherapy. Preclinical in vitro and in vivo combinations of reovirus with
platin- or taxane-based chemotherapy have been shown to be highly synergistic in melanoma "’
prostate cancer’®, and non—small cell lung cancer’” through enhanced viral replication and
apoptosis. Combining reovirus with radiation synergistically enhances cytotoxicity associated
with enhanced apoptosis in a variety of tumor cells in vitro and in vivo™.

In fact, apoptosis is the major preferred mode of action to eliminate tumor burden in
cancer patients as both radio- and chemotherapy work predominantly by inducing apoptosis®'.

Induction of apoptosis likely plays an important role in the antitumor efficacy of reovirus/chemo-

and reovirus/radio-therapy combinations in responding patients by direct tumor de-bulking as

21



well as by stimulation of antitumor immunity®. Therefore, exploiting and improving our
understanding of reovirus-induced apoptosis should contribute to better clinical success with

reovirus.

1.5.1 Reovirus Activates Extrinsic and Intrinsic Apoptotic Pathways

Reovirus-induced apoptosis is mediated by TRAIL ligand binding to its cognate death
receptors, DR4 and DR5%. Activation of caspase-8 downstream of TRAIL stimulation leads to
truncation and activation of the BH3-only protein BID, thus amplifying the cell death signal
through the intrinsic apoptotic pathway. Caspase-8 and tBID are required for reovirus-induced
apoptosis in vitro and in vivo®, pointing to an essential role for the intrinsic pathway and MOMP
as the effector mechanism for reovirus-induced apoptosis. Reovirus-induced apoptosis is
associated with release of proapoptotic proteins from the mitochondrial IMS, including
cytochrome ¢ and SMAC, which execute apoptosis®™. Figure 4 illustrates reovirus-induced

extrinsic and intrinsic apoptotic signaling as described here and in the next section.
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Figure 4. Reovirus activates extrinsic and intrinsic apoptotic pathways.

Reovirus disassembly releases the ul ¢ fragment, which has been shown to elicit mitochondrial
outer membrane permeabilization (MOMP) following 1) direct insertion or interaction with tBID
in the MOM®* ® or 2) activation of NF-xB®. It is important to note that the mechanism of
reovirus-induced MOMP remains unclear, but the effectors BAX and BAK appear to be
dispensable. #:Activation of innate immune proteins including IPS-1 (via reovirus RNA-
activated proteins including Mda-5 and RIG-I, not shown), IRF3, and NF-«xB leads to
upregulation of proapoptotic proteins, including NOXA, death receptor 4/5, and TRAIL. TRAIL
binding to DR4/5 activates extrinsic apoptotic signaling leading to active caspase-8-mediated
truncation of BID (tBID). Extrinsic pathway stimulation requires mitochondrial amplification of
the apoptotic signal, directly via proapoptotic tBID and/or through the membrane perturbation
effects of ¢ for efficient cell killing. IRF-3 and NF-kB stiulate NOXA expression, leading to
inhibition of antiapoptotic BCL-2 proteins, further promoting reovirus-induced MOMP. MOMP
releases cytochrome ¢, SMAC, and other IMS proteins (not shown) that lead to cellular

dismantling in a caspase-dependent and caspase-independent manner.
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1.5.2 Regulation of Reovirus-induced Apoptosis

Genetic reassortment of reovirus strains implicates the ol-encoding S1 gene and the nl-
encoding M2 gene in regulating apoptotic efficiency during reovirus infection. Binding of o1 to
sialic acid and JAM-A can influence apoptosis, yet neither are required since antibody-mediated
uptake of reovirus also leads to apoptosis in infected cells*®. Viral ols promotes cell cycle arrest
and contributes to apoptosis, but is not strictly required®’. This is consistent with recent reports
that point to a more prominent role for the viral ul protein.

Ectopically expressed ul activates the extrinsic and intrinsic apoptotic pathways leading
to cell death, similarly to natural infection®. The ¢ domain of ul generated during efficient
proteolytic disassembly of natural infection localizes preferentially to the ER and mitochondrial
membranes increasingly during infection and is essential for the apoptosis-inducing effects of
full length w1®. Natural infection or ectopic expression of ul induce efficient apoptosis in cells
lacking BAX and BAK*. BAX and BAK are normally required for MOMP, and their loss
prevents apoptosis in response to many chemotherapy drugs®. These reports implicate a novel,
undefined mechanism for MOMP induced by reovirus infection that involves an indirect and/or
direct role for reoviral ul/¢. Consistent with this, a report demonstrated that a peptide derived
from ¢ can autonomously destabilize membranes and it is postulated that reovirus ¢ might
interact with other BCL-2 proteins such as tBID, which is structurally homologous to BAX and
can form pores in lipidic membrane, to elicit MOMP and release of proapoptotic factors®.
However, expression of ul derived from differentially apoptosis-inducing reovirus strains induce
a similar amount of apoptosis, suggesting that other events modulate the extent of apoptosis in
infected cells*®.

Reovirus-induced apoptosis requires NF-kB activity in most contexts via stimulation of
the extrinsic apoptotic pathway. Preventing degradation of an NF-kB inhibitory protein,
overexpressing this inhibitory protein, or using NF-kB-deficient cells abrogates apoptosis
induced by reovirus”. NF-xB is activated early in infection by viral ul’' and u2°% and
translocates to the nucleus to induce transcriptional changes®. However, it is not known how
NF-kB activation triggers cell death, as previous microarray studies have failed to identify

significant changes in expression of apoptosis-regulating transcriptional targets of NF-kB such
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as death receptors, death ligands, or BCL-2 family proteins®. Indeed, although increased
expression and release of TRAIL, and increased expression of the TRAIL receptors DR4 and
DRS5 on the cell surface have been reported and mediate reovirus-induced apoptosis, it remains
unclear how these proteins are regulated by NF-kB*. One exception to this is the finding that
reovirus infection leads to upregulation of the proapoptotic BH3-only protein NOXA at late
times post infection in an NF-kB and IRF3 dependent manner, and cells lacking NOXA are
severely diminished in reovirus-induced apoptosis™.

The above reports highlight the importance of virus entry and efficient proteolytic
disassembly in triggering reovirus-induced apoptosis in a replication-independent manner.
Studies have demonstrated the apparent dispensability of virus replication in reovirus-induced
apoptosis. For example, dead virions (nucleic acid damage from UV light exposure) or virus
particles devoid of RNA can induce apoptosis®, emphasizing the importance of viral proteins in
triggering apoptosis signaling. However, these statements are somewhat misleading, as very high
doses (1000 infectious virus particle equivalents per cell) are used in these studies and are not
physiologically relevant®. Indeed, in our lab and in many other studies, UV-inactivated virus at
more commonly used doses (<100 infectious particles per cell) are used in control treatments and
do not harm cells. This is consistent with the idea that virus replication enhances the quantity of
proteins that participate in signaling events leading to efficient apoptosis, which is likely to be
the case in physiological conditions.

There have been studies showing that reovirus infection induces endoplasmic reticulum
(ER) stress due to accumulation of viral proteins, leading to transcriptional upregulation of
proapoptotic proteins that contribute to efficient apoptosis in pancreatic cancer’* and multiple
myeloma’. Other pathways have been implicated in reovirus apoptosis, and many pathways that
influence or regulate extrinsic or intrinsic pathways of apoptosis are likely to play a role in the

cellular response to reovirus infection.

1.5.3 Evidence for Mitochondrial Involvement in Reovirus-induced MOMP

The following observations imply an essential role for the mitochondria in regulating

reovirus-induced apoptosis: 1) BCL-2 family proteins are required (tBID), promote (NOXA),
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and prevent (BCL-2) reovirus-induced apoptosis, 2) mitochondria are permeabilized and release
proapoptotic factors from the IMS that execute reovirus-induced apoptosis, 3) the viral ¢ domain
localizes to mitochondrial membranes and likely harbours membrane destabilizing activity, and
4) reovirus induces release of IMS proteins independently of the typically essential effectors
BAX and BAK. The mechanism of IMS protein release from the mitochondria is unclear. There
seems to be an important role for BCL-2 family proteins, however, how these proteins interact
with one another and/or with viral ul/¢ at the mitochondrial outer membrane during reovirus
infection appears to be more complex than simple opening of a BAX/BAK-dependent pore.

It is remarkable that the single agent reovirus is capable of infecting and killing many
types of cancer cells in vitro, in vivo, and in the clinic. This fact might suggest that many cancer
cells share certain characteristics that facilitate susceptibility to reovirus oncolysis. Indeed, it is
assumed that like many viruses, reovirus takes advantage of upregulated anabolic and
proliferative pathways within cancer cells’, such as the RAS pathway'®. Reovirus replication and
apoptosis are somewhat dissociable events: apoptosis induction in cancer cells is usually
associated with efficient virus replication, whereas high virus replication does not always induce
apoptosis. Determining the factors that regulate efficient reovirus-induced apoptosis in reovirus-

sensitive cancer cells remains an important goal of reovirus research.

1.6 Metabolism and Mitochondria in Cancer Cells
1.6.1 Alterations in Cancer Cell Metabolism and Mitochondria

One of the hallmarks of many cancer cells is a metabolic shift toward glycolysis
independently of oxygen availability, called the Warburg effect®’. This metabolic transition is
mediated in large part by mutational status in common tumor suppressors (p53, PTEN) and
oncogenes (RAS, MYC, PI3K), and/or oxygen availability (HIF)*. Enhanced glycolytic
metabolism is beneficial for rapid proliferation through rapid ATP generation and for the
synthesis of biosynthetic intermediates supporting cell growth. Mitochondria in cancer cells are
often considered dysfunctional as a result of this metabolic shift, despite the fact that under
glucose withdrawal cancer cell mitochondria are capable of maintaining cell survival, and in

general are well suited to rapidly adapting bioenergetic metabolism based on nutrient
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availability”” *®. It has recently become more recognized that cancer cell mitochondria retain
functional ATP-producing ability despite an apparent Warburg phenotype and cancer cells
actually display a wide variation in the relative contributions of glycolysis and oxidative
phosphorylation (OXPHOS) to ATP production®. This is consistent with the notion that the
Warburg effect is not a fundamental difference between normal and cancer cells, but is a
consequence of a metabolic shift in rapidly dividing cells.

On the other hand, inactivation of common tumor suppressors and/or activation of
oncogenes leads to transcriptional suppression of OXPHOS components and mitochondrial
generation of ATP. For instance, transformation with constitutively active H-RAS or K-RAS
leads to enhanced glycolysis and pyruvate fermentation, decreased glucose flux through
OXPHOS, increased reactive oxygen species levels, and more aggressive tumor growth in vivo,
which was associated with RAS-induced transcriptional suppression of OXPHOS genes and
increased expression of glycolytic enzymes”™'?*. Less common tumor suppressors and oncogenes
have been identified as integral components of glycolysis and OXPHOS, which function to

103 Mutations in mtDNA have also

inhibit mitochondrial ATP production and promote glycolysis
been found in up to 56% of all tumors, primarily occurring in the mtDNA coding for the catalytic
subunits of Complex I, or occurring in a regulatory region of mtDNA'*. These mutations leads
to dysfunction of respiration and increased production of reactive oxygen species that can
promote tumorigenesis, while the concurrent shift toward glycolysis promotes lactic acid

production, tumor progression, and metastasis.

1.6.2 Mitochondrial Metabolism Can Influence Apoptosis

Dysfunction of the respiratory chain complexes by mutations in mitochondrial DNA
(mtDNA) can accumulate in cancer and contribute to mitochondrial dysfunction alongside
oncogenic alterations'”. A report by Kwong et al. 2007 showed that osteosarcoma cells with
dysfunctional respiratory complexes resulting from mtDNA mutations, or cells completely
lacking mtDNA called po cells, are resistant to apoptosis induced by etoposide'®. However,
conversely, they found that an mtDNA mutation in an ATP synthase subunit that affects ATP

synthesis but not formation of the protein complex actually promotes apoptosis. This study also
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showed that electron transport chain function affected the complement of BCL-2 family proteins
and modulated mitochondrial morphology.

It is possible that mitochondrial morphology can modulate efficiency of apoptosis.
Efficient apoptosis requires release of cytochrome c¢ from the IMS during MOMP. However,
cytochrome c is normally sequestered in the mitochondrial cristae where it functions as a soluble
electron carrier between respiratory complex III and IV in the electron transport chain (ETC)®.
Mitochondrial processes that disrupt cristae structure can therefore impact the efficiency of
apoptosis'”®. One example is oxidizable substrate limitation, growth factor withdrawal, or
chemical inhibition of electron transport in a murine pro-B cell line causing a decrease in
mitochondrial inner membrane polarization (¥,) leading to matrix condensation, cristae
unfolding, enhanced cytochrome ¢ release via MOMP, and enhanced apoptosis'”. The link
between ¥, and mitochondrial configuration (and its implications for induction of apoptosis) is
further supported by the finding that decreasing the cytosolic pH to regenerate a high ‘¥,
reverses mitochondrial configuration'”’. Mitochondrial remodelling can therefore occur in
response to metabolic alterations and modulate responses to apoptotic agents such as reovirus.

The preference of reovirus for growth in cancer cells over normal cells is incompletely
understood. Reovirus is selective for efficient replication and induction of apoptosis in cancer
cells. Although mitochondria are key to metabolic and cell death processes, are dysregulated in
cancer cells, and reovirus-induced apoptotic signaling culminates at the mitochondria, no study
has asked directly whether mitochondrial (dys)function in cancer cells might regulate or be

exploited for reovirus infection.

1.7 Project Rationale

Observations from in vitro and in vivo studies strongly support an important role for
apoptosis in executing efficient reovirus cytolysis. However, no study to date has directly
explored the utility of combining proapoptotic drugs with reovirus to enhance reovirus cytolysis.
Furthermore, the mitochondria are essential for integrating upstream apoptotic signals and
regulating the execution of apoptosis in response to many lethal insults, such as reovirus.
Mitochondria also play an essential role in cell metabolism. Reovirus preferentially infects and

kills many types of cancer cells, and cancer cells frequently harbour altered mitochondria, yet
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how mitochondrial function affects reovirus infection or cytolysis has not been explored. This

thesis aims to exploit and explore the mitochondrial regulation of reovirus infection efficiency.

1.8 Hypothesis: Mitochondrial Pathways Modulate and Can Be Exploited to Improve

Reovirus Cytolysis

1.8.1 AIM 1: To Directly Target Apoptotic Pathways to Enhance Reovirus Cytolysis in vitro

1) Assess the suitability of pediatric leukemia cell lines as a model for elucidation of the utility
of promoting apoptosis to enhance reovirus cytolysis.
2) Determine the combinatorial ability of drugs promoting the extrinsic and intrinsic pathways of

apoptosis to enhance reovirus cytolysis.

1.8.2 AIM 2: To Probe the Role of Mitochondrial Function in Reovirus Cytolysis

1) Assess the influence of chronic glucose deprivation on reovirus infection.

2) Assess the influence of chemical inhibitors of mitochondrial respiration and ATP synthesis on
reovirus infection.

3) Characterize the influence of the ATP synthase inhibitor Oligomycin on reovirus infection and

cell death.
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Chapter Two: MATERIALS AND METHODS
2.1 Cell Lines and Culture Conditions

The human pediatric leukemia cell lines (B1, CEM, JURKAT, MOLT3, SEM, TIB202)
used were provided by Dr. Aru Narendran (University of Calgary, Calgary, Canada). and
maintained in OPTI-MEM (Life Technologies, #31985-070) with 10% Fetal Bovine Serum
(FBS, Life Technologies, #12483-020) and 1% PenStrep (Life Technologies, #15140-122). The
HCT116 colon carcinoma, Hela cervical adenocarcinoma, HT29 colon adenocarcinoma, DLDI1
colon adenocarcinoma, and 1929 murine fibroblasts were obtained from American Type Culture
Collection (ATCC). The MKN1, MKN74 and GCIY gastric cancer cells were from the RIKEN
Cell Bank (Japan). The esophageal cancer cell lines TE-1 and TE-8 were provided by Dr.
Takahashi Joh (Nagoya City University, Nagoya, Japan). HS68 normal human foreskin
fibroblasts were provided by Dr. Karl Riabowal (University of Calgary, Calgary, Canada) at
passage 4 and experiments were performed between passages 7-12. The following cell lines were
cultured in high glucose (25 mM) Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies, #11966-025) supplemented with 10% FBS and 1% PenStrep: HCT116, HeLa,
HT29, 1L.929, MKN1, MKN45, GCIY, TE-6, TE-10, and HS68.

Peripheral blood lymphocytes (PBL) were obtained with donors’ consent and separated
by Ficoll gradient. PBLs were used immediately for experiment and grown in OPTI-MEM.

Cells were grown in 10 cm or 6 cm tissue culture-treated plates (Griener Bio-One,
#664160 and #628160, respectively) in monolayers (with the exception of suspension cells) in an
incubator at 37°C and 5% CO,. Cells at 60-90% confluency were used to seed cells for
experiments. Experiments were routinely performed in tissue culture plates of 6, 12, 24, or 96
wells (Griener Bio-One, #657165, #665165, #662165, #655180).

Wildtype and BAX”/BAK™" double knockout (DKO) HCT116 cells were a gift from Dr.
David Andrews (University of Toronto, Toronto, Ontario, Canada). These isogenic cells were
originally generated in a BAX”" background. HCT116 cells are mismatch repair deficient and the
BAX gene contains a guanine-rich region (Gg tract) in nucletodies 114-121 that is prone to
mutation, leading to inactivation of the BAX gene. BAX"" HCT116 cells were isolated from an

unselected subclone of HCT116 cells containing mutated guanine residues in the Gg tract of each
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BAX allele, and do not express BAX'®™. These cells were then BAK gene targeted using a
recombinant Adeno Associated Virus vector and homologous recombination to introduce an
antibiotic resistance cassette under the endogenous BAK promoter (with internal ribosomal entry
sequence for translation) flanked by LoxP sites and incorporating two STOP codons into each of
the BAK genes. Following selection and Cre-recombination to remove resistance cassette, BAK
genes were left containing two STOP codons in exon 5 that disrupt protein expression®.
Wildtype and DKO cells were cultured in high glucose DMEM with FBS and PenStrep, as
above.

Stocks of cells were maintained in liquid nitrogen tanks for long term storage in 10%

dimethyl sulfoxide (DMSO, Sigma), 45% medium, 45% FBS.

2.2 Reovirus
2.2.1 Reovirus Propagation

Reovirus strain type 3 Dearing was originally obtained from Dr. Patrick Lee (Dalhousie
University, Halifax, Nova Scotia, Canada) and propagated from a laboratory stock of purified
reovirus by infecting confluent plates of 1929 cells until significant cytopathic effect was
observed (~48h). Cells and supernatant were collected, frozen at -80 °C and thawed at 37 °C
three times to lyse cells and release virus. This solution was spun twice for 10 minutes and 4000
g to pellet and remove cell debris. Supernatant containing reovirus was subjected to two 48 hour
rounds of dialysis (1 volume virus supernatant to 200 volumes reovirus storage buffer [150 mM
NaCl, 15 mM MgCl, 10 mM Tris, pH 7.4]) using a Pur-A-Lyzer'™ Mega 6000 Dialysis Kit
(Sigma, #PURG60020-1KT). Following dialysis, virus solution was filtered through 0.2 wm

filter, and filtered virus was aliquoted for storage at -20 °C.

2.2.2 Reovirus Titre and Quantifying Reovirus Replication

Reovirus lab stock titres as well as production of reovirus progeny virions following a
variety of experimental conditions was quantified by viral plaque assay. Following experimental

conditions, cells and media were collected for analysis of total progeny virion production.
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Samples were freeze-thawed in three cycles as above, cell debris was removed by a single round
of centrifugation (10 min., 4000 g) and supernatant was retained for titration onto monolayers of
L929 cells. L929 cells were seeded into 12-well plates (1x10° cells/well), allowed to adhere
overnight, and the following day viral samples were titrated onto L929 cells using 10-fold serial
dilution with 200 uL infection solution per well. Infection was performed at 4 °C for 1 hour on a
rocker platform, at which time 1 mL of a 1% (w/v) Avicel (FMC Corporation, CL-611) in 1X
SMEM solution was overlaid onto wells and plates were placed in an incubator (37°C and 5%
CO,) for 3 days. Wells were then fixed with 1 mL 3:1 Methanol:Acetic Acid (v:v) for 10
minutes, washed with H,O, stained with 1 mL 5% Crystal Violet (Sigma) for 10 min then
washed with H,O. Plaques were counted and viral titre was determined as follows:

[# plaques x dilution factor (10%) / infection volume (200 uL) = pfu/uL]
For measuring replication of reovirus following given experimental conditions, virus replication
was expressed based on the number of cells initially infected, as follows:

[pfu/uL (as per above calculation) x total volume of experimental sample / number cells

initially infected = pfu/cell]

2.2.3 Reovirus Infection

Following cell seeding, infection was initiated either immediately in suspension cells, or
one day after seeding adherent cells. Depending on the experiment and cell line, different
concentrations of reovirus were used. Typically, a multiplicity of infection (MOI, the number of
infectious virus particles per cell [pfu/cell]) from 10-50 was used to ensure infection of the
majority of cells, however certain experiments utilized a wide range of MOI from very low to
very high (10 — 10* pfu/cell). Reovirus was added to cells in media at the total final volume
desired, placed on a rocker platform at room temperature for 1 hour and then placed in incubator
at 37°C and 5% CO, until the endpoint of experiment. Dead virus (DV) was obtained by
subjecting virus aliquots to ultraviolet light for 3 hours and used as a negative control for

infection experiments with live virus (LV).
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2.2.4 Reovirus Protein Synthesis

Reovirus protein synthesis was monitored by Western Blot (described below) using a
polyclonal rabbit anti-reovirus (serotype 3) antibody serum, as in Alain et al., 2006'”. As an
internal reference point for de novo reovirus protein synthesis, a sample of cell lysate was

prepared from cells immediately following the one hour infection period.

2.3 Cell Seeding
2.3.1 Suspension Cells

Cells grown to 60-90% of confluency were used for experiments. Cells in old growth
media were counted by hemacytometer, using Trypan Blue dye (Life Technologies) to exclude
dead cells. For cell counting by hemacytometer, 10 uL of cells was added to 90 uL trypan blue,
mixed, and 10 uL of mixture was added to each side of the hemacytometer for counting under a
microscope. Based on cell concentration, the number of cells needed for experiment was
determined. Cells were placed into centrifuge tubes, spun for 3 minutes at 1000 g, and
resuspended in the appropriate amount of fresh media and aliquoted into culture plates for

experiments.

2.3.2 Adherent Cells

Cells grown to 60-90% of confluency were used for experiments. Cells were washed 1x
in phosphate buffered saline (PBS, 137 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, 2 mM
KH2PO4, pH 7.4) then incubated with Trypsin-ethylenediaminetetraacetic acid (EDTA) ( Life
Technologies, #25200-056; 0.25% Trypsin, 0.913 mM EDTA) at 37 °C for 3-5 minutes.
Trypsinized cells were then mixed with fresh media, and cells were counted by hemacytometer.
The appropriate amount of cells in fresh media were seeded into culture plates and allowed to

adhere overnight before the initiation of experiments.
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2.4 Protein Assays
2.4.1 Cell Lysis

Following treatment, cells were washed 2X with PBS, and pellets (leukemia cells) or
cells attached to plates were lysed using approximately 100 uL Lysis Buffer (1 M Tris, 8.75%
glycerol, and 10% SDS, with 2 mM phenylmethylsulfonyl fluoride (Sigma) and PhosStop
(Roche, 1 mM activated NasVOs, 25 mM NaF)) per 2x10° cells for 5 minutes on ice. Lysates
were heated at 80 °C for 10 minutes, and stored at -20 °C. Cell lysates were quantified by
Detergent Compatible (DC) Protein Assay Kit (Bio-Rad, #500-0111) using a Bovine Serum

Albumin (Sigma) standard curve.

2.4.2 Western Blot

Cell lysates were separated by sodium dodecyl sulphate-poly acrylamide gel
electrophoresis (SDS-PAGE) using the Mini-PROTEAN® Tetra Cell system (Bio-Rad). Gels
were transferred to nitrocellulose membranes using the Mini-Trans® Blot Module (Bio-Rad).
Membranes were blocked with 10% skim milk in Tris-buffered saline containing 0.1% Tween-
20 (TBST) for 1 hour at room temperature, washed three times for 5 minutes with TBST, and
incubated with primary antibody. Primary and secondary antibodies used are listed in 2.4.3.
Primary antibodies were maintained in TBST with 5% (w/v) BSA and 0.01% (v/v) Sodium
Azide. Membranes were incubated overnight at 4°C in primary antibody typically at 1:1000
(v/v), washed three times in TBST, then incubated for 1 hour in species-specific secondary
antibody conjugated to horseradish peroxidase (HRP), and washed four times in TBST.
Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare) was used for
protein detection using Amersham Hyperfilm (GE Healthcare).

2.4.3 Primary and Secondary Antibodies

Antibodies used to detect characteristic markers of apoptosis included: anti-PARP rabbit
polyclonal (Cell Signaling Technology, #9532), anti-caspase-3 rabbit monoclonal (Cell

Signaling Technology, #9665S), and anti-caspase-8 mouse monoclonal (Cell Signaling
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Technology, #9746S). Antibodies used as protein loading controls included: anti-f-actin mouse
monoclonal (Abcam, #ab3280), anti-o-Tubulin mouse monoclonal (Santa Cruz, #sc-8035), and
anti-GAPDH mouse monoclonal (Santa Cruz, #sc-137179). Antibodies used to detect cellular
changes following low glucose treatment, reovirus infection, or other treatment(s) include: anti-
phospho-p44/42 MAPK rabbit polyclonal (Erk1/2; Thr202/Tyr204 of Erkl and Thr185/Tyr187
of Erk2, Cell Signaling Technology, #9101S), anti-p44/42 MAPK rabbit polyclonal (Cell
Signaling Technology, #9102S), anti-phosphos-p53 (Serl5) rabbit monoclonal (Cell Signaling
Technology, #9284P), anti-p53 mouse monoclonal (Santa Cruz, #sc-126), anti-phospho-elF2a
(Ser51) rabbit monoclonal (Epitomics, #1090-1), anti-eIF2a rabbit polyclonal (Cell Signaling
Technology, #9722), anti-phospho-eIF4E (Ser209) rabbit polyclonal (Cell Signaling
Technology, #9741S), anti-eIF4E mouse monoclonal (BD Transduction Labs, #610270), anti-
XIAP mouse monoclonal (BD Transduction Labs, #610762), anti-Mcl-1 rabbit polyclonal (Santa
Cruz, #sc-819), anti-BAX rabbit polyclonal (Oncogene/Nuclea diagnostics, #PC103-20ug), anti-
BCL-2 rabbit polyclonal (Santa Cruz, #sc-783), anti-LC3B rabbit monoclonal (Cell Signaling
Technology, #3868), and anti-p62 rabbit monoclonal (Sigma, #P0067).

2.4.4 RAS-Activation Assay

Levels of activated RAS (RAS-GTP) proteins in cancer cell lines were measured using
the RAS Activation Assay Kit (Millipore, #17-218) following manufacturer’s instructions.
Briefly, untreated cells grown to ~80% confluency in 10 cm plates were washed in ice cold PBS
and harvested in 500 pL of Mg®" lysis buffer (MLB) according to protocol. Protein concentration
in lysate was quantified as above, and 500 pg total protein per sample was incubated with the
GST-Raf RAS-binding domain bound to glutathione agarose beads. Beads containing pulled-
down RAS-GTP as well as whole cell lysates were subjected to Western Blot as described. Blots
were blocked and incubated with the included primary anti-RAS antibody (1:1000), washed,
followed by secondary goat anti-mouse-HRP and protein expression was visualized as described

above.
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2.5 Cell Survival
2.5.1 Leukemia Cell Studies: Cell Survival

To quantify the cytopathic effect of reovirus infection, drug treatment, or the combination
of virus and drug in pediatric leukemia cell lines, cell survival was measured using the CellTiter-
Glo® Viability Assay (Promega, #G7572). This assay measures the number of live cells based
on quantitation of ATP levels in living, metabolically active cells. A SpectraMax M2e
microplate reader (Molecular Devices) was used to measure luminescence.

Apoptosis-priming drugs, chemotherapy drugs, or reovirus, were serially diluted into 50
uL of media/well in an opaque 96-well plate. Cells were then added to wells to a final
concentration of 5000 cells in 100 uL. All treatments were performed in duplicate. Solvent or
dead virus controls were included and matched the highest concentration of drug/live virus used.
Cell survival was then measured 1-4 days post treatment/infection, depending on experiment.
Typically, three independent experiments were performed. Within each replicate, cell survival
was calculated by normalizing data to control treatment as 100% survival. Drug response curves
were generated using Graphpad Prism 5 software and non-linear regression curve fitting was
used to determine the inhibitory concentration of each drug required to reduce cell survival by

10, 25, and 50% of cells (IC10, IC25, and IC50, respectively).

2.5.2 Leukemia Cells: Drug Combination Studies

Drug combination studies were designed using the method of Zhao et al. 2004'"° based on
the Combination Index (CI) theory and equations derived by Chou and Talalay (1984) for
assessing multiple drug interactions''’. For a two drug combination (Drug=1, virus=2), the
following method was used. First, dose response curves and IC values first for a single agent A
were obtained. Next, dose response curves for agent B alone or in combination with a low dose
of agent A, typically IC10 or IC25, were obtained. Combination Index (CI) values were obtained

using the following equation:
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[CI = (Cax/ICxa) + (Cpx/ICs )], where Cax and Cgy are the concentrations of agent A
and agent B used in combination to achieve x% drug effect. ICx o and ICsp are the
concentrations of single agents that achieve the same effect.
For our studies, proapoptotic or chemotherapy drugs acted as agent A and reovirus as agent B.
Drug alone dose response curves provided IC10, IC25 (Cgrg) and IC50 (IC504r,) values. Cgryg
(IC10 or IC25) was used to combine with reovirus and generate dose-response curves of virus
alone or with drug. Curves were used to generate IC50 values, where IC50 of reovirus alone is
IC50yirys and the IC50 of virus with drug present is Cyins, such that the above equation becomes:
[CI = (Carug/IC50drug) + (Cuirus/IC50yirus) ]
A CI value less than 1 denotes synergy, where CI equal to or above 1 indicate additivity and

antagonism, respectively.

2.5.3 Adherent Cell Studies: Cell Number

For adherent cell studies, we measured cell number following drug alone, virus alone, or
combination treatments using a Crystal Violet staining assay in 96-well plate format. The Crystal
Violet staining assay allows rapid, reproducible, quantitation of cells adhering to multi-well
plates, based on the property of crystal violet to stain cell nuclei''> . At the end of experiment,
cells were fixed by addition of equal volume 3:1 (v/v) Methanol:acetic aid for 10 minutes. Cells
were then washed well with water, stained with 1% crystal violet for 10 minutes, washed well
with H,O, and allowed to dry. Crystal violet stain was then completely dissolved by addition a
1% SDS solution by shaking on a rocker platform. The optical density of crystal violet in each
well was measured by microplate reader by measuring absorbance at 570 nm. Typically, three
independent experiments were performed. Within each replicate, cell number was calculated by
normalizing data to control treatment as 100% survival. Dose response curves, histograms and

other graphing and statistical analyses were performed using Graphpad Prism 5.

2.6 Flow Cytometry

Flow cytometry was performed by the University of Calgary Flow Cytometry Facility
using a BD LSRII flow cytometer (Becton Dickinson). Data analysis was performed by the Flow
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Cytometry Facility, with the exception of JAM-A expression analysis. One-color analysis (JAM-
A) was done using FloJo version 9.3 software. Two-color analysis was done using BD
FACSDiva version 6.1.3 software. Cell Cycle data were analyzed using ModFit LT version 3.2

software (Verity Software House Inc.).

2.6.1 Junctional Adhesion Molecule-A (JAM-A) Expression

Untreated cells at ~80% confluency were used for detection of cell surface expression of
the reovirus receptor JAM-A. Adherent cells were detached from plates using 1 mM EDTA in
PBS and washed twice with PBS, while leukemia cells were washed in a similar fashion. Cells
were incubated with 1:1000 anti-JAM-A mouse monoclonal antibody (Abcam, ab17261) or PBS
as a negative control for 1 hour at room temperature. Following 2x PBS washes, cells were
incubated with secondary anti-mouse phycoerythrin-conjugated antibody at 1:1000 for 1 hour at
room temperature, washed 3X with PBS, and samples were analyzed at the Flow Cytometry

Facility.

2.6.2 Mitochondrial Mass and Mitochondrial Inner Membrane Potential (V,,)

HCT116 cells were infected with 25 pfu/cell reovirus, treated with Oligomycin A,
Rotenone, or Obatoclax, or the combinations of virus and drug for 24 and 48 hours in the
presence of the pan-caspase inhibitor Z-VAD-FMK (ZVAD, 50 uM; Imgenex, IMI-2310) to
prevent rapid disassembly of dying cells. Medium was aspirated and cells were washed once
with PBS. Cells were then incubated for 30 min. at 37 °C with 1 mL of mitochondria staining
solution, including 100 nM tetramethylrhodamine, methyl ester, perchlorate (TMRM, Life
Technologies, #T668), 100 nM MitoTracker Green FM (Life Technologies, #M7514), 1 uM
Cyclosporin H (Enzo Life Sciences, #ALX-380-286-M001, used to prevent TMRM efflux from
cells"*) in Hank’s Buffered Salt Solution (HBSS, Life Technologies, #24020-117). Staining
solution was removed, cells were trypsinized and washed twice with PBS by centrifugation
(1000 g for 3 min.), and the cell pellet was resuspended in 400 uL HBSS and samples were
analyzed at the Flow Cytometry Facility.
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2.6.3 Cell Cycle Analysis

HCT116 cells (5x10°) were infected with 10 pfu/cell, treated with 10 nM Oligomycin A,
or the combination for 8 hours and 16 hours. HeLa cells (5x10°) were infected with 50 pfu/cell,
treated with 10 nM Oligomycin A, or the combination for 8 hours and 18 hours. Cells were
trypsinized as in 2.3.2, washed twice in PBS by centrifugation at 1000 g for 3 min, and cell pellet
was resuspended in 500 pL. PBS followed by dropwise addition of ice cold 100% ethanol with
gentle vortexing. Cells were stored at 4°C overnight, washed once with PBS by centrifugation,
and incubated in propidium iodide (PI) staining buffer (50 pg/mL PI [Sigma], 0.1% [v/v] Triton
X-100 [Sigma], 0.2 mg/mL RNase A [Qiagen, DNase free]) for 30-45 minutes. Cells were then
immediately analyzed by flow cytometry.

2.6.4 Pan-Caspase Activity

Active caspase activity was monitored by flow cytometry using the APO LOGIX™
FAM-VAD-FMK kit (Cell Technology, #fAM100-2). Briefly, HCT116 cells were seeded into
12-well plates at a density of 1.5x10° cells/1 mL media/well and adhered overnight. Cells were
then treated with reovirus alone (10 MOI), Oligomycin A alone (10 nM), the pan-caspase
inhibitor ZVAD (50 uM) alone, and every combination of these agents. All of the appropriate
dead virus and solvent controls were included. Caspase activity controls included cells treated
with Trail 0.2 pg/mL alone and Trail plus ZVAD. Note, samples including ZVAD treatment
were pre-treated with ZVAD for 1 hour before infection or Oligomycin treatment. Untreated dual
and single stain cells were also included for analysis. All cells were treated/infected for 14 hours,
at which time cells were stained with FAM-VAD-FMK, washed in Wash Buffer, trypsinized to
get single cell suspensions, washed further by centrifugation, and finally resuspended in 400 pL
Wash Buffer and placed into flow cytometry tubes for analysis, as per kit instructions. Note,
propidium iodide was added to cells immediately before analysis within the Flow Cytometry

Facility.
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2.7 Low Glucose Adaptation

To manipulate the reliance of cancer cell metabolism on high rates of glycolysis,
HCT116 and HeLa cells were cultured in low glucose (LG) media. For LG media, DMEM (Life
Technologies, #11966-025) containing no glucose but otherwise identical to ‘normal” DMEM
was used. LG DMEM was supplemented with 10% FBS (~1-5 mM glucose) and 1% PenStrep,
making the final concentration of glucose ~0.1-0.5 mM. Cells were cultured for >30 days in low
glucose media, changing media every 3 days and splitting cells (1:2 - 1:4) when >90% confluent.
These LG-adapted cells are named HCT-LG and HeLa-LG. For experiments, cells were seeded

in fresh LG media, and media were not replaced during the experiments.

2.8 Drugs

2.8.1 Drugs: Leukemia Cell Studies

Leukemia cell lines were treated with the following drugs, alone or in combination with
reovirus as described above (2.5.2): Obatoclax (GX15-070, Selleckchem, S1057), ABT-737
(Santa Cruz, 207242), methotrexate hydrate (Santa Cruz, 215309), bortezomib (Santa Cruz,
217785), vincristine sulfate (Santa Cruz, 201434), and human recombinant Trail (Millipore,
GF092). The pan-caspase inhibitor Z-VAD-FMK was obtained from Imgenex (IMI-2310).

2.8.2 Drugs: Mitochondprial Integrity Inhibitors

Adherent cell lines were treated with the following drugs targeting mitochondrial
respiration, alone or in combination with reovirus, as described in 2.5.3: Oligomycin A (Santa
Cruz, #sc-201551A), Rotenone (Santa Cruz, #sc-203242), Antimycin A (Santa Cruz, #sc-
202467A), and Sodium Azide (G-Biosciences, #786-299).

2.9 Phase Contrast Microscopy

Treated cells were observed using an Olympus CKX41 inverted phase contrast

microscope, and images were taken at 100, 200, or 400X magnification using an Infinity 3-1
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CCD camera and Infinity Capture Mac Software v2.0.0 (Lumenera Corporation). Image sizes
were scaled down consistently between comparative images and converted to greyscale for

clarity using Adobe Illustrator CS4.

2.10 Data Analysis and Statistics

Data are presented as the mean = standard error of the mean (SEM). Raw data were
maintained and normalized in Microsoft Excel. Normalized data were input into GraphPad Prism
version 5 software for graphing and statistical analyses. Student’s t-test was used to compare two
groups (unpaired) using a two-tailed P value of 0.05. One-way Analysis of Variance (ANOVA)
was performed when comparing more than two unmatched groups, using a Holm-Sidak post-test
for multiple comparisons (P = 0.05) to assess significant differences among individual treatment

means.
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Chapter Three: RESULTS
3.1 AIM 1: To Directly Target Apoptotic Pathways to Enhance Reovirus Cytolysis in vitro
3.1.1 Pediatric Leukemia As a Model System for Testing AIM 1

To begin testing AIM 1, it was useful to choose a cancer type that might benefit from
novel treatment options such as reovirus. Childhood leukemia is the most common form of
cancer afflicting children. The majority of pediatric leukemia patients (~75%) present with Acute
Lymphoblastic Leukemia (ALL)'", while 15-20% of patients display Acute Myeloid Leukemia
(AML)"'®. Recent improvements in treatments for children with ALL and AML have led to cure
rates of >85%'" and >65%'"®, respectively. However, multiple issues exist and must be
addressed regarding the treatment of these children. First, certain high-risk categories, including
infant (<12months) ALL ((ALL)'", certain cytogenetic aberrations and gene mutations' ", and a
diagnosis of AML confer disease with a high-risk of treatment-resistance and disease relapse
with very poor prognosis. Furthermore, due to the highly toxic nature of chemotherapy used
against these aggressive cancers, there are significant late effects in patients who survive into
adulthood, such as secondary neoplasms (>5% of patients), cardiotoxicity, endocrine
dysfunction, neurotoxicity, obesity, and infertility'* '*'. For these reasons, novel therapies need
to be investigated to increase efficacy and decrease toxicity associated with current therapies in
children with leukemia.

Oncolytic reovirus in clinical trials shows an excellent safety profile (no maximum
tolerated dose reached) and has led to some partial and complete responses in terminal patients in
Phase I, II, and III trials*. Reovirus can be delivered systemically by intravenous injection and
reaches distant sites of tumor load, which would be an important factor in targeting circulating
leukemia cells. The safety and success of reovirus in adults has facilitated the creation of a Phase
I trial of reovirus in pediatric patients with advanced solid tumors. Furthermore, recent studies
have demonstrated the anti-cancer effects of reovirus in vitro, in vivo, and in primary tumor
tissue of multiple hematological cancer types including myeloma, lymphoma, and chronic
lymphocytic leukemia (CLL)'** '**. Therefore, the following work within AIM 1 first examines

the ability of reovirus to target pediatric leukemia cell lines, then tests the hypothesis that
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apoptotic enhancement will improve or accelerate reovirus cytolysis in pediatric leukemia and

other cancer cells.

3.1.2 Pediatric Leukemia Cells Are Susceptible to Reovirus Infection

Through collaboration with Dr. Aru Narendran at the University of Calgary, we obtained
a panel of pediatric leukemia cell lines for in vitro study. Cell line names, characteristics, high-
risk features, and references are listed in Table 1.

The first step was to investigate whether pediatric leukemia cell lines are susceptible to
reovirus infection. An important determinant of host cell susceptibility to viral infection is virus
entry into the host. The majority of viruses, including reovirus, require interaction with cell
surface proteins that act as viral receptors and facilitate virus entry into host cells. Reovirus
normally requires interaction with the cell surface receptor JAM-A for entry into the host cell
and to initiate infection. Flow cytometry was used to investigate JAM-A expression on the
surface of pediatric leukemia cell lines. As shown in Figure 5a, five of six leukemia cell lines, as
well as the positive control HCT116 cell line, seem to display cell surface expression of JAM-A.

Another marker that has been linked to susceptibility to reovirus infection is activation
within the RAS pathway. To examine activation of RAS in leukemia cell lines, the levels of
activated (GTP-bound) RAS were determined using an active RAS puldown assay (using the
RAS-GTP-binding domain of RAF conjugated to agarose beads, followed by Western Blot.
Leukemia cells were found to display varied levels of active RAS, as shown in Figure Sb.
Active signaling through extracellular signal-regulated kinases 1 and 2 (ERK1/2) is associated
with dual phosphorylation of threonine 202 (Thr202) and tyrosine 204 (Tyr204) in ERK1, and
the corresponding residues in ERK2, and is one possible downstream target of active RAS
signaling. However, levels of phosphorylated Erk1/2 (p-Erk1/2) were variable among cell lines
and were not clearly related to RAS activation levels within cells, including control cell lines.

Although active RAS and downstream proteins have been linked to reovirus

1418 there are many cases where RAS signaling does not dictate susceptibility to

susceptibility
reovirus. As the majority of pediatric leukemia cell lines tested displayed receptor for reovirus on
their cell surface, the next experiments investigated whether cell lines were permissive to

reovirus infection.
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Table 1. Pediatric leukemia cell lines and characteristics.

MLL
Cell Line Class Description Reference
rearrangement
14 year old, biphenotypic
Freedman MH
B1 B-ALL t(4;11)(q21;q23) | features of early B and myeloid
etal, 1993
lineages, MLL-AF4
CEM T-ALL - 4 year old female ATCC
JURKAT T-ALL - 14 year old male ATCC
MOLT3 T-ALL t(4;11)(q21;q923) 19 year old male, MLL-AF4 ATCC
5 year old female, biphenotypic, Greil J. et al.,
SEM B-ALL t(4;11)(q21;q923)
MLL-AF4 1994'%
TIB202 AML t(9;11)(q23;p13) 1 year old male, MLL-AF9 ATCC
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Figure S. Pediatric Leukemia Cell Lines Display Variable Markers of Susceptibility

A) Cell surface JAM-A expression was assessed in untreated cell lines by flow cytometry. Peaks
on the left are control cells (no primary antibody) and right-shifted, overlaid peaks are cells
incubated with primary anti-JAM-A antibody followed by phycoerythrin-conjugated secondary
antibody. HCT116 cells were used as a positive control. n=2, data from a representative
experiment are presented.

B) Activated (GTP-bound) RAS was assessed by an active RAS pull-down assay as per protocol
(see Methods). Briefly, lysates from untreated cells were quantified for protein content and 500
ng of each sample was incubated with RAS-GTP specific binding domain conjugated to agarose,
followed by separation and detection by Western Blot. Leftover lysate not subjected to pull-
down was used for detection of total RAS and activation (phosphorylation) of downstream
Erk1/2 as well as Tubulin as loading control. HS68 human fibroblasts and HCT116 cells
(harbouring constitutively active mutant HRAS) were used as negative and positive controls,

respectively. n=2, data from a representative experiment are presented.
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3.1.3 Pediatric Leukemia Cells Are Permissive to Reovirus Infection

Reovirus entry into host cells requires JAM-A but this does not ensure productive
infection. For example, productive infection requires efficient proteolytic processing in
endosomes, and certain cell lines are deficient in endosomal proteases, thereby limiting infection
even when other conditions may be permissive. To assess whether leukemia cell lines are
permissive to reovirus infection, the replicative ability of reovirus in cell lines was examined
qualitatively by Western Blot and quantitatively by Plaque Assay.

In comparison to input virus protein levels (1 hpi lane), four of six cell lines displayed
abundant de novo viral protein synthesis within 24 or 48 hours (Fig. 6a). CEM and JURKAT
cells displayed low levels of viral proteins following infection. In Fig. 6a, Tubulin expression
was intended as a loading control for Western Blot but was uneven in certain cell lines. This may
be due to abundant reovirus proteins in those whole cell lysates that skewed the relative
concentration of Tubulin in those samples, or cleavage due to apoptosis-induced cellular
remodelling. Actin produced similar discrepancies (data not shown). An alternative approach to
protein loading would be to begin experiments with the same number of cells, collect and lyse all
cells at the end of experiment, and load equal volume of cell lysate. However, this was not
performed for these experiments.

Using viral plaque assays to quantify reovirus replication, it was observed that five of six
cell lines produce significant amounts of infectious reovirus progeny following a 24 hour
infection, shown in Fig. 6b. Only the CEM cell line did not support efficient reovirus replication,
consistent with inability of reovirus to enter JAM-A receptor-negative cells.

The cytolytic capability of reovirus in cell lines was first assessed by observing cell
morphology under a phase contrast microscope following infection for 48 hours. Abundant
membrane blebbing, cell death, and cell debris were clearly visible in B1, SEM, MOLT3, and
TIB202 as well as the positive control HCT116 cells, shown in Fig. 7a. JURKAT and CEM
cells, as well as the negative control HS68 cells, did not display morphological signs of cell
death following reovirus infection. When quantified, reovirus infection reduced survival in four
of six leukemia cell lines (Fig. 7b). Western Blots were used to confirm the characteristic
cleavage of poly(ADP-ribose) polymerase (PARP) into an 89 kDa fragment resulting from
caspase activity during reovirus-induced apoptosis (Fig. 7c).
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Figure 6. Pediatric Leukemia Cell Lines are Permissive to Reovirus Infection.

A) Western blots were used to detect reovirus de novo protein synthesis in pediatric leukemia
cell lines. Cells were infected with a multiplicity of infection of 10 pfu/cell (10 MOI = 10
pfu/cell) of live reovirus (LV) or UV-inactivated dead virus (DV) control, infected for the
indicated time and samples were prepared for analysis by Western Blot. One hour (1 hpi)
samples were used as a marker of input virus to gauge de novo virus protein synthesis. It should
be noted that Tubulin, expected to be a loading control, was sometimes uneven between samples,
which may be due to abundant reovirus proteins in those whole cell lysates that skewed the
relative concentration of Tubulin in those samples, or cleavage due to apoptosis-induced cellular
remodelling. Actin produced similar discrepancies (data not shown). n=2 for each cell line, data
from a representative experiment are presented.

B) Reovirus production in cell lines infected with 10 MOI reovirus for 24 hours was assessed by
plaque assay. Five of six cell lines supported reovirus replication leading to infectious viral
progeny. Only CEM cells were completely non-permissive for reovirus replication, consistent
with the lack of cell surface expression of JAM-A determined by flow cytometry (described
above). Error bars represent standard error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001,
all samples were assessed for significant difference compared to Input reovirus (10 pfu/cell)

using individual t-tests. n=4 (B1 cells) and n=3 (other cell lines).
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Figure 7. Reovirus-Induced Cell Death in Pediatric Leukemia Cell Lines

A) Cell morphology was observed and photomicrographs were taken 48 hpi following infection
with 20 pfu/cell of live virus or dead virus. HCT116 and HS68 cells were included as positive
and negative controls for reovirus-induced cytolysis. A decreased number of round healthy cells
and significant debris due to cell death is observed in LV infected B1, JURKAT, MOLT3, SEM,
and TIB202 cells, but not the non-susceptible CEM cells. n=2; data from a representative
experiment are presented.

B) Cell survival was measured in leukemia cells, infected with a dosage range of live reovirus,
for 48 hours. B1, MOLT3, SEM, and TIB202 cells clearly display loss of cell survival at high
MOI (pfu/cell), while CEM cells and JURKAT cells retain viability even at 100 pfu/cell. Error
bars are SEM. n=3.

C) Cleavage of PARP as a characteristic measure of caspase-mediated apoptosis was monitored
by Western Blot following reovirus infection. Cells were infected with a multiplicity of infection
of 10 pfu/cell (10 MOI = 10 pfu/cell) of live reovirus (LV) or UV-inactivated dead virus (DV)
control, infected for the indicated time and samples were prepared for analysis by Western Blot.
One hour (1 hpi) samples were used as a marker of input virus to gauge de novo virus protein

synthesis. n=2 for each cell line, data from a representative experiment are presented.
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3.1.4 Peripheral Blood Lymphocytes Do Not Support Reovirus Infection

Reovirus is used in clinical trials and demonstrates an excellent safety profile, including
no adverse effects on circulating lymphocytes. Further, previous studies demonstrate the inability
of reovirus to efficiently replicate in or harm peripheral blood lymphocytes (PBLs) as well as

hematopoietic stem cells'?

. To confirm that reovirus does not harm peripheral blood
lymphocytes, PBLs were obtained with donors’ consent, isolated, and subjected to reovirus
infection with 100 pfu/cell for up to 7 days in cell culture. When observing cells under the
microscope, it was noted that the circular suspended lymphocytes seemed unaffected by reovirus
infection, although this was not conclusive. Within 24 hours in all treatment conditions, adherent
cells were noted in culture dishes. These cells are believed to be monocytes carried over during
PBL isolation'®, but this was not confirmed. The number of adherent cells in untreated and dead
virus treated conditions increased over time. However, by 7 days post infection the live reovirus
infected dishes contained none of these adherent cells but contained significant cell debris (Fig.
8a-b). When cell survival was quantified using an ATP-based assay dependent on cell number, a
significant decrease in survival was noted at late times post infection with live reovirus (Fig. 8c).
It was not determined whether loss of cell survival was a result of cytolysis of adherent cells,
suspended lymphocytes, or both. Western Blot was used qualitatively to determine if suspended

PBLs support reovirus infection (Fig. 8d), and in line with previous findings, there was no

evidence for de novo viral protein synthesis in PBLs, Fig. 8d.
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Figure 8. Peripheral Blood Lymphocytes do Not Support Reovirus Replication.

A) Peripheral blood lymphocytes obtained from donors were infected with 100 pfu/cell DV or
LV for 1 to 7 days. At 4 and 7 dpi, photomicrographs were taken to observe morphological
changes during infection. n=3.

B) Specific areas in photomicrographs from A (black boxes in A) were scaled up in size to
visualize adherent cells that were present in the DV control but absent in LV infected cells at 7
dpi.

C) Plates seeded following PBL isolation were treated and both suspended and adherent cells in
the wells were subjected to no treatment, DV control, or LV at 100 pfu/cell. At the indicated
times, cell survival was measured using an ATP-based assay (see Methods). Error bars are SEM.
**#p<0.01 and ***p<0.001, where at each time point, LV infected cells were compared to DV
control at that time point using t-test (untreated cells at each time point were called 100%). n=3.
D) PBLs were seeded and left untreated, infected with DV control, or LA at 100 pfu/cell, and
only suspended cells were collected at the indicated times, lysed, and subjected to Western Blot
for qualitative analysis of reovirus infection (de novo protein synthesis). n=3.

Note: A, B, and D are representative and use PBLs from the same donor.
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3.1.5 Apoptosis Targeted Drugs Enhance Reovirus Cytolysis in Pediatric Leukemia Cell Lines

At least some pediatric leukemia cell lines support reovirus infection and cytolysis, and
therefore can serve as a suitable model for testing the hypothesis that priming apoptosis
pathways will promote reovirus-induced cytolysis. In cancer chemotherapy, as well as in other
areas of medicine, one popular method of evaluating agent-agent (drug-virus) interaction is using
Combination Index (CI) analysis, originally described by Chou and Talalay, 1984'"". CI analysis
provides qualitative and quantitative information on the nature and extent of agent interaction,
respectively. Here, a simplified method described by Zhao et al., 2004''° based on curve shift
analysis (Equation B in reference) is used to study the effects of apoptotic drugs on reovirus
cytolysis in pediatric leukemia cell lines, as described in the Materials and Methods.

These experiments were performed in three reovirus-sensitive pediatric leukemia cell
lines (B1, MOLT3, TIB202) displaying different high risk features (see Table 1). Proapoptotic
drugs used in these studies included ABT-737 and Obatoclax, two different pan-BCL-2
inhibitors that sensitize or trigger the intrinsic apoptotic pathway depending on dose, as well as
tumor necrosis factor-related apoptosis inducing ligand (Trail), a death receptor ligand that
stimulates the extrinsic apoptotic pathway.

First, dose response curves for the influence of each of the three proapoptotic drugs on
cell survival in cell lines were obtained, Fig. 9a. Curves were fitted using non-linear regression
analysis to determine the concentrations of drugs required to inhibit cell survival by 10, 25, or
50% (IC10 or IC25, and IC50, respectively) in each cell line. The influence of a range of
reovirus concentrations combined with solvent control or a low dose (IC10 or IC25) of each drug
on cell survival was assessed in each cell line. For CI analysis, n=3 experiments were performed
to measure reovirus dose-response curve shifts in the presence of a low dose of each drug.
Figure 9b-d illustrates the average dose response curves for virus alone and virus plus ABT-737,
Obatoclax, or Trail, as well as error bars representing standard error of the mean for each data
point, to provide a visual approximation of data variability, curve fitting, and curve shift.
However, for each of the n=3 replicates the change in IC50 was determined and these values
were used alongside the concentration (low dose) of drug used and the IC50 of drug alone

(values from Fig. 9a) to calculate individual CI values listed in Table 2 according to the CI
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equation in the Methods section. Three CI values for n=3 experiments were obtained, and the

mean and 95% confidence intervals of the CI based on the data were calculated (Table 2).

57



(88
wn
1

1004

751

504

% Survival (vs. DMSO control)

1254

1004

~
[
i

w
I

% Survival (vs. DMSO control)

2

- Bl -48h
55| ® Bl-48h 55| = MOLT3 -48h
“71 -+ MOLT3 - 96h 1 = TIB202 - 48h
= TIB202 - 96h
0 T T 0 —T%
2 -1 0 4 3 2 -1 0 1
ABT-737 (log 10 uM) Obatoclax (log10 uM)
= = -MOLT3
£ 1257 S 125
E E - LV
S 3 & LV +ABT737
) 1007 ) 1] -+ ABT737
S = 75
= 75 = 75
Z 50 Z 504
g g
T e Lv £ 2s:
E 21 LV +ABT737 5 25
@ -+ ABT737 @
X 0 —_—— X (=
e 32101 23 e 32101 2
%o* LV (log10 pfu/cell) QQ@ LV (log10 pfu/cell)
= Bl = MOLT3
S s, B1 = 125 MOLT3|
= =
S 1004 S 1004
=} A =} A
2 2
2 75 = 75
< 504 < 504
« <
z z
z 251 e LV z 25 e LV
= 4 LV + Obatoclax = & LV + Obatoclax
f " - Obatoclax g - Obatoclax u
& 32101234 e 32-10123 4
‘\o*\ LV (log10 pfu/cell) %Q*‘ LV (log10 pfu/cell)
MOLT3
5 1255 S 125 poLTy
j:: P
$ 1001 - LV E
5 )\ & LV + Trail 5 i B + Trail
& = Trail Q
T 759 I 754
z z
Z z
£ 25 £ s
7] w
S
S o ——— S o ———
& 43210 1 2 & 432 -1 0 1
™ RN
< LV (log10 pfu/cell) < LV (log10 pfu/cell)

58

754

504

% Survival (vs. H20 control)

(=]

& Bl - 96h
= MOLT3 - 96h
= TIB202 - 96h

-3

2 « & 1
TRAIL (logl0 ug/mL)

= 125 TIB202
g - LV
= LV + ABT737
o 1007 4+ ABT737
‘§ i
= 759
»
< 504
«
&
z 25
=
)
X =
6\\%-3-2-10 1 2 3
%04 LV (log10 pfu/cell)
€]25 TIB202
S 125,
=
S 1004
2 i
= 75
a 75
< 504
s
T 25 e LV
= 4 LV + Obatoclax
"; " -+ Obatoclax ™
= rp——————
e 3-2-1012 3 4
‘\04\ LV (log10 pfu/cell)
- TIB202
s 1251
=
S 1001
o i
T 75
z
= 509
>
=
5 254
7]
Y Sy ——
& 43210 1 2
4\
< LV (log10 pfu/cell)



Figure 9. Apoptotic Drugs Combine Effectively with Reovirus Infection to Reduce

Leukemia Cell Survival.

A) Dose response curves for ABT-737, Obatoclax, and Trail were generated in three reovirus-
sensitive leukemia cell lines to determine the concentration of each drug required to inhibit cell
survival by 10, 25, and 50% (IC10, IC25, and IC50). These values are used to design the drug-
virus combination experiments in B-D and for calculation of effective therapeutic combinations
using Combination Index analysis, see Methods and Table 2. n=3.

B) Curve shift of reovirus dose response curves in B1 (48 hr), MOLT3 (96h), and TIB202 (96h)
cells following combination with the pan-BCL-2 inhibitor ABT-737 (IC25 of ABT-737 used).
n=3.

C) Curve shift of reovirus dose response curves in B1 (48 hr), MOLT3 (48h), and TIB202 (48h)
cells following combination with a different pan-BCL-2 inhibitor Obatoclax (IC10 of Obatoclax
used). n=3.

D) Curve shift of reovirus dose response curves in B1 (96 hr), MOLT3 (96h), and TIB202 (96h)
cells following combination with an extrinsic apoptotic signaling ligand Trail (IC10 of Trail
used). n=3.

The IC50 obtained from non-linear curve fitting of LV alone and LV+drug were obtained from
n=3 experiments, as was the dose of reovirus required to reduce cell survival by 50% in the
combination setting. These values, combined with the values from A, were used to calculate
Combination Index values (from n=3) as described in the Methods. CI values are listed in Table

2. Errors bars in A-D are SEM.
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95%

[Drug] IC50 LV CI CI
Drug Cell Line | n=| / [IC5g0 ICS0LV + Drug Values Value Confidence Effect
(pfu/cell) = Interval
drug] (pfu/cell) | (n=1-3) | (mean) (C.L)
1 8.67E+00 | 2.91E+00 0.73
B1 (48h) 2 0.40 341E+00 | 9.90E-01 0.69 0.78 0.64 - 0.92 Synergy
3 2.61E+00 | 1.38E+00 0.93
MOLT3 1 1.10E-01 1.42E-02 0.49
ABT737 (96h) 2 0.36 7.22E-02 2.29E-02 0.67 0.69 0.44 - 0.94 Synergy
3 6.22E-02 3.53E-02 0.92
TIB202 1 2.85E-01 8.98E-02 0.76
(96h) 2 0.45 2.63E-01 1.84E-02 0.52 0.65 0.51-0.79 Synergy
3 1.62E-01 3.57E-02 0.67
1 3.24E+00 | 2.14E+00 0.74
B1 2 0.08 4.23E+00 | 2.44E+00 0.66 0.74 0.65 - 0.83 Synergy
3 5.00E+00 | 3.66E+00 0.81
Obatoclax 1 4.70E+00 | 4.11E+00 0.93 N
(48h) MOLT3 2 0.06 6.54E+00 | 5.20E+00 0.85 0.78 0.56 - 1.00 Additive
3 4.52E+00 | 2.26E+00 0.56
1 2.20E+00 | 1.95E+00 0.96
TIB202 2 0.07 4.24E+00 | 2.44E+00 0.65 0.69 0.41-0.97 Synergy
3 5.29E+00 | 2.07E+00 0.46
1 4.66E-02 2.21E-02 0.57
B1 2 0.09 5.49E-02 1.75E-02 041 0.42 0.26 - 0.58 Synergy
3 1.27E-01 2.46E-02 0.29
1 2.67E-02 8.84E-03 0.39
Trail (96hr) | MOLT3 2 0.06 7.93E-03 2.85E-03 0.42 0.61 0.21-1.01 Additive
3 2.36E-01 2.28E-01 1.02
1 3.30E-02 5.34E-02 1.64
TIB202 2 0.02 1.96E-02 3.27E-02 1.69 1.64 1.59-1.69 | Antagonistic
3 1.48E-01 2.33E-01 1.60
1 1.16E+00 | 8.44E-01 1.29
B1 2 0.56 8.40E-01 7.26E-02 0.65 0.90 0.52-1.28 Additive
3 2.52E-01 5.58E-02 0.78
Methot- 1 1.32E+00 | 2.49E+00 2.50 N
rexate (96h) MOLT3 2 0.62 1.32E+00 | 9.02E-01 1.30 1.64 0.79 - 2.49 Additive
3 3.12E-01 1.54E-01 1.11
1 9.75E-01 3.64E+00 4.38
TIB202 2 0.65 9.18E-01 1.72E+00 2.51 3.23 2.09 - 4.37 Antagonistic
3 7.61E-01 1.64E+00 2.81
1 4.27E+00 | 3.85E+00 1.18
B1 2 0.28 2.18E+00 | 1.44E+00 0.94 1.07 0.93-1.21 Additive
3 6.20E+00 | 5.10E+00 1.10
Vineristine 1 6.80E+00 | 7.91E+00 1.45 o
(48h) MOLT3 2 0.28 9.73E+00 | 9.58E+00 1.27 1.42 1.26 - 1.58 Antagonistic
3 6.12E+00 | 7.78E+00 1.55
1 4.45E+00 | 3.10E+00 1.01
TIB202 2 0.31 6.26E+00 | 9.52E+00 1.83 1.32 0.81-1.83 Additive
3 5.08E+00 | 4.03E+00 1.10
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Table 2. Evaluation of Drug Combination Effects on Reovirus Cytolysis.

Combination effects were determined to be synergistic if the 95% confidence interval for the CI
values (from n=3 replicates of reovirus (LV) IC50 shift with drug present) was <1. If the 95%
confidence interval exceeded 1, this indicates antagonism, while an interval overlapping 1 was
considered additive. The first term in the CI equation (see methods) is summarized as a ratio of

[Drug (used in combination with reovirus)]/[IC50 drug (alone)]. E is exponent.
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CI values provide qualitative information on the nature of drug interaction and
quantitative information on the extent of drug interaction. Typically, a CI value less than 1
indicates that the combination of reovirus and drug is synergistic, while a value of 1 indicates an
additive effect and >1 indicates antagonism. For our interpretation, we concluded that a
combination of drug with reovirus was synergistic only if the 95% confidence interval of the
mean CI value calculated from n=3 experiments was entirely below 1, while antagonism was
concluded if the 95% confidence interval was above 1, and additive if the 95% confidence
interval overlapped 1.

Synergistic interaction was found between ABT-737 and reovirus in all three cell lines.
Synergy was found for Obatoclax in B1 and TIB202 cells, while the interaction with reovirus
was additive in MOLT3 cells. The combination of Trail with reovirus was synergistic in Bl

cells, additive in MOLTS3 cells, and antagonistic in TIB202 cells.

3.1.6 Chemotherapy Drugs Do Not Synergistically Enhance Reovirus Cytolysis

One way to gauge the potential utility of combining proapoptotic drugs with reovirus as
an anticancer strategy is to compare it to the ability of reovirus to combine with current
chemotherapy drugs used clinically. Methotrexate (MTX) is a competitive inhibitor of
dihydrofolate reductase, while Vincristine is a microtubule destabilizer. Both of these drugs are
commonly used in the treatment of pediatric leukemia patients.

Combination Index analysis was used and experiments were performed in the same
manner as above. Dose response curves for each drug alone in each cell line were obtained, Fig.
10a. A low dose (IC10 or IC25) of each drug was then combined with reovirus in each cell line
to observe any shift of the reovirus dose response. Figures 10b-c¢ illustrates reovirus dose-
response curves for virus alone and virus plus low doses of MTX and Vincristine in pediatric
leukemia cells to provide a visual estimate of data variability, dose-response curve fitting, and
curve shift. An identical approach was taken for determining combination effects as above for
proapoptotic drugs. Briefly, for each of the n=3 replicates the change in reovirus IC50 was
determined and these values were used alongside the concentration (low dose) of drug used and
the IC50 of drug alone (values from Fig. 9a) to calculate individual CI values listed in Table 2

according to the CI equation in the Methods section. Three CI values for n=3 experiments were

62



obtained, and the mean and 95% confidence intervals of the CI based on the data was calculated
(Table 2).

The 95% confidence interval of CI values overlapped a value of 1 in B1 and MOLT3
cells treated with the combination of Methotrexate and reovirus, indicating an additive effect.
Combining MTX with reovirus was antagonistic in TIB202 cells (95% of CI values >1). The
combination of Vincristine with reovirus was additive in B1 and TIB202 cells, but antagonistic
in MOLT3 cells. No synergy was observed between reovirus and MTX or Vincristine in any cell

line using the doses and times tested.
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Figure 10. Chemotherapy Drugs Do Not Combine Effectively with Reovirus Infection to

Reduce Leukemia Cell Survival

A) Dose response curves for Methotrexate and Vincristine were generated in three reovirus-
sensitive leukemia cell lines to determine the concentration of each drug required to inhibit cell
survival by 10, 25, and 50% (IC10, IC25, and IC50). These values are used to design the drug-
virus combination experiments in B-C and for calculation of effective therapeutic combinations
using the Combination Index as in Zhao et al., 2004”0, see Methods and Table 2. n=3.

B) Curve shift of reovirus dose response curves in B1 (96 hr), MOLT3 (96h), and TIB202 (96h)
cells following combination with the anti-folate metabolic inhibitor Methotrexate (MTX) (IC10
of MTX used). n=3.

C) Curve shift of reovirus dose response curves in B1 (48 hr), MOLT3 (48h), and TIB202 (48h)
cells following combination with the microtubule stabilizing agent Vincristine (IC10 of
vincristine used). n=3.

The IC50 obtained from non-linear curve fitting of LV alone and LV+drug were obtained, as was
the dose of reovirus required to reduce cell survival by 50% in the combination setting. These
values, combined with the values from A, were used to calculate Combination Index values as

described in the Methods. CI values are listed in Table 2. Error bars in A-C are SEM.
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3.1.7 Apoptosis Targeted Drugs Enhance Markers of Apoptosis Following Reovirus Infection

To determine if enhanced apoptosis is associated with the combination of proapoptotic
drugs with reovirus, the influence of the pan-BCL-2 inhibitor ABT-737 and the death receptor
ligand Trail on reovirus infection-induced markers of apoptosis was assessed in the B1 cell line.
ABT-737 combined with reovirus led to increased levels of the active 17 kDa fragment resulting
from cleavage of procaspase-3 and the caspase-dependent cleavage fragment (89 kDa) of PARP,
characteristic markers of apoptosis (Fig. 11a). Notably, the addition of ABT-737 did not affect
reovirus replication within B1 cells as assessed by reovirus protein synthesis (Fig. 11b) and
production of progeny virions (Fig. 11¢). Trail addition to reovirus infection also led to enhanced
PARP cleavage compared to either agent alone, and this effect was partially rescued by addition
of the pan-caspase inhibitor Z-VAD-FMK (ZVAD) (Fig. 11d). Trail had no apparent influence

on de novo viral protein synthesis in the presence or absence of ZVAD (Fig. 11e).
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Figure 11. Apoptosis Priming Drugs Enhance Markers of Apoptosis Induction during

Reovirus Infection of Leukemia Cell Lines

A) ABT-737 (0.34 uM) combined with live virus (LV, 10 pfu/cell) displays enhanced active
(cleaved) caspase-3 and cleavage of PARP into an 89 kDa fragment in B1 cells treated for 24
hours and analyzed by Western Blot. n=2.

B) Addition of proapoptotic ABT-737 does not influence de novo reovirus protein synthesis in
B1 cells treated as in A. n=2.

C) ABT-737 does not affect production of reovirus progeny assessed by plaque assay. B1 cells
were treated as above for 24 hours. Error bars are SEM. n=3.

D) Trail (50 ng/mL) combined with LV (10 pfu/cell) displays enhanced cleavage of PARP
compared to either treatment alone. B1 cells were treated for 24 hours and analyzed by Western
Bot. Cleavage of PARP in the combination setting was partially rescued by the pan-caspase
inhibitor Z-VAD-FMK (ZVAD, 25 uM), supporting caspase-dependent apoptosis occurring
during reovirus-Trail combination treatment. n=2.

E) Addition of the apoptotic stimulant Trail does not influence de novo reovirus protein synthesis

in B1 cells treated as in D. n=2.
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3.1.8 Apoptosis Targeted Drugs Enhance Reovirus Cytolysis and Markers of Apoptosis in
Adherent Cancer Cells

Apoptosis plays a strong role in the majority of cell lines in which reovirus induces
cytolysis. Therefore it was hypothesized that priming apoptotic pathways to enhance reovirus
cytolysis might be an applicable strategy in other cancer cell types. This hypothesis was tested in
two adherent cell lines: HCT116 colon carcinoma cells that support efficient reovirus infection
and cytolysis, and HelLa cervical carcinoma cells that support slower virus replication and
cytolysis with delayed kinetics. Using these cell lines, a similar experimental outline to that used
in leukemia cell lines was followed. Briefly, a low dose of proapoptotic drug that alone causes
minimal harm to inhibiting cell survival (measured as the number of cells in treatment compared
to control as 100%, see methods) is combined with reovirus, and cell number and markers of
apoptosis were assessed.

First the dose response curves of the proapoptotic drugs ABT-737, Obatoclax, and Trail
were obtained in HCT116 and HeLa cells (Fig. 12a). A low dose of the pan-BCL-2 inhibitor
Obatoclax was able to shift the reovirus dose-response curve in HCT116 cells, supporting that a
low dose of Obatoclax can decrease the dose of reovirus required to kill the same number of cells
(Fig. 12b). In HeLa cells, the addition of Trail to reovirus infected cells enhanced cleavage of
full length PARP, although levels of 89 kDa fragment were similar to Trail alone (Fig. 12¢).
Notably, this equivalent or enhanced marker of apoptosis was found despite lower levels of de
novo viral protein synthesis. Decreased viral protein levels may be due to suppressed early viral
replication steps in the presence of Trail, but a more likely explanation is that treated cells are
dying more quickly and extensively in this condition, which inhibits later stages of virus
replication such as efficient viral protein synthesis. Interestingly, a higher dose of Obatoclax
(used due to the shorter treatment time for protein analysis) combined with reovirus in HelLa
cells led to a complete inhibition of reovirus infection. However, upon investigation of the
literature it was found that high doses of Obatoclax have the off-target effect of inhibiting
lysosomal cathepsins'?’. Cathepsins are required for proteolytic processing of reovirus virions

and entry into host cytoplasm?, and their inhibition prevents successful infection and cytolysis.
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Figure 12. Apoptotic Drugs Promote Reovirus Cytolysis and Apoptotic Markers in
Adherent Cancer Cells

A) Dose response curves for ABT-737, Obatoclax, and Trail were generated in two adherent,
reovirus-sensitive cell lines: HCT116 and HeLa cells. Curves were used to determine an ideal
dose (~IC10) for the experiments in B-D. n=3.

B) Curve shift of reovirus dose response curves in HCT116 cells (72 hpi) following combination
with the pan-BCL-2 inhibitor Obatoclax (IC10 used). Obatoclax combines effectively with
reovirus to decrease cell number. n=3

C) Trail, but not Obatoclax at 1 uM, combined with reovirus (50 pfu/cell) leads to equivalent or
slightly enhanced cleavage of PARP. Further experiments found that addition of Obatoclax 3
hours after, but not 3 hours before or simultaneous with viral infection, allowed full viral protein
synthesis (data not shown). This is consistent with the recent finding that high doses of

7 normally required for proteolytic

Obatoclax inhibit the activity of lysosomal cathepsins'
disassembly during the reovirus replication cycle®. n=2

D) ABT-737 and Trail combine with reovirus (10 pfu/cell) to promote markers of apoptosis,
including active (cleaved) caspase-8, caspase-3, and PARP in HCT116 cells. ZVAD (25 uM)
suppressed these markers in every case, supporting that enhanced apoptosis underlies the effects
of apoptotic priming drugs on reovirus cytolysis. Note: Z-FA-FMK (ZFA) inhibits cathepsin
activity and was a negative control for reovirus replication (protein synthesis and cell death

markers). n=2
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Inhibition of an early stage of reovirus infection was confirmed by addition of Obatoclax 3 hours
before and 3 hours after reovirus infection, where successful virus infection was observed only
when Obatoclax was added 3 hours after infection (data not shown). In HCT116 cells, addition
of ABT-737 or Trail to reovirus led to enhanced cleavage of procaspase-3 into the active 17 kDa
fragment, enhanced cleavage of caspase-8 pro-forms (53/55 kDa) into the active 41/43 kDa
fragments, and cleavage of PARP into the caspase-specific 89 kDa fragment in HCT116 cells
(Fig. 12d). These markers of apoptosis were rescued by the pan-caspase inhibitor ZVAD.

3.2 AIM 2: To Probe the Role of Mitochondrial Integrity in Reovirus Cytolysis

A strong role for apoptosis in reovirus-induced oncolysis and reovirus pathology in the
central nervous system, liver, and heart of immunocompromised hosts is supported by the
literature™. A major regulator of apoptosis is the mitochondria. Life or death decisions following
many stress stimuli are ultimately made at the mitochondria, where opening of the mitochondrial
outer membrane releases numerous proapoptotic factors that execute a programmed cellular
disassembly®.

Evidence already suggests that reovirus-induced cell death by apoptosis is modulated in
part by the mitochondria. The strongest support for mitochondrial involvement is i) reovirus-
induced apoptosis requires both the extrinsic and the mitochondrial/intrinsic apoptotic
pathways'®®, ii) the finding that the pl reoviral protein can localize to the mitochondrial
membrane and lead to efficient MOMP, release of IMS proteins with proapoptotic activity, and
cell death independently of BAX/BAK, both in the context of normal viral replication or when
ectopically expressed in cells®, iii) the report that BCL-2 overexpression inhibits reovirus
induced apoptosis, suggesting that reovirus-induced MOMP is required for apoptosis and is
somehow regulated by BCL-2 family members’*.

The studies in AIM 1 further suggest that priming both the extrinsic and intrinsic
apoptotic pathways by manipulating balance within the BCL-2 family proteins can enhance
reovirus cytolysis. As the mitochondria act as a site for viral protein localization, death signaling
integration, and release of potent proapoptotic proteins, it seems plausible that these organelles
play a key role in reovirus-induced apoptosis. The precise nature of mitochondrial regulation of

reovirus-induced apoptosis is complicated because reovirus can induce equally efficient
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apoptosis in cells lacking BAX and BAK, suggesting a novel mode of MOMP, presumably
involving viral p1/¢ either directly or indirectly®. Thus despite a key role for mitochondria in
eliciting reovirus-induced cell death, how they regulate efficient reovirus-induced apoptosis
remains unclear.

Mitochondria also play an essential role in efficient ATP production via oxidative
phosphorylation a process responsible for the majority of ATP-production in most non-dividing
cells. However, proliferating cells such as lymphocytes and many cancer cells benefit from a
metabolic switch toward dominant ATP production via glycolysis. While this process is much
less efficient for ATP production per glucose molecule, enhanced glucose uptake and the kinetics
of ATP production by glycolysis can nevertheless yield enhanced rates of ATP production.

In the case of cancer cells, metabolic pathways are drastically altered such that they
support i) rapid proliferation, ii) extensive anabolism, and iii) resistance to apoptosis’*. The
specific changes and contribution of aerobic glycolysis, pyruvate-driven OXPHOS, glutamine-
driven OXPHOS and other bioenergetic pathways are quite variable among and flexible within
cancer cells, and yield mitochondria with altered or deficient function'”.

Importantly, the preference of reovirus for cancer cells over normal cells remains
incompletely understood. Thus I am intrigued by the observation that most cancer cells

193 Although mitochondria are

demonstrate a shift in energy metabolism away from mitochondria
clearly involved in reovirus cytolysis, the importance of mitochondrial function on reovirus
infection and cytolysis has not been explored. The experiments described below attempt to use
different approaches to begin to address this challenge.

Of note, for AIM 2 we changed the cell lines used to study reovirus infection. AIM 2
focuses on the adherent cell lines HCT116 and Hela, for which reovirus infection has been
characterized to some extent previously in our lab. The cell lines used for AIM 2 were changed
because of our experimental approach taken. Specifically, the assay used in AIM 1 to quantify
cell survival was measured using an ATP-based assay. As AIM 2 intended to manipulate energy
metabolism and possibly ATP production, using an ATP-based assay to measure cell
number/survival might be inaccurate. Other methods that allow for quantification of cell

viability/number include AlamarBlue or MTT/MTS assays, but these assays are also based on

mitochondrial redox status/enzyme function that might reasonably be affected during
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manipulation of mitochondrial metabolism. Further more, previous work in our lab has shown
that these assays can give false positive results, particularly following efficient reovirus
cytolysis. Therefore for AIM 2, a different method for cell quantification was chosen that relied
on the use of adherent cells. The Crystal Violet (CV) assay involves fixing adherent, healthy
cells to culture plates, staining cellular DNA with CV, dissolving stain in 1% SDS, and
measuring absorbance at 570 nm. This method requires adherent cells for the fixing step, and
because HCT116 and HeLa cells support reovirus infection and were readily available, we chose
these cell lines moving forward. As previous work in our lab had characterized reovirus infection
in the adherent HCT116 and HeLa cell lines, the quantitative, simple, and reproducible nature of

the CV assay using these cell lines allowed for convenient experimentation.

3.2.1 Low Glucose (LG) Adapted Cells Are Resistant to Reovirus Cytolysis and Apoptosis-
Inducing Agents

It was hypothesized above that mitochondrial bioenergetic function might regulate
reovirus infection in some way. Many cancer cells are significantly glycolytic, which is
associated with repression of mitochondrial metabolism as well as resistance to apoptosis™.
Cancer cells are metabolically plastic, and therefore nutrient limitation is capable of switching
energy metabolism readily to maintain ATP levels for cell growth®™. One method to modulate
cell metabolism is by limiting glucose availability, which forces cells to rely on mitochondrial
metabolism for ATP production. Depriving cells of glucose in the presence of other oxidizable
substrate, such as glutamine or pyruvate, can lead to a number of changes in mitochondrial
networking leading to increased and necessary mitochondrial respiration and ATP synthesis’”.
Another method to push cellular metabolism toward reliance and improved function of the
mitochondria is through chemical inhibition of glycolysis, such as by using 2-deoxyglucose
treatment which inhibits hexokinase. Alternatives to these methods include siRNA knockdown
of glycolytic genes, overexpression of glycolytic inhibitors, and others. However, because
chronic glucose deprivation and its effect on the mitochondria have been well described, and
because this treatment was readily available for our experiments, we chose this method to push

cells away from glycolysis and toward reliance on mitochondrial function.
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In our experiments, HCT116 and HeLa cells were chronically grown in media with 4 mM
glutamine but low glucose (LG) for over one month (see Methods), where the only contribution
of glucose was from 10% FBS (final glucose concentration estimated to be ~0.1-0.5 mM).
Parental cancer cells growing in high glucose (25 mM glucose and 4 mM glutamine) were used
as control to evaluate differences in reovirus infection. The cells cultured in low glucose (LG)
were called HCT-LG and HeLa-LG cells. Following LG adaptation, these cells were
characterized and used to study reovirus infection in comparison to parental (high glucose) cells.

Untreated HCT116 and HCT-LG cells were compared to look for cellular changes in
stress-responsive markers by Western Blot analysis. As seen in Fig. 13a, HCT-LG cells showed
enhanced levels of phosphorylated e[F2a on serine 21 and phosphorylated e[F4E on serine 209
when compared to HCT116 cells. Both of these marks result from stress signaling and act to
suppress protein translation, suggesting that HCT-LG cells might be under a higher level of basal
stress. Consistent with this notion, HCT-LG cells also displayed higher levels of LC3-II, a
cleavage fragment of LC3 that arises during autophagy, suggesting that these cells have higher
levels of basal autophagy in response to low glucose conditions. Cell morphology under the
microscope showed visible vacuolization within the cytoplasm of LG-adapted cells (data not
shown), which would be consistent with a high level of autophagy.

To provide support for a metabolic switch in LG cells, the influence of drugs targeting
mitochondrial respiration was assessed in these cells. LG-adapted cells were significantly more
sensitive to Oligomycin A (OA), a mitochondrial FiFo-ATP synthase inhibitor, and Rotenone
(RN), a Complex I inhibitor, than were HCT116 and HeLa cells under normal growth conditions
(Fig. 13b). When observed under the microscope, OA and RN were found to induce profound
morphological evidence of cell death in LG cells, whereas these agents only seemed to suppress
cell proliferation in HCT116 and HeLa cells (data not shown). No direct evidence was obtained

to prove a metabolic switch occurred in these cells.

75



Cell # (% vs. cell type controls)

HCT-LG HCTI116

n=1 n=2 n=1 n=2
S . S _cTF20 (Ser 21)
38 kDa (RIS cIF20

W — e = p-e]F4E (Ser209)
25kDa b ane s c[FAE
I18kDa w» W . =

LC3 I/II

16 kDa |

53 kDa NI S X | AP
40 kDa [Nl 0 0 PR Mcl-1

TOKDA e s HSP70
53kDa | s ”&q = 53

44KkDa | cus «mh s o Actin

100-
LN [ HCT116
S . HCT-LG
804 &%, = [[] HeLa
. HeLa-LG
— *p< 0.05
60+ #%p< 0.01
40‘ - /-I_
%
204 %
%
" Z %

OA (3 nM) RN (3 nM)
76



Figure 13. Characterizing Low Glucose (LG) Adapted Cells: HCT-LG and HeLa-LG cells.

A) HCT116 and HCT-LG cells were compared for cellular changes in a panel of stress-sensing
proteins using Western Blots. Of note, HCT-LG cells had increased phosphorylation of elF4E
and elF2a, suggesting more limiting protein synthesis machinery, and enhanced LC3 II levels,
consistent with enhanced autophagy. n=2.

B) LG cells are significantly more sensitive than normally cultured cells to inhibitors of
respiration including Oligomycin A (OA, ATP synthase inhibitor) and Rotenone (RN, Complex I
Inhibitor). Cells were treated for 24 hours and assessed by Crystal Violet assay. The results
suggest that LG cells are more reliant on mitochondrial oxidative phosphorylation for sustaining
cell viability in conditions of low glucose. Error bars are SEM. *p<0.05, **p<0.01, using a t-test
between normal and LG cells for each parental cell type and drug treatment (for example,
between HCT-LG and HCT116 treated with OA). n=3 for HCT116 and HeLa, n=4 for HCT-LG
and HeLa-LG cells.
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Reovirus infection was examined in LG-adapted cells. During reovirus infection of
normal and LG cells, it was noted that LG-cells were more resistant to the morphological
changes including membrane blebbing, loss of adherence, and accumulation of cell debris
normally associated with reovirus-induced apoptosis (Fig. 14a). HCT-LG cells were
significantly more resistant to loss of cell number induced by reovirus infection at 10 and 100
MOI, but not 1000 MOI, while HeLa-LG cells were more resistant at 100 and 1000 MOI, but not
10 MOI, compared to the respective cell lines cultured with glucose (Fig. 14b).

To investigate if suppressed reovirus cytolysis was due to less efficient replication of
reovirus, qualitative and quantitative analysis of reovirus replication was measured. Reovirus de
novo protein synthesis was comparable in LG and normally cultured cells, as shown in Fig. 14c.
When quantified, viral progeny levels were not significantly different between LG and normal
cells at 24 hours post infection (Fig. 14d). At 48 hours post infection, production of progeny
virus was actually more efficient in HCT-LG cells compared to normal cells, and equivalent in
HeLa compared to HeLa-LG cells.

One possible explanation for resistance to reovirus cytolysis in LG cells was a general
resistance to apoptosis induction. To test this, the influence of the proapoptotic agents ABT-737,
Obatoclax, and Doxorubicin (DOX, a DNA damaging agent) on cell number in HCT116 and
HCT-LG cells was measured. As shown in Fig. 14e, HCT-LG cells were significantly more
resistant to loss of cell number induced by DOX and Obatoclax treatment, but not ABT-737.
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Figure 14. LG Cells are Resistant to Reovirus Cytolysis and Apoptotic Drugs.

A) LG cells display partial resistance to reovirus-induced loss of cell number and viability when
compared to normally cultured cells, as observed under the microscope and captured by
photomicrograph. Cells were infected with 20 pfu/cell for 48 hours. n=2, pictures are
representative.

B) LG cells are significantly more resistant to reovirus-induced loss of cell number. Cells were
infected with 10, 100, or 1000 pfu/cell for 48 hours and cell number was quantified by crystal
violet assay. Error bars are SEM. n=3.

C) Low glucose adapted and normally cultured cells support equivalent reovirus protein
synthesis, assessed by Western Blot. De novo viral protein synthesis was confirmed by
comparison to protein from input (In.) virus. Note, the protein marker LC3I/II was included to
confirm differences between LG and normally cultured cells. n=3.

D) Production of progeny reovirus LG cells compared to normally cultured cells as assessed by
plaque assay. Cells were infected with 10 pfu/cell for 24 or 48 hours. Error bars are SEM.
*p<0.05 for HCT-LG vs. HCT116 at 48 hpi. n=3.

E) Cell number was quantified in HCT116 and HCT-LG cells after 24 hour treatment with
different apoptosis-inducing drugs. HCT-LG cells were significantly more resistant to the effects

of doxorubicin (DOX) and Obatoclax, but not ABT-737. Error bars are SEM. n=3
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3.2.2 Mitochondrial Inner Membrane Potential is Decreased during Reovirus Infection

Permeabilization of the outer mitochondrial membrane (MOMP) leads to leakage of
proapoptotic proteins from the mitochondrial intermembrane space (IMS) into the cytoplasm. An
essential activator of caspase-3-dependent apoptosis is cytochrome c¢, which is normally
localized and functions in the IMS as part of the electron transport chain. Proper localization and
function of cytochrome c¢ in mitochondrial respiration is essential for efficient oxidative
phosphorylation and ATP production. Loss of cytochrome ¢ from the IMS inhibits electron
transport-coupled proton pumping into the IMS that is required for generation of the proton
motive force (pmyf) that drives ATP production through ATP synthase. As a result of cytochrome
¢ release and inhibited proton pumping, the voltage potential across the mitochondrial inner
membrane (MIM) decreases in response to agents that induce MOMP.

Reovirus-induced apoptosis is linked to MOMP and previous studies have shown that this
is associated with loss of mitochondrial inner membrane potential (¥,)'%. To confirm that
cytolytic reovirus infection leads to loss of Wy, in HCT116 and HeLa cells, the Wy,-sensitive
mitochondrial stain tetramethylrhodamine, methyl ester, perchlorate (TMRM) was loaded into
cells and measured by flow cytometry following reovirus infection. Loss of TMRM stain was
quantified by determining the percentage of cells below a Wy, count of 2000 for HCT116 cells,
and 5000 for HeLa cells (along the horizontal axis), which delineates the low end of the Wy, peak
in control untreated cells. Figure 15a-b suggests that reovirus infection induces a time-
dependent loss of W,,, in HCT116 and HeLa cells over a 48 hour infection period. However, only
n=2 experiments were performed, and thus while a trend seems evident, we cannot say with
statistical rigor that reovirus leads to loss of Wy, in HCT116 and HeLa cells.

It should be noted that in this experiment, the caspase inhibitor ZVAD was included in all
samples to suppress rapid caspase-dependent disassembly of cells. One potential consequence of
ZVAD treatment could be partial inhibition of loss of Wy, during reovirus infection. ZVAD may
suppress BCL-2 family-dependent MOMP due to reovirus-induced caspase-8 activation and
generation of tBID, a proapoptotic BCL-2 family protein contributing to MOMP and loss of W,,,.
Therefore, it is possible that an enhanced phenotype, that is, further or more rapid loss of Wy,

following reovirus infection, might have been observed in the absence of ZVAD.
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Figure 15. Reovirus Infection Leads to Loss of Mitochondrial Inner Membrane Potential

A) Flow cytometry analysis of mitochondrial inner membrane potential measured using the
cationic TMRM stain in HCT116 and HeLa cells after treatment with 25 pfu/cell dead or live
reovirus for 12 - 48 hours. n=2, images are representative.

B) Quantifying TMRM loss in HCT116 and HeLa cells. Loss of TMRM stain was quantified by
determining the percentage of cells below a Wy, count of 2000 for HCT116 cells, and 5000 for
HeLa cells (along the horizontal axis), which delineates the low end of the W, peak in control

untreated cells. n=2, the mean of 2 data points is presented as a horizontal line.

83



While the roles of MOMP and cytochrome c¢ release in executing apoptosis during
reovirus infection are well studied, a role for functional mitochondrial respiration and
mitochondrial ATP synthesis (responsible for maintaining Wy,) in reovirus infection has never
been investigated. To begin exploring this possibility, the remainder of this thesis investigates
the influence of chemically inhibiting mitochondrial respiration and ATP synthesis on reovirus
infection, with a focus on the influence of the mitochondrial ATP synthase inhibitor Oligomycin

A.

3.2.3 Drugs Targeting Mitochondrial Respiration Differentially Affect Reovirus Cytolysis

To begin assessing a role for mitochondrial function in reovirus infection, the influence
of chemical inhibitors of respiratory complexes and mitochondrial ATP synthase on reovirus
infection was assessed. These experiments focused primarily on HCT116, with some
experiments also performed in HeLa cells. The following drugs were used: Rotenone (RN) is an
inhibitor of complex I, Antimycin A (AA) inhibits complex III, Sodium Azide (AZ) inhibits
complex IV, and Oligomycin A (OA) inhibits ATP synthase.

The ability of these drugs to decrease HCT116 cell number alone, or in combination with
reovirus, was assessed by CV assay in Figure 16a. Antimycin A and Sodium Azide combined
with reovirus did not significantly affect reovirus infection compared to infection alone.
Although a modest enhancement of reovirus-induced effects on cell number was observed for
rotenone at low drug concentrations, this was not significantly different than virus infection
alone, Fig. 16a. Only the combination of Oligomycin A at low (nM) doses with reovirus was
able to significantly enhance the loss of cell number compared to drug or reovirus treatment
alone. HCT116 cells were infected with reovirus in the presence of each of these drugs and cell
morphology was photographed. As shown in Fig. 16b, none of the drug treatments by
themselves appeared to induce cell death. Combining Antimycin A, Sodium Azide, or Rotenone
with reovirus appeared to induce morphological changes very similar to virus infection alone.
However, combining Oligomycin with reovirus infection appeard to induce more extensive cell

death than virus infection alone, evidenced by a larger proportion of floating, dead cells. .
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Figure 16. Respiration Inhibitors Differentially Affect Reovirus Cytolysis in HCT116 Cells.

A) The effect of drugs targeting respiration on cell number in the absence or presence of live
virus for 48 or 72 hours was determined by CV assay. The effect of reovirus alone was also
determined. Error bars are SEM. n=3.

B) Photomicrographs of HCT116 cells treated with respiration inhibitors and infected with dead
or live virus at the indicated doses for the indicated times. An observable enhancement in
cytolysis was present when Oligomycin A was combined with live virus infection. n=2.

Note that for data points in A where error bars do not appear, this is because the software
program used (GraphPad Prism 5) does not display error bars when they are smaller than the size
of the symbol used. Therefore for all data points that appear to be lacking error bars, these data

points have very small error bars that are omitted by the program.
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3.2.4 ATP Synthase Inhibition by Oligomycin Enhances Reovirus Cytolysis

High doses of Oligomycin alone potently killed cells (loss of cell number in Fig. 16a, and
data not shown), possibly due to the additional off-target inhibition of plasma membrane Na/K
ATPase and ionic transport”’. However, at a broad range of lower doses, Oligomycin alone led
to only a modest decrease in cell number (~40% decrease after 48 hours in HCT116 cells, Fig.
16a) compared to untreated controls. Interestingly, this decrease did not seem to be associated
with any cell death morphology and cells displayed healthy morphology indistinguishable from
control cells (Fig. 16b). Instead, Oligomycin treated cells appeared to proliferate more slowly
than control cells during the course of the experiment when observed under a phase contrast
microscope (data not shown). A previous study found that Oligomycin induces partial growth
suppression due to cell cycle arrest at G; as a result of low ATP levels”'. Therefore it was
unclear whether Oligomycin plus reovirus improved the loss of cell number in HCT116 cells
compared to reovirus alone when the suspected inhibition of cell number by Oligomycin alone
was accounted for.

To test more directly whether the addition of Oligomycin significantly enhanced loss of
cell number induced by reovirus, HCT116 cells were treated as in Figure 17 and cell number
was measured by CV assay. All data were either normalized to the dead virus plus ethanol
(DV+EtOH) control as 100% cell number (Fig. 17a) or data were normalized to the matched DV
solvent/drug control as 100% (Fig. 17b). Even when LV+OA were normalized to the DV+OA
sample, LV+OA decreased HCT116 cell number significantly more than LV+EtOH.
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Figure 17. Oligomycin Promotes Reovirus Cytolysis in HCT116 Cells.

A) The effect of Oligomycin treatment combined with reovirus infection was assessed by
quantifying cell number 24 hours after treatment/infection using CV assay. It was noted that
Oligomycin treatment alone seemed to suppress cell growth under the microscope over the
course of treatment, which is supported by the significant decrease in cell number when
quantified. Error bars are SEM, ***p<0.001 using One-way ANOV A with Holm-Sidak post-test
to assess significance (see Methods). n=3.

B) Data were normalized to account for the effect of Oligomycin treatment on cell number. Ie.
LV+EtOH was normalized to DV+EtOH, while LV+OA was normalized to DV+OA. When
normalized, we can see that there is a true significant enhancement of reovirus-induced cytolysis
in the presence of Oligomycin. Error bars are SEM, ****p<(0.0001 using One-way ANOVA with

Holm-Sidak post-test to assess significance between samples (see Methods). n=3.
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We wanted to characterize the influence of Oligomycin treatment alone on cancer cells.
In HCT116 and HeLa cells, OA treatment suppressed the increase in cell number over time in
each cell line, Fig. 18a. This decrease in cell number in Oligomycin treated cells relative to
control was significant over time in HCT116 cells but not in HeLa cells. The suppressive effect
of Oligomycin was also stronger in HCT116 cells.

ATP levels were measured over a range of doses of Oligomycin and Rotenone in
HCT116 and HeLa cells using an ATP-based luciferase assay. Oligomycin and Rotenone had
only mild effects on ATP levels measured relative to control solvent-treated HCT116 and HeLa
cells measured after 48 hours of treatment, Fig. 18b. ATP levels were also measured over time in
cells treated with a constant dose of OA or RN. The influence of OA and RN on ATP levels over
time was mild, and typically the levels were maintained at 80% or higher compared to control,
Fig. 18c. In HeLa cells, OA induced a larger drop in ATP levels to ~60% of control by 6 hours,
but these levels rebounded to ~95% of control by 22 hours of treatment (Fig. 18c).

To test if Oligomycin treatment might be enhancing apoptosis more generally, the
influence of OA on doxorubicin (DOX), ABT-737, and Trail treatment was assessed in HCT116
and HeLa cells, Figure 18d. OA decreased cell number by itself by roughly ~40% in HCT116
cells and ~20% in HeLa cells. The combination of OA with DOX and ABT-737 was not
significantly different than either Oligomycin alone or the drug alone controls in HCT116 cells.
While OA+Trail was significantly more effective that OA alone in HCT116 cells, it was not
significantly different that Trail treatment alone. In HeLa cells, OA+DOX was significantly more
effective than OA alone but not DOX treatment alone, while OA+ABT-737 was not significantly
different from either OA or ABT-737 controls. OA+Trail was significantly more effective than
OA treatment but not the Trail alone control in HeLa cells.

To assess the influence of Oligomycin and reovirus on cell cycle progression, DNA
content was measured by propidium iodide staining. Representative results of DNA content
analysis from one experiment are shown in Fig. 19a and the proportion of cells in S-phase from
n=2 experiments are summarized in Fig. 19b. Oligomycin appeared to cause a slight decrease in
the percent of HCT116 cells in S phase and almost no effect in HeLa cells. However, only n=2
results were obtained and no statistical analysis could be performed. Reovirus infection alone or

with OA only slightly influenced the percentage of cells in S-phase in each cell line.
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Figure 18. Oligomycin Treatment Causes Growth Suppression Despite Maintained ATP

Levels.

A) The effect of Oligomycin A (OA) on cell number was determined by CV assay in HCT116
and HeLa cells over four days. * p<0.05 using t-test for each time point. Error bars are SEM.
n=3.

B) Relative ATP levels were determined 48 hours post treatment with Oligomycin (OA) and
Rotenone (RN) in HCT116 and HeLa cells using the Cell Titer-Glo Luminescent Cell Viability
assay based on ATP levels (see Methods). Note, the effect of each drug on cell number was
calculated in parallel experiments by CV assay and ATP data were normalized to cell number.
Error bars are SEM. n=3.

C) Relative ATP levels were determined over a time course of treatment with OA or RN in
HCT116 (left panel) and HeLa cells (right panel) as above. Error bars are SEM. n=3.

D) The effect of OA treatment on cell death induced by Doxorubicin (DOX, 50 nM)), ABT-737
(5 uM), or Trail (20 ng/mL) was determined in HCT116 and HeLa cells by CV assay. One-way
ANOVA was performed using Holm-Sidak post test for multiple comparisons as in Methods.
Error bars are SEM. n=3.

Note that for data points in A-C where error bars do not appear, this is because the software
program used (GraphPad Prism 5) does not display error bars when they are smaller than the size
of the symbol used. Therefore in all cases where n=3 and data points appear to be lacking error

bars, these data points have very small error bars that are omitted by the program.

92



HCTI116
16 hpi
10 MOI

% S-phase

DMEM

g 4
s
= a4
s 3
s
S-phase:
B 55.88 % B
2 2
£ £
E 2
g 2
o S 4
2 2
= =
200 400 600 0
Channels (PE-A)
8 4 IS
= =
=3 3 ]
& A
5 5
£ S-phase: £
= =z
g ] 38.77 % 2
2
=
0 200 400 600 0
Channels (PE-A)
1§
14

DNA Content

HCT116 cells

Oligomycin

44.21 %

400 600
Channels (PE-A)

36.27 %

400 600
Channels (PE-A)

60,

NN
T

% S-phase
o
i

200
1

2

Number

Reovirus Oligo + Reovirus

280
1

54.49 % 46.16 %

Number

140
|

70

400 600 o 200 400 600
Channels (PE-A) Channels (PE-A)

Number

33.05 % &8 34.72 %

200 400 600 o 200 400 600
Channels (PE-A) Channels (PE-A)
HeLa cells
|
v
A —
|
v
A

v
- A
i P—
v
m A

93



Figure 19. Oligomycin Treatment or Reovirus Infection Do Not Appear to Influence Cell

Cycling.

A) Cell cycle analysis was performed on HCT116 and HeLa cells that were untreated (DMEM)
or treated with Oligomycin (10 nM), infected with reovirus (10 pfu/cell and 50 pfu/cell for
HCT116 and HeLa cells, respectively), or the combination of Oligomycin and reovirus for 16
hours (HCT116) or 18 hours (HeLa) as described in Methods. Inset are the percentage of cells
calculated to be in S phase according to analysis using ModFit LT version 3.2 software as
performed by the Flow Cytometry facility. n=2, data are representative.

B) The percentage of cells in S-phase based on the ModFit LT analysis from two replicate
experiments from A. The individual points are shown, and the horizontal line is the mean of two

data points. n=2.
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3.2.5 Oligomycin, But Not Rotenone or Obatoclax, Enhances Loss of Mitochondrial Inner

Membrane Potential during Reovirus Infection

To address whether Oligomycin treatment influences loss of inner mitochondrial
membrane potential occurring during reovirus infection, flow cytometry was used as described
above and in Methods. Loss of TMRM stain was quantified by determining the percentage of
cells below a W, count of 2000 (along the horizontal axis), which delineates the low end of the
W, peak in control untreated cells. As shown in Figure 20a-b reovirus infection leads to loss of
mitochondrial inner membrane potential in HCTI116 cells. Oligomycin treatment alone
hyperpolarized mitochondria, which was an expected finding since inhibition of mitochondrial
ATP synthase prevents proton flux from the IMS into the matrix downstream of mitochondrial
respiration, leading to a higher negative charge inside the mitochondria and increased
accumulation of the cationic TMRM stain within mitochondria. Unexpectedly, Rotenone
treatment alone did not appear to depolarize mitochondria, Fig. 20a. Depolarization following
Rotenone treatment has been shown previously and has been used as indirect confirmation of
respiration inhibition. This may suggest that the dose of Rotenone used in our experiments (0.1
uM) was too low and did not have a strong inhibitory effect on mitochondrial function.
Combining Rotenone or Obatoclax with reovirus did not significantly affect inner membrane
potential (W,,). On the other hand, Oligomycin treatment combined with reovirus significantly

enhanced the percentage of cells with decreased Wy, (TMRM loss) at 24 and 48 hpi.
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Figure 20. Oligomycin Augments Loss of Mitochondrial Inner Membrane Potential during

Reovirus Infection

A) Flow cytometry analysis of mitochondrial mass and inner membrane potential (TMRM stain)
in HCT116 cells after treatment with Oligomycin (OA, 4 uM), Rotenone (RN 0.1 uM), or
Obatoclax (OB, 15 nM) alone or in combination with reovirus (LV, 25 pfu/cell) for 24 and 48
hours. Untreated cells and cells infected with LV alone were also included. All treatments
contained the caspase inhibitor ZVAD to prevent rapid cellular disassembly. n=3, images are
representative.

B) Quantifying TMRM loss in HCT116 cells. Loss of TMRM stain was quantified by
determining the percentage of cells below a Wy, count of 2000 (along the horizontal axis), which
delineates the low end of the W, peak in control untreated cells. Data were analyzed using one-
way ANOVA with Holm-Sidak post test to compare treatments. ‘ns’ indicates no significant

difference compared to LV control at the indicated time point. n=3, error bars are SEM.
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3.2.6 Oligomycin May Enhance Caspase Activation during Reovirus-Induced Apoptosis

The finding that Oligomycin enhanced loss of W, during reovirus infection provided
support for the idea that Oligomycin enhances reovirus-induced apoptosis. HCT116 cells were
infected with reovirus alone or in the presence of Oligomycin or Rotenone for 24 hours and
subjected to Western Blot. Oligomycin, but not rotenone, enhanced caspase-specific PARP
cleavage induced by reovirus infection in HCT116 cells, Figure 21a.

Reovirus protein levels measured by Western Blot in the same set of samples appeared to
be much lower in the presence of Oligomycin but nearly equivalent in the presence of Rotenone.
Plaque assays were used to quantify the influence of combining Oligomycin or Rotenone
treatment with reovirus on production of infectious reovirus progeny in HCT116 cells. As shown
in Figure 21b, both Oligomycin and Rotenone treatment significantly decreased levels of
infectious progeny virus by 4-5 fold.

To provide further support for enhanced caspase activity when Oligomycin is combined
with reovirus infection, early caspase activity was measured in HCT116 cells using a pan-active
caspase stain and detection by flow cytometry. Combining Oligomycin treatment with reovirus
appeared to enhance the percentage of cells displaying caspase activity at 14 hours compared to
virus alone, which displayed a lower but detectable level of caspase activity, Figure 22a-b
Caspase activity following reovirus or reovirus plus Oligomycin was inhibited by the pan-
caspase inhibitor ZVAD, as expected. Of note, this experiment was only replicated twice (n=2),
therefore we cannot say with statistical rigor that Oligomycin enhances early caspase activity in
reovirus infection cells although this might be the case and would be consistent with our other
data.

To confirm that increased apoptosis underlies the enhancement of reovirus oncolysis by
Oligomycin, the influence of caspase inhibition by ZVAD was assessed in HCT116 cells
following a 24 hours infection. As shown in Figure 23, ZVAD did not significantly affect the
decrease in cell number induced by Oligomycin (DV+OA). However, ZVAD significantly
inhibited reovirus induced cell death alone, and also with the combination of reovirus and
Oligomycin, as well as Trail treatment (positive control). In each case, cell number was rescued
to within 10% of control values, supporting that each of these treatments induced caspase-

dependent apoptosis leading to cell death and decreasing cell number.
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Figure 21. Oligomycin Enhances Markers of Apoptosis Despite Suppressed Reovirus

Replication.

A) The influence of Oligomycin (OA) and Rotenone (RN) treatment on reovirus de novo protein
synthesis and PARP cleavage in HCT116 cells treated for 24 hours was assessed by Western
Blot. PARP cleavage was enhanced despite dampened reovirus protein synthesis when
Oligomycin was combined with reovirus. n=2.

B) Reovirus progeny production in HCT116 cells infected with reovirus (10 pfu/cell) alone, or
combined with Oligomycin ( OA, 4 uM) or Rotenone (RN, 0.1 uM) was assess by Plaque Assay.
Error bars are SEM. ***p<0.001, using One-way ANOVA with Holm-Sidak post-test to assess

significance between samples (see Methods). n=3.
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Figure 22. Oligomycin Appears to Promote Early Caspase Activation during Reovirus

Infection.

A) Pan-caspase activation (FAM-VAD-FMK staining) and non-apoptotic cell death (PI staining)
was assessed in HCT116 cells 14 hours post treatment with Oligomycin (OA, 10 nM), dead
(DV) or live reovirus (LV, 25 pfu/cell), the pan-caspase inhibitor Z-VAD-FMK (ZV, 50 uM), or
the indicated combinations of these agents using the Apo LOGIX FAM-VAD-FMK flow
cytometry-based assay. Trail (TR, 2 ug/mL) was used as a positive control for caspase
activation.

B) Quantifying Caspase activity +/ PI- cell population (Q4 in A) from two experimental

replicates. Data points are indicated where the horizontal line represents the mean. n=2.
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Figure 23. Caspase inhibition with ZVAD suppresses cell death induced by the combination

of Oligomycin and reovirus.

HCT116 cells were pre-treated with ZVAD (100 uM) for 1 hour then infected with 10 pfu/cell
(DV or LV) and treated with OA (10 nM) or Trail (2 ug/mL) or the combinations as indicated

for 24 hours and cell number was quantified by crystal violet assay. Error bars are SEM. n=3.
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3.2.7 Oligomycin Enhancement of Reovirus-Induced Apoptosis Does Not Require BAX or
BAK

Previous studies have found that reovirus can induce MOMP leading to caspase-
dependent apoptosis independently of the typically essential MOMP effectors BAX and BAK*.
To test the requirement of BAX and BAK in the enhancement of early caspase activation and
cell death observed when Oligomycin is combined with reovirus, isogenic HCT116 wildtype
(WT) and BAX”/BAK™" double knockout (DKO) cells were employed. WT and DKO cells were
obtained from Dr. David Andrews (University of Toronto) and the DKO cells were generated
from a BAX” unselected subclone of HCT116 cells subjected to BAK gene targeting by
homologous recombination using a recombinant Adeno Associated Virus vector to engineer
STOP codons into the BAK genes, preventing functional protein expression (see Methods for
more details)* ',

WT and DKO cells were treated with 10 nM Oligomycin or infected with reovirus at 10
pfu/cell, or with the combination treatment for 24 hours, at which point cells were observed
inside culture plates using crystal violet staining (Fig. 24 a(i)) as well as higher magnification
phase contrast microscopy of cells directly before staining procedures (Fig. 24a(ii)). WT and
DKO cells were similary sensitive to reovirus alone. Interestingly, loss of cell number due to
reovirus in DKO cells was similarly sensitized by Oligomycin treatment. This effect was
quantified in Figure 24b. WT and DKO cells were similarly sensitive to the effects of
Oligomycin treatment or infection alone or in combination, as well as the inhibitory influence of
ZVAD. Importantly, the positive control Trail treatment induced significant cell death (~55%
decrease in cell number compared to control) in WT cells but had no effect in DKO cells,
consistent with the requirement for intrinsic BAX/BAK dependent MOMP in efficient apoptosis
induction following extrinsic apoptotic stimuli. These data point to a BAX/BAK independent

influence of Oligomycin on reovirus-induced apoptosis.
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Figure 24. Oligomycin augmentation of reovirus cytolysis is similar in wildtype (WT) and

BAX/BAK double knockout (DKO) HCT116 cells.

A) BAX/BAK knockout or wildtype HCT116 cells were infected with 10 pfu/cell dead or live
virus and/or treated with OA (10 nM) for 24 hours, and cells were fixed with 3:1 MeOH: Acetic
Acid and stained with crystal violet for visualization of cell number using phase contrast
microscopy imaging (upper panel (i)). Lower panel is higher magnification images of the same
cells immediately before fixing and staining, where cell death induced by live virus alone, and
virus plus OA looks similar between WT and DKO cells. n=2, images are representative.

B) Cell number was measured following 24 hour treatment with reovirus and/or OA as above, or
Trail (TR, 2 ug/mL) or ZVAD (ZV, 50 uM, cells were pre-treated for 1 hour and during
experiment) as indicated in histogram. The combination of Oligomycin and reovirus, or reovirus
alone, exhibited similar decreases in cell number. The positive control Trail was the only
treatment that was significantly suppressed in DKO cells, as expected. Error bars are SEM.

*4%p<0.0001 using t test between WT and DKO cells for each treatment. n=3.
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3.2.8 Combination of Oligomycin and Reovirus May Be an Effective Enhancer of Cell Death

in Reovirus-Sensitive Cells

The above data suggest that Oligomycin promotes reovirus-induced apoptosis and cell
death in HCT116 cells, possibly suggesting a novel strategy for promoting the anticancer effects
of reovirus. However, it was unclear how Oligomycin might influence the anticancer effect of
reovirus in cell lines that were differentially sensitive to reovirus infection. Using a panel of cell
lines representing low reovirus sensitivity (HT29, MKN74 cells), medium sensitivity (TEI,
HeLa, MKNI1), or high sensitivity (HCT116, L929, DLDI1, GCIY, TES), the influence of
reovirus, Oligomycin, or the combination on cell number over 4 days of treatment was assessed
by CV assay, Figure 25. At the doses used, reovirus alone decreased cell number considerably,
and completely in 4 of 5 high sensitivity cell lines. It was thus difficult to elucidate any influence
of Oligomycin combination in these cell lines, and future experiments should use lower doses of
viruses to elucidate a contribution from Oligomycin in these cell lines. In moderately sensitive
cell lines reovirus induced very large decreases in cell number. Oligomycin, which alone
decreased cell number to variable extents among cell lines (presumably through suppressed
proliferation), appeared to promote loss of cell number in combination with reovirus. However,
using 1-way ANOVA to compare treatment means on Day 4, cell number was not significantly
different between LV,0A and both LV,EtOH and DV,0A controls. In the low reovirus
sensitivity group, Oligomycin also appeared to promote reovirus-induced loss of cell number
compared to either agent alone, but this effect was not statistically significant. The most notable
combination was observed in the low reovirus sensitive HT29 colon cancer cell line. As seen in
Figure 25, reovirus alone or Oligomycin alone had little influence on HT29 cell number over
four days of treatment, however the combination of these agents seemed to show a large decrease
in cell number over four days compared to controls. However, as only n=2 was performed for
HT?29, no statistical difference could be accurately assessed. From these data it should be noted
that there was no obvious relationships between reovirus sensitivity, Oligomycin sensitivity, or
sensitivity to combination treatment. Oligomycin appeared to suppress cell proliferation to

different extents, but this was not clearly related to its ability to promote reovirus cytolysis.
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Figure 25. Oligomycin Has a Variable Influence on Reovirus-Induced Anticancer Effects in

Cancer Cell Lines of Variable Reovirus Sensitivity.

On day 0 cells were infected with LV or DV control, treated with OA (10 nM) or EtOH control,
or the combination, and cell number was quantified by crystal violet assay on each of the next
four days. The following cell lines were infected with 10 pfu/cell: HCT116, L.929, GCIY, DLDI,
and MKNI1. All other cell lines were infected with 100 pfu/cell. Using ANOVA to compare
treatment means on day 4 revealed that LV,OA was not significantly different from both
LV,EtOH and DV,OA controls. Error bars are SEM. n=3 for all cell lines except HT29 (n=2).
Note that for data points where error bars do not appear is because the software program used
(GraphPad Prism 5) does not display error bars when they are smaller than the size of the symbol
used. Therefore in all cases where n=3 and data points appear to be lacking error bars, these data

points have very small error bars that are omitted by the program.
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Chapter Four: DISCUSSION

4.1 Discussion of AIM 1: Priming Apoptotic Pathways Enhances Reovirus Cytolysis
4.1.1 Reovirus in Pediatric Leukemia Cell Lines

Pediatric leukemia cell lines were evaluated as a model system for AIM 1. Flow
cytometry analysis of JAM-A expression supported that the majority (5/6) of cell lines, but not
the CEM cell line, should allow reovirus entry (Fig 5). Detection of de novo reovirus protein
synthesis by Western Blot demonstrated that all 6 cell lines appeared to support reovirus protein
synthesis, though to different extents (Fig. 6a). Here, it was surprising to find that CEM cells
appeared capable of supporting a low level of reovirus protein synthesis above the DV and 1hr
LV controls. Since these cells appeared to lack JAM-A (n=2), we would expect that these cells
could not support reovirus entry and thus infection and viral protein synthesis. Although we did
not investigate this further, one possibility is that the detectable protein expression is a result of a
very low level of virus entry and infection in a few CEM cells. In line with this possibility, in
other experiments using immunofluorescent detection of reovirus proteins in JAM-A negative,
non-transformed HS68 fibroblasts, I observed a very low frequency of infection (estimated ~1 in
1000 cells) (data not shown). Despite the observed low level of viral protein synthesis, there was
no detectable level of infectious progeny virus in these cells (Fig. 6b), suggesting that the
majority of cells are inefficiently infected. The other pediatric leukemia cell lines supported
significant reovirus replication to varied levels, Figure 6b.

Active RAS pull-down assays (Fig. Sb) did not support a clear correlation between RAS
activity and efficient reovirus oncolysis in pediatric leukemia cells. Although signaling through
the RAS pathway has been suggested as a primary determinant in susceptibility to reovirus'* '®,
other studies suggest that efficient reovirus oncolysis may be mediated by other factors,
including cell entry, efficient proteolytic disassembly and tumor suppressor status* ** *.
Therefore, factors other than JAM-A expression and RAS activation likely play a role in
susceptibility of pediatric leukemia cell lines to reovirus infection. However, it should be noted

that our assessment of active RAS would only detect elevated signaling upstream or within the

RAS protein and does not assess downstream signaling that could impinge on reovirus oncolysis.
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These data suggested that 5/6 pediatric leukemia cell lines appear to support reovirus
infection and production of progeny virus. As efficient reovirus infection induces cytolysis of
cancer cells, we wanted to investigate the ability of reovirus to kill pediatric leukemia cells. Cell
morphology visualized by microscopy demonstrated abundant cell debris and membrane
blebbing in 4/6 of the cell lines following infection with reovirus, Figure 7a. Quantification of
cell survival demonstrated that reovirus induces cytolysis in 4/6 cell lines. Reovirus typically
induces apoptosis in efficiently infected cells, and we found PARP cleavage by Western Blot, a
marker of apoptosis, in 4/6 cell lines following infection (Fig. 7¢). This was consistent with the
expected mode of cytolysis by induction of apoptosis, however using a single marker of cell
death is not conclusive evidence. Other apoptosis markers such as caspase-3 activity, DNA
fragmentation, or inhibition of cell death and PARP cleavage using a caspase inhibitor (such as
Z-VAD-FMK used in later studies) would have provided further support for induction of
apoptosis.

These data support that at least some pediatric leukemia cells might be targeted by
reovirus therapy, and that further preclinical in vivo studies are warranted to investigate this
possibility. Of note, our data suggest that confirming cell surface expression of JAM-A in
leukemia cells would be one important determinant in the decision to treat patients, and agrees
with the literature that supports a requirement of JAM-A for efficient reovirus infection**'**, We
expect that many pediatric leukemia cell lines might support reovirus targeting, as JAM-A is
ubiquitously expressed in the human body and in most cancer cells, and is typically required to
initiate infection with wildtype reovirus'*>.

One interesting finding from these initial studies was that Jurkat cells were resistant to
reovirus-induced cytolysis despite supporting reovirus replication to comparable levels as
observed in some cytolysis-sensitive cell lines. In follow up experiments it was noted that
infection with a dose higher than 100 pfu/cell led to efficient death of Jurkat cells (data not
shown). Our studies and others have shown that higher initial doses of reovirus lead to faster, and
sometimes more extensive apoptosis in cancer cell lines. This likely reflects both virus
replication-independent and replication-dependent effects, because viral load during infection
preceding replication initiates proapoptotic signaling, but UV-inactivated virus (incapable of

replication) at all but extreme (1000 pfu/cell or higher) doses, does not induce apoptosis™. It is
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currently unclear why Jurkat cells support such a high level reovirus infection but resist
infection-induced apoptosis. Our studies did not further explore reovirus infection in this cell
line, but future study employing Jurkat cells might help identify links between reovirus
replication and apoptosis. Generally speaking, differential cytolytic responses to equivalent
reovirus replication and the dose-dependent effects of reovirus infection likely play a role in the
variable clinical responses observed with oncolytic reovirus, where efficiency of reovirus
delivery to tumor, virus replication within tumor, and the characteristics of a given tumor
regulate the antitumor efficacy of reovirus. Further study to elucidate mechanisms controlling
efficient reovirus infection and cytolysis in cancer cells is needed.

An important consideration for treating patients is the safety of a given treatment. In the
context of reovirus therapy, reovirus has been reported not to harm PBLs or hematopoietic

progenitor cells in vitro or in vivo'** '

and demonstrates an excellent safety profile in clinical
trials*. Furthermore, a clinical trial has been initiated to explore the safety of using reovirus in
pediatric patients with solid tumors, which is expected to provide evidence for the safety of
reovirus in pediatric cancer patients. Our studies only tested reovirus infection in peripheral
blood lymphocytes. We did not investigate other important ‘normal cell’ controls such as donor-
derived hematopoietic stem cells, cultured skin fibroblasts, or reovirus infection in mice, which
would more completely address the safety of reovirus in normal tissues. Future study should
confirm previous similar studies demonstrating the relative safety of reovirus in these systems.

In our experiments with PBLs, we confirmed the inability of reovirus to replicate in
these cells (Figure 8). However, we did note reovirus-induced cytolytic effects in an adherent
cell population present following PBL isolation. It is possible that these are adherent monocytes
carried over during PBL isolation, but this was not confirmed in our studies. The identity of these
cells could be determined using cell surface markers by flow cytometry, or by monitoring the
ability of these cells to differentiate into dendritic cells or macrophages in response to cytokines,
which would also be assessed by flow cytometry. Precisely how these findings relate to the
safety of reovirus oncolytic therapy is uncertain. Reovirus infection-induced injury of normal
tissues is known. Previous studies have documented reovirus infection-induced tissue injury in
138

immunocompromised mice'’, as well as replication and cytolysis in embryonic stem cells'*®.

These studies clearly demonstrate that reovirus is capable of infecting normal tissues. To our
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knowledge, this is the first indication that reovirus may be harmful to monocytes in vitro. If these
cells are monocytes, it is known that the process of monocyte adherence is associated with
activation of proto-oncogenes'*’, and these changes might promote efficient reovirus infection in
a similar manner to cytolysis in cancer or stem cells. However, many questions remain about
how reovirus kills both cancer and stem cells, and further study is needed and might be very
insightful for regulation of reovirus infection. Notably, further study to identify these adherent
cells and characterize reovirus infection in this cell population might also be very useful for our
understanding of reovirus infection. Although we do not understand why reovirus harms these
adherent cells in vitro, despite the known harms on normal tissues in immunocompromised mice,
the established safety profile of reovirus in clinical trials in adults is supportive of continued use
and optimization of reovirus-based cancer therapy.

These experiments characterized the response of pediatric leukemia cell lines to reovirus
infection. It was observed that some cell lines were susceptible to reovirus oncolysis, including
those representing high risk disease for which novel therapy is of particular importance.
Importantly, pediatric leukemia cell lines were susceptible to reovirus infection and thus were an
appropriate model in which to test AIM 1, where it was hypothesized that priming extrinsic and

intrinsic apoptotic pathways would promote efficient reovirus cytolysis.

4.1.2 Priming Apoptotic Pathways Promotes Reovirus-Induced Cytolysis

It is well established that i) reovirus induces apoptosis®, ii) chemotherapy and
radiotherapy function primarily by inducing apoptosis in cancer cells®, and enhanced apoptosis

779 and radiation® in vitro and

underlies beneficial combinations of reovirus with chemotherapy
in vivo. Clinical trials with oncolytic reovirus in combination with chemotherapeutic agents
demonstrate improved frequency and efficacy of patient response compared to reovirus
monotherapy™*. The future clinical use of reovirus, as well as other oncolytic viruses, will be as
an adjuvant alongside other chemotherapy’. Therefore it is important to elucidate the cellular
targets of chemotherapy that promote efficient reovirus oncolysis.

We hypothesized that directly targeting the extrinsic and intrinsic pathways of apoptosis

would promote reovirus oncolysis. Using three reovirus susceptible pediatric leukemia cell lines,

we studied the influence of low doses of the extrinsic apoptosis ligand TRAIL or the BCL-2
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inhibitors (BH3 mimetics) ABT-737 and Obatoclax on reovirus cytolysis (measured as cell
viability). Generation of dose-response curves for reovirus alone, or in combination with a low
dose of each proapoptotic agent, and observing the IC50 shift between these curves, was used to
determine the combinatorial effect of virus-drug combinations. Combination Index analysis was
used to measure the nature and extent of reovirus-drug interactions''’. As hypothesized,
combining a low dose (IC;¢ or IC,s) of ABT-737, Obatoclax, or TRAIL with reovirus promoted
reovirus-induced cytolysis in the majority cases (Figure 8 and Table 2). ABT-737 combined
with reovirus demonstrated a synergistic decrease in cell survival in 3/3 cell lines. Obatoclax
demonstrates synergy with reovirus in B1 and TIB202 cells and additive effects in MOLT3 cells.
Combining TRAIL with reovirus was synergistic in B1, additive in MOLT3, and antagonistic in
TIB202 cells. Taken together, the combination of low doses of proapoptotic agents with reovirus
synergistically enhances cell killing in the majority (6/9) of combinations tested, while 2/9
combinations were additive, and only 1/9 was antagonistic. These data support the hypothesis
that priming apoptotic pathways can promote reovirus infection in pediatric leukemia cell lines
by tipping the balance within the BCL-2 family towards apoptosis.

The combination of proapoptotic drugs ABT-737 or Trail with reovirus to promote cell
killing was associated with enhanced induction of apoptosis as measured by Western Blot
analysis of apoptotic markers in B1 cells (Figure 11). These data are consistent with idea that
enhanced apoptosis underlies the synergistic combination of proapoptotic drugs with reovirus in
pediatric leukemia cells. Importantly, it should be noted that only the B1 cell line was
investigated, and it would be important to detect enhanced apoptosis markers with other
drug/virus combinations and in other cell lines in future studies.

The addition of ABT-737 or TRAIL to reovirus infection did not significantly affect
reovirus replication in this cell line as measured by Western Blot and Plaque Assay (Figure 11).
Therefore it appears that priming apoptotic pathways does not significantly influence reovirus
replication, though this should be confirmed in other cell lines. It is important that reovirus-based
strategies, including this potential new strategy combining proapoptotic drugs, maintain efficient
reovirus replication because one very important beneficial aspect of oncolytic reovirus is self-

propagation and spread through tumors. Taken together, these data support the idea that
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proapoptotic drugs may be a useful strategy to enhance reovirus cytolysis in pediatric leukemia
cells. This warrants further preclinical investigation in vivo.

As a first step toward addressing the potential broad applicability of this strategy for other
cancer types, combination studies were extended to other cancer cell types. The combinatorial
influence of ABT-737, Obatoclax, and TRAIL on reovirus infection in the highly reovirus-
sensitive HCT116 colorectal cancer cells and in the moderately reovirus-sensitive HeLa cervical
cancer cells was analyzed (Figure 12). These experiments demonstrated that addition of
proapoptotic drugs to reovirus infection could i) reduce the amount of reovirus required to
decrease cell number and ii) promote markers of apoptosis induction as measured by Western
Blot, without negatively influencing reovirus replication. These results are consistent with our
hypothesis that priming apoptotic pathways can promote reovirus cytolysis, likely through
stronger and/or more widespread induction of apoptosis in cancer cells, and suggest that this
strategy may be applicable to multiple cancer types. Of note, in these experiments it was
observed that a low (IC;p ~50 nM) dose of Obatoclax combined beneficially with reovirus as it
decreased the amount of reovirus required to reduce HCT116 cell number, measured by a
leftward shift in the dose-response curve for reovirus at 72 hpi (Figure 12). However, a higher
dose (1 uM) of Obatoclax (used in Western Blot analysis in HeLa cells at 24 hpi) completely
suppressed reovirus replication and cell death. Further experiments (not shown) were consistent
with a report showing that high doses of this drug inhibit the activity of lysosomal cathepsins'?’
that are required for proteolytic disassembly during reovirus infection®”. This off-target strong
inhibitory effect of Obatoclax on reovirus infection at high doses is an important finding, and
suggests that only lower doses of this drug, or perhaps other proapoptotic drugs altogether, might
be the focus of future study in combination with reovirus for cancer therapy.

The combination of reovirus with low doses of chemotherapeutic drugs Methotrexate or
Vincristine did not demonstrate synergy in our experiments and in our experiments these
combinations were additive or mildly antagonistic (Table 2 and Figure 10). This is in contrast to
other studies that have found synergy between reovirus and commonly used chemotherapeutic
agents. Pandha et al. 2009 reported synergy between reovirus and various chemotherapeutic
agents in a melanoma cell line, although this study did not assess Methotrexate or Vincristine’’.

Heinemann et al. 2011 found synergy between reovirus and Vincristine (as well as other
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common chemotherapy agents) in prostate cancer cell lines'*. Sei et al. 2009 demonstrated
synergy between reovirus and vinblastine in some but not all lung cancer cell lines and
drug/virus doses tested””. Our studies only assessed the influence of a single dose of drug on
reovirus infection, thus we cannot exclude potential combination effects that might be observed
at other drug-virus combinations or time points in leukemia cell lines. Further, as clinical use of
reovirus is as an adjuvant to chemotherapy™, further study on reovirus with these and other
chemotherapy drugs used in the clinic for pediatric leukemia patients, without and with the
addition of proapoptotic drugs, will be important to further characterize the potential for priming
apoptotic pathways in enhancing reovirus-based therapy in pediatric leukemia. A similar
approach could be taken for numerous other cancer types where enhanced apoptosis already

underlies the synergistic combinations between reovirus and various chemotherapeutic agents.

4.1.3 Relevance of Work: Is Priming Apoptotic Pathways in Reovirus Infection a Plausible

Anticancer Strategy?

Priming the apoptotic pathway to enhance reovirus infection was accomplished by
stimulating the extrinsic pathway (TRAIL) or by modulation of the BCL-2 family of proteins
with proapoptotic BH3 mimetic drugs (ABT-737 and Obatoclax). This strategy is in contrast to
the combination of chemotherapeutic drugs with reovirus. Although chemotherapy usually
induces apoptosis to eliminate cancer cells®', this occurs indirectly downstream as a consequence
of the pleiotropic effects of these agents. Reovirus oncolysis requires efficient replication within
cancer cells, which is reliant on functional cellular processes including transcription, translation,
and energy production. Therefore, it may be that chemotherapy drugs with pleiotropic effects on
the cell and its normal functions are not ideal agents for combination with reovirus. Our
hypothesis that directly priming apoptotic potential would promote reovirus cytolysis was based
on the knowledge that reovirus induces apoptotic signaling involving both extrinsic and intrinsic
pathways. Reovirus-induced apoptosis ultimately culminates at the mitochondria, involves BCL-
2 proteins, and leads to the release of mitochondrial IMS proteins facilitating cellular
disassembly. Therefore, direct priming of either extrinsic or intrinsic apoptotic pathways during
reovirus infection might potentiate this pathway and promote reovirus cytolysis without

significantly affecting reovirus infection. Importantly, this approach may be beneficial for
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decreasing toxicity because only low doses of these proapoptotic agents are needed to
synergistically enhance reovirus cytolysis, and the strong selectivity of reovirus for cancer cells
is already associated with an excellent safety profile in clinical trials™.

A report by Chonghaile et al. 2009 found that mitochondrial priming, which is “the
pretreatment proximity of tumor cell mitochondria to the apoptotic threshold”, correlated with
clinical response to chemotherapy'*'. An important conclusion from this paper was that the use
of agents that increase mitochondrial priming in cancer cells, even at sublethal doses by
themselves, might enhance the response of tumors to conventional chemotherapy agents. Our
data support that this strategy would also be beneficial for reovirus-based therapy, at least in the
context of pediatric leukemia. A study by Vo et al. 2012 implicated mitochondrial priming as a
primary determinant of response to chemotherapy and relapse in AML patients, and suggested
that direct targeting of the antiapoptotic BCL-2 proteins, for instance by using the BH3 mimetic
drugs ABT-737 or Obatoclax, would have therapeutic benefit'**. Further, BCL-2 inhibition was
found to be an effective approach for targeting primary leukemia stem cells from AML

patients'*

. Work from our collaborator (Dr. Narendran, University of Calgary, Canada) has
already demonstrated the potential for targeting BCL-2 inhibition in pediatric ALL'** ', and
other groups have come to the similar conclusion that targeting the apoptotic pathway with BCL-
2 inhibitors in combination regimens should have clinical benefit for pediatric acute leukemia
patients'*'%,

Resistance to apoptosis is one of the hallmarks of cancer® and this can be achieved by
overexpression of antiapoptotic BCL-2 family members. Indeed, dysregulation of BCL-2 family
members is a common occurrence in hematological malignancies'’. Thus it is not surprising that
targeting the BCL-2 proteins for anticancer efficacy has been extensively investigated and found
to be effective in pre-clinical in vitro and in vivo studies'. Promising pre-clinical activity has led
to the clinical evaluation of these agents, including ABT-263 and Obatoclax. Clinical study of
ABT-263, the orally bioavailable derivative of ABT-737, has yielded substantial clinical benefit
in patients with CLL, especially in combination regimens, though benefits for patients with
small-cell lung cancer were limited, suggesting an enhanced activity toward hematological

malignancies. However, due to common high grade 3-4 thrombocytopenia at high doses in these

patients, ABT-263 hasn’t been explored clinically in acute leukemia. Abbot laboratories is
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currently introducing ABT-199 for clinical use which has increased affinity for BCL-2 and
decreased affinity for BCL-XL, which should relieve the high grade thrombocytopenia while
maintaining or enhancing anticancer efficacy, with a primary goal of enabling clinical study of
ABT-199 for acute leukemias”'. As ABT-199 still causes apoptosis induction in a similar
fashion to ABT-737 and ABT-263, we would expect that combining reovirus with this drug
would retain synergistic killing of pediatric leukemia cells, and therefore may present exciting
clinical potential. Future study of reovirus in combination with ABT-199 in mouse models of
acute leukemia will be important to validate the synergistic killing we observe in vitro.

Obatoclax was designed as a pan-BCL-2 protein inhibitor and has been evaluated in
clinical trials. Obatoclax has demonstrated limited objective responses against CLL, SCLC, and
lymphoma in Phase I trials, though a phase II trial showed no clinical benefit when Obatoclax
was used with carboplatin and etoposide in late-stage SCLC patients. Another phase II trial
against lymphoma and myelofibrosis found no significant single agent activity of obatoclax.
Emerging data from other phase I/II clinical trials suggests that the full potential of Obatoclax
will be realized in combination regimens with other anticancer agents'”". Importantly, it should
be noted that although Obatoclax was designed as a pan-BCL-2 inhibitor, it is able to induce cell
death independently of BAX/BAK, suggesting multiple mechanisms of action. This is in part
reflected by the lack of clinical high-grade thrombocytopenia, which is a clinical marker of BCL-
XL inhibition. Recent work has demonstrated reduced expression levels of cathepsins B, D, and
L protein following Obatoclax treatment through an unknown mechanism, leading to inhibition
of autophagy'?’. These off-target effects of Obatoclax may explain the modest clinical efficacy
when compared to ABT-263.

Our experiments showed that the synergy observed between reovirus and ABT-737 was
associated with enhanced apoptosis, however we did not assess apoptosis induction in the
combination of Obatoclax and reovirus. Another mechanism that could be playing a role in the
Obatoclax combination is modulation of autophagy. A recent study suggested that, in addition to
apoptosis, reovirus infection induced autophagy in a multiple myeloma cell line; however,
whether this induced autophagy was necessary or even involved in cell killing is unclear'®. It
should also be noted that the cathepsin proteins whose activity is reduced by Obatoclax treatment

are also involved in endo/lysosomal degradation following endocytosis. This could impact the
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ability of reovirus to combine favorably with Obatoclax, as reovirus entry into cells is mediated
by endocytosis and requires cathepsin activity for successful infection””. Indeed, we have found
that high doses of Obatoclax almost completely inhibit reovirus replication and oncolysis in
multiple cancer cell lines. If and how modulation of autophagy affects cell survival in reovirus-
Obatoclax combination treatment is unclear. Given the nonspecific mechanisms of action by
Obatoclax, future study on priming apoptotic pathways in combination with reovirus infection
should focus on those agents with more specific and exclusive targeting of the apoptotic
pathways, such as ABT-199.

TRAIL-based therapy using either human recombinant hrTRAIL or more commonly
DR4/DRS agonistic antibodies have shown potent anticancer efficacy in vitro and in vivo, while

152 However, resistance to TRAIL

showing little toxicity, and have been studied in clinical trials
signaling in many primary tumors has limited the clinical efficacy of these agents. It is proposed
that TRAIL sensitization can be accomplished by modulating the TRAIL signaling pathway.
Agents that would promote TRAIL activation include those that lead to upregulation of death
receptors 4 and 5 expression. Another way to enhance TRAIL sensitivity is to promote
amplification through the mitochondrial pathway of apoptosis by shifting the balance within the
BCL-2 family towards apoptosis, such as by using agents like ABT-737 that inhibit antiapoptotic
BCL-2 family proteins, or using agents that upregulate proapoptotic BCL-2 family members.
Relevant to this notion, reovirus infection has been shown to be mediated by TRAIL, to enhance
release of TRAIL from infected tumor cells, to enhance expression of DR4/5, and increase
expression or activation of proapoptotic BCL-2 family proteins (NOXA, tBID) leading to
induction of apoptosis in a highly cancer cell selective manner™. Our data show that combining
TRAIL with reovirus can act additively or synergistically to promote reovirus cytolysis in at least
some (2/3) pediatric cancer cell lines. It has previously been found that reovirus infection can

sensitize TRAIL-resistant gastric cancer cells to TRAIL treatment'>’

. Although our findings here
found that Trail appears to have cell line specific combinatorial effects with reovirus, future
study altering the timing or dosing might reveal improved combination effects of these agents. |
suggest that the combination of TRAIL (or possibly DR4/DRS5 agonistic antibodies) with

reovirus might yield mutually beneficial anticancer effects in a wide range of cancers, including
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those that display resistance to either agent as a monotherapy, and further in vitro and mouse
studies of this combination in different cancer types including pediatric leukemia are warranted.

Together, our data show that some pediatric acute leukemia cell lines can be targeted and
killed by reovirus, with greater efficacy when combined with apoptosis-inducing agents in the
majority of combinations tested. It remains to be seen whether this combination strategy is more
widely applicable to numerous other cell lines or if it would be useful against in vivo models of
acute leukemia, but our data would suggest positive responses. Although our in vitro data are
promising, they also exposed two issues that arise in clinical use of reovirus. First, differing
sensitivity to cell killing following equivalent reovirus infection is likely at least one factor
underlying variable patient responses. Second, we found that one cell line lacked expression of
the receptor for reovirus JAM-A, which may prevent efficient infection although this was not
investigated. Currently, we lack efficient biomarkers predicting sensitivity to reovirus, but our
data and the literature supports that cancer cells require JAM-A to initiate efficient infection with
reovirus. Due to the feasibility of obtaining cancerous cells from leukemia patients, we suggest
that assessment of JAM-A expression on patient cancer cells should be at least one pre-requisite
for administration of reovirus-based anticancer regimens in future clinical trials for pediatric
acute leukemia patients.

Apoptotic priming combined with reovirus can effectively kill pediatric leukemia cell
lines, suggesting that these cells are dependent on balance within the BCL-2 family proteins to
decide life or death. It may be that a certain ratio between pro- and anti-apoptotic BCL-2 proteins
predicts sensitivity to reovirus combination treatments. This could be extremely useful as a
clinical biomarker for response to reovirus alone or in combination regimens, however, to our
knowledge this has not yet been investigated.

Reovirus and chemotherapy drugs sometimes demonstrate synergy against cancer cells in
other studies in vitro and in mice, whereby one or both anticancer agents attain a mechanistic
benefit leading to increased cancer cell killing. However, here we found that reovirus did not
demonstrate synergy with methotrexate or vincristine, drugs currently used in the treatment of
pediatric leukemia patients. It is important to note that this does not necessarily mean reovirus
cannot be used effectively with these agents. It is possible that altering the concentration of drug

used with reovirus or the length of treatment could yield enhanced killing of cancer cells. On the
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other hand, there is no clear mechanism or model that predicts how these agents interact with
reovirus infection. Methotrexate is an antifolate drug causing inhibition of DNA, RNA, and
protein synthesis, while vincristine is a microtubule destabilizer causing cell cycle arrest. These
agents have various effects within the cell, making interpretation of the interaction with reovirus
infection difficult. Despite this, it is likely that clinical introduction of reovirus-based therapy in
pediatric leukemia patients will be as an adjuvant to chemotherapy. In this regard, it is
encouraging that our data show mostly additive effects on cell killing when reovirus is used with
methotrexate or vincristine, which may still offer the potential for decreased toxic doses of
chemotherapy and increased anticancer effect. More importantly, we would predict that addition
of proapoptotic drugs to prime cancer cells towards death would further promote the
combinatorial actions of chemotherapeutic agents and reovirus. Further in vitro study is needed
to elucidate these possibilities, and in vivo cancer models will be important to evaluate the

potential of this novel reovirus-based anticancer strategy.

4.1.4 Limitations of AIM 1

One limitation in AIM 1 was that certain experiments including flow cytometry analysis
of JAM-A expression and Western Blots in AIM 1 were performed at n=2, with the exception of
Western Blot analysis of reovirus protein levels following infection of PBLs that was performed
at n=3. Having only two replicates of experimental results does not allow statistical analysis to
be performed to compare treatments. Although n=2 replicates may hint at a phenotype or result,
typically n>2 is performed to ensure data reproducibility and allow stronger conclusions to be
made based on the data. Future work should increase the number of experimental replicates to
allow for stronger and more appropriate conclusions.

The combination experiments used in this study investigated the influence of a single,
low dose of each proapoptotic or chemotherapy drug on the median effect (ICsg) of reovirus at a
single time point for each drug. Given this limited approach, it is very encouraging that priming
the apoptotic pathway demonstrated synergy with reovirus in the majority (6/9) of cases.
However, as noted above for chemotherapy drugs, a more complete picture of how proapoptotic
drugs interact with reovirus infection in cancer cells would involve 1) different ratios of drug and
virus, ii) different time points, iii) staggering treatment times of drug and virus, iv) studying
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more cell lines, v) cancer cell lines with more varied sensitivity to reovirus, and vi) cancer cell
lines from different tissue origins, such as colorectal, lung, breast, pancreatic, skin, ovarian, brain
cancer and others for which reovirus is currently in clinical trials. This type of in depth analysis
was not conducted here, as our goal was to provide first evidence of the potential utility of
combining proapoptotic drugs with reovirus for improved oncolysis. Indeed, our data show that
combinations of drugs modulating the extrinsic or intrinsic pathway of apoptosis with reovirus
infection can induce synergistic decreases in leukemia cell survival that are associated with
enhanced markers of apoptosis.

Another limitation of these studies was a limited analysis of apoptosis induction. Our
experiments typically focused on Western Blot markers of apoptosis induction, including
cleavage of caspases and PARP. In certain experiments, we also demonstrated suppression of
these markers by the caspase inhibitor Z-VAD-FMK, providing further evidence for caspase
activity during cell death following infection. Stronger evidence for apoptosis would include
detection of cytochrome c release (or other proapoptotic proteins) from the mitochondrial
intermembrane space measured by Western Blot or immunofluorescence, detection of
phosphatidylserine exposure on the cell surface by flow cytometry using Annexin-V staining,
and confirmation of DNA fragmentation by DNA gel electrophoresis or TUNEL staining.
Together, this would provide stronger evidence for apoptosis induction during reovirus infection
in pediatric leukemia and other cell lines, and as a mechanism underlying additive or synergistic

combination effects when combined with proapoptotic drugs.

4.1.5 Conclusions from AIM 1

In conclusion, our data support that the cancer-selective oncolytic reovirus can infect,
replicate in, and kill some pediatric leukemia cell lines. Reovirus oncolysis requires entry into
cells and is dependent on virus replication. Combining apoptosis-inducing drugs with reovirus
infection results in synergistic killing of pediatric leukemia cell lines, supporting targeting of the
apoptotic pathway in treating pediatric leukemia. For the first time, our data introduce reovirus as
a novel therapeutic strategy for pediatric leukemia, and I argue that this warrants further pre-

clinical study in vivo. Further, our data hint at the potential broad applicability of priming
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apoptotic pathways in promoting efficient reovirus oncolysis as an anticancer strategy for this

and other cancer cell types.

4.2 Discussion of AIM 2: Probing Mitochondrial Function in Reovirus Cytolysis
4.2.1 Low Glucose Adaptation Yields Resistance to Reovirus Cytolysis

Reovirus is selective for efficient replication and induction of apoptosis in cancer cells.
Although mitochondria are key to metabolic and cell death processes, are dysregulated in cancer
cells, and reovirus-induced apoptotic signaling culminates at the mitochondria, no study has
specifically asked whether mitochondrial (dys)function in cancer cells might regulate or be
exploited for reovirus infection. To begin to explore this intriguing possibility, we hypothesized
that modulating mitochondrial function by manipulating metabolism in cancer cells would
impact on efficient reovirus infection.

One method of manipulating metabolism and mitochondrial function is glucose
deprivation®’’.Depriving cells of glucose in the presence of other oxidizable substrate, such as
glutamine or pyruvate leads to a number of changes in mitochondrial networking leading to
increased and necessary mitochondrial respiration and ATP synthesis. Other methods to push
cellular metabolism toward reliance and improved function of the mitochondria is through
chemical inhibition of glycolysis, such as by using 2-deoxyglucose treatment which inhibits
hexokinase. However, because chronic glucose deprivation and its effect on the mitochondria
have been well described, and because this treatment was readily available, we chose this method
to push cells away from glycolysis and toward reliance on mitochondrial function. In our
experiments, HCT116 and HeLa cells were chronically grown in media with 4 mM glutamine
but low glucose for over one month, where the only contribution of glucose was from 10% FBS
(final glucose concentration estimated to be ~0.1-0.5 mM). Parental cancer cells growing in high
glucose (25 mM glucose and 4 mM glutamine) were used as controls to evaluate differences in
reovirus infection.

Low glucose adapted cells (LG cells) grew more slowly than control cells when observed
under the microscope over time. LG cells also demonstrated altered stress response markers by

Western Blot (Fig. 13a), suggesting that these cells contained changes in many pathways
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following low glucose culture. Adaptation to low glucose conditions probably involved selection
for cells that were inherently resistant to metabolic stress, resistant to apoptosis, and/or especially
efficient at upregulating compensatory survival pathways, such as autophagy. The observation of
numerous vacuoles inside cells (observations under the microscope) alongside Western Blot
analysis showing enhanced LC3B-II accumulation in LG adapted cells (Figure 13) suggests that
these cells had upregulated autophagy. Autophagy is a cell recycling program that contributes to
cell survival following nutrient stress, including glucose withdrawal*. Reovirus infection
induces autophagy in multiple myeloma, but the importance of autophagy, if any, in reovirus
infection is unclear'”’. LG adaptation was also associated with stress-related phosphorylation of
elF4E and elF2a at residues that inhibit their ability to initiate protein translation. It is unclear
whether these changes are a result of metabolic switching and we performed no experiments to
test this. On the other hand, it is also possible that during LG adaptation, clonal selection for
tolerant cells or more adaptable cells took place first, accounting for the observed changes
present. Using single cells to initiate LG-adapted cultures and comparing these over time during
adaptation by measuring gene expression by microarray and protein expression by Western Blot
or antibody array would be insightful, but these experiments were not performed here. Therefore,
while LG cells have likely adapted to survive in low glucose conditions, it is possible that
numerous adaptations have taken place that might contribute to experimental observations and
make interpretation difficult.

No direct experiments were undertaken to confirm metabolic switching in LG cells, and
this is a large limitation of this work that prevents strong conclusions to be drawn. Experiments
such as measuring oxygen consumption using a Respirometer as a measure of respiration and
lactate production using Liquid Chromatography-Mass Spectrometry as a measure of glycolysis
would have been useful to confirm metabolic switching more directly. Our approach was
indirect, and based on the sensitivity of LG and parental cells to chemical inhibitors of
rerpiration and mitochondrial ATP synthesis. The Complex I inhibitor Rotenone and the FFo-
ATP synthase inhibitor Oligomycin were found to significantly decrease cell number of LG cells
compared to parental cells (Fig. 13b). We did not confirm that this decrease was due to cell
death, but observations under the microscope showed dying and dead LG cells following

treatment with these drugs, while parental cells were not dying and instead appeared to be
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proliferating more slowly compared to control treatment. This increased sensitivity to OXPHOS
inhibitors, while indirect, provides some support that among other changes in LG cells, these
cells are more reliant on mitochondrial function for survival.

HCT-LG cells were significantly more resistant to loss of cell number induced by
reovirus infection at 10 and 100 MOI, but not 1000 MOI, while HeLa-LG cells were more
resistant at 100 and 1000 MOI, but not 10 MOI, compared to the respective cell lines cultured
with glucose (Fig. 14b). HeLa cells support a less efficient infection that HCT116 cells, and
infection with 10 MOI reovirus likely requires more than 48 hours to induce cytopathic effects in
HeLa and HeLa-LG cells.

LG cells apppeared more resistant than parental control cells to reovirus cytolysis when
observed under the microscope (Figure 14a-b). When quantified, HCT-LG cells were
significantly more resistant to loss of cell number induced by reovirus infection at 10 and 100
MOI, but not 1000 MOI, while HeLa-LG cells were more resistant at 100 and 1000 MOI, but not
10 MOI, compared to the respective cell lines cultured with high glucose (Fig. 14b). The lack of
significant difference between HCT-LG and HCT116 at 1000 MOI may be due to the fact that at
this high dose the majority of cells were already dead at the time measured (48h). Although we
did not confirm this, using 1000 MOI at an earlier time point such as 24 or 36 hours post
infection might show a difference. On the other hand, there was no significant difference in cell
number between HeLa-LG and parental HeLa cells at 10 MOI and 48 hpi. It is known that HeLa
cells support a less efficient infection that HCT116 cells (viral replication and kinetics of
cytolysis are slower in HeLa cells based on some work included in this thesis and other work not
shown). At 10 MOI reovirus likely requires more than 48 hours to induce cytopathic effects in
HeLa and HeLa-LG cells since cell numbers were equivalent to control dead virus treatment. I
would predict that extending the time of infection in these cells at this dose of reovirus would
demonstrate a difference between HelLa-LG and HeLa cells, but this experiment was not
performed.

Relevant to the above discussion and our results with LG cells, reovirus-induced
apoptotic signaling is typically induced at a level relative to viral protein expression, and thus
increasing the time of infection at a given dose normally increases cell death. Further, increasing

the initial dose of infection allows greater accumulation of viral proteins and increased kinetics
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of cell death. Based on this reasoning, it was entirely possible that the apparent suppression of
reovirus cytolysis in LG cells was related to less efficient reovirus replication. However, the
difference in cell number loss between LG and parental cells following reovirus infection does
not appear to be related to any inhibition of reovirus replication, which was equivalent or even
enhanced in LG cells compared to control cells (Fig. 14c¢). Therefore our results showing that
HCT-LG and HeLa-LG cells are resistant to reovirus-induced loss of cell number at certain doses
may be showing that these cells are more resistant to induction of apoptosis, leading to slower
kinetics of reovirus-induced cytolysis. However, we would expect that given sufficient time,
reovirus infection in either parental or LG cells would eventually lead to cytolysis of nearly all
cells. This was not tested. Furthermore, our experiments did not confirm if, or to what extent,
apoptosis was induced in parental and LG cells, and this should be included in future work.
Future experiments should test multiple levels of apoptosis induction, including cytochrome ¢
release, caspase activation, DNA fragmentation, and sensitivity to caspase inhibition following
reovirus infection.

These results suggested that LG adaptation might yield resistance to apoptosis, the
pathway normally underlying efficient reovirus cytolysis. Although we did not test apoptosis
induction directly in these cell lines during reovirus infection, we treated LG and parental cells
with three different drugs known to induce apoptosis (Fig. 14e). HCT-LG cells were
significantly more resistant to the killing effects of the DNA damaging agent Doxorubicin and
the BH3 mimetic Obatoclax, but not the BH3 mimetic ABT-737. Although AB737 and
Obatoclax have similar modes of action, their affinities for the proapoptotic BCL-2 family
members differ. Obatoclax targets each of the antiapoptotic BCL-2 members with modest
affinity, while ABT-737 targets BCL-2, BCL-XL, and BCL-W, but not MCL-1. We did not
assess the relative expression of these proteins in control or LG cells, but it is possible that
during LG cell adaptation these cells modulated expression of BCL-2 family proteins in a
manner that does not respond differentially to ABT-737 treatment but does respond differentially
to apoptosis induced by DOX, Obatoclax, and reovirus. For instance, increased expression of
MCL-1 or decreased expression of proapoptotic BH3-only proteins that are preferentially
sequestered by MCL-1, such as NOXA”'. Indeed, NOXA has been implicated in mediating

apoptosis induced by reovirus® and doxorubicin'>. However is it currently unclear what

127



mechanism(s) underlie the apparent resistance to reovirus cytolysis and apoptosis drugs in LG
cells.

The complex and undefined alterations in LG cells make it difficult to understand how
this intended metabolic alteration influences reovirus cytolysis. Although we don’t directly
confirm metabolic changes in cells, the increased sensitivity of LG cells to OXPHOS inhibitors
provides some support for a metabolic switch in these cells. Our data showing that LG cells are
resistant to reovirus cytolysis and certain apoptotic drugs is intriguing and weakly suggests an
association between metabolic adaptation and resistance to apoptosis that could be relevant to
reovirus infection. But support for this idea is incomplete and weak and our analysis lacks many
control experiments.

Although our experiments do not properly demonstrate metabolic alterations during LG
adaptation or establish how this influences reovirus infection, a previous study using an almost
identical approach demonstrated considerable metabolic and mitochondrial changes. A report by
Rossignol et al. 2004 performed very similar glucose withdrawal experiments in HeLa cells and
demonstrated numerous changes in the mitochondria’’. In comparison to control HeLa cells
grown in 25 mM glucose (as in our study), HeLa cells grown completely deprived of glucose
(but with glutamine) for 3 weeks (15 doublings) demonstrated the following characteristics:
these cells 1) grew 3X slower, 2) upregulated expression of proteins promoting OXPHOS
(pyruvate dehydrogenase, voltage-dependent anion channel, respiratory complexes I, II, IV, V
(ATP synthase)), 3) showed no difference in expression of glycolytic genes (HKI, HKII, or
GLUT1), 4) showed no change in mtDNA content, 5) had condensed mitochondria, increased
matrix density, expansion of cristal spaces (orthodox to condensed transition is representative of
activation of OXPHOS), and increased amount of cristal membranes, 6) showed no change in
mitochondrial mass, and 7) had mitochondria that were more networked, thinner and spread
through the cell and formed filamentous ring-like structures (in glucose, mitochondria were more
clustered together, and clustered in a perinuclear fashion and not spread throughout the cell). It
was found that these glucose deprived cells had no morphological changes within 1 hour, used
most endogenous glucose within 24 hours, demonstrated fully condensed mitochondria within 1

week, and had an altered mitochondrial network only after 2 weeks. This timing suggested that
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mitochondrial condensation occurred as cells begin to use glutamine as an energy source, and
precedes interconnection of the mitochondrial network®’.

As the glucose withdrawal in this paper was extremely similar to our treatment of HelLa
and HCT116 cells, we expect that similar adaptations might have occurred in our LG cells.
However, significant experimentation would be required to confirm similar changes in our cells,
including Electron Microscopy to study mitochondrial structure. Unfortunately, this study did
not address or comment on how these mitochondrial alterations following glucose withdrawal
would impact sensitivity to apoptosis. However, highly networked mitochondria with condensed,
remodelled matrix structure are associated with enhanced respiration and ATP synthesis, as well
as sequestration of respiratory complexes including cytochrome c¢ within cristae. This
mitochondrial morphology is associated with resistance to cytochrome c release during MOMP
and less efficient induction of apoptosis. Therefore it is possible to speculate that LG adaptation
performed in our work leads to reliance on mitochondrial metabolism associated with
mitochondrial morphology changes that either suppress MOMP and/or cytochrome ¢ release
following MOMP during cell death induced by reovirus or other agents. To provide support for
this idea in future experiments we could first measure cytochrome c release from the
mitochondria in parental and LG cells following treatment with reovirus or other agents.
Numerous other experiments, including characterizing BCL-2 family gene and protein
expression in LG and parental cells would provide a more complete picture of how LG cells
become resistant to reovirus cytolysis. Furthermore, different methods of pushing metabolism
toward mitochondrial function and reliance, such as through treatment with 2-deoxyglucose,
using small interfering RNA targeting mRNA for the glycolytic enzyme hexokinase, using the
pyruvate dehydrogenase kinase inhibitor dichloroacetate to push pyruvate into the mitochondria,
or using different combinations of energy substrates (glucose, pyruvate, glutamine) in media,
would provide a much more comprehensive picture for how mitochondrial metabolism
influences reovirus infection. As mentioned previously, in future experiments to properly
interpret the influence of LG adaptation on reovirus infection, each of these new approaches
would require use of specific and common endpoints to measure glycolysis, mitochondrial

respiration, and reovirus infection parameters. A more comprehensive analysis using multiple
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approaches and proper experimentation should allow a better understanding of how pushing

metabolism toward the mitochondria influences reovirus infection efficiency.

4.2.2 Oligomycin, But Not Other Respiration Inhibitors, Promotes Reovirus Cytolysis

As a second approach to manipulating mitochondrial metabolism, chemical inhibitors of
mitochondrial respiration and ATP synthesis were employed to study their effects on reovirus
infection. No previous study has tested how manipulation of respiration or mitochondrial ATP
synthesis affects reovirus infection. Loss of mitochondrial inner membrane potential (‘) is
associated with dysfunction of mitochondrial respiration®, and has been associated with reovirus
infection previously'® and in our studies (Figure 15). Although loss of respiratory capacity (¥y,)
is typically a result of MOMP and cytochrome c release, respiration has also been implicated in
regulating apoptosis induction. This is illustrated clearly by Kwong et al. 2007, showing that
mtDNA mutations (or ablation of mtDNA) leading to complete respiratory chain dysfunction
protect cells from mitochondrial apoptosis, while mtDNA mutations with a partial respiratory

function are more sensitive to mitochondrial apoptosis'”’

. These effects were hypothesized to be
mechanistically a result of altered mitochondrial structure under the control of ¥y, and electron
flux. In line with this, Gottlieb et al. 2003 showed that ¥, controls mitochondrial matrix
morphology and efficient cytochrome c release, as dissipation of ¥, by limiting oxidizable
substrates (or with inhibitors of respiration) caused matrix remodelling (condensation), unfolding
of the cristae and exposure of cytochrome c to IMS for efficient release upon an apoptotic
stimulus. These effects were rescued by artificial regeneration of ¥, by acidifying the media,
implying regulation by functional respiration'”’.

Mitochondrial structure and dynamics have been further implicated in regulating
apoptosis. In response to apoptotic stimuli, BAX associates with the mitochondrial fission

protein Drpl to promote fission'”

. Mitochondrial fragmentation as a result of fission mediated
by Drpl is associated with enhanced cytochrome ¢ release and execution of apoptosis'*®.
Correspondingly, overexpression of Opal results in increased mitochondrial fusion and protects
cells from MOMP and cytochrome c¢ release’’. Generally, cells with highly fragmented

mitochondria are more sensitive to MOMP and more highly networked mitochondria are
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resistant to apoptosis, due to tight sequestration of cytochrome ¢ within cristae'”®. Furthermore,
BCL-2 family proteins also have roles in regulating mitochondrial dynamics and thus influence
apoptotic potential indirectly in this manner'>*. Together, there is significant evidence that
mitochondrial metabolism and respiratory function can have an influence on apoptosis induction.

Our approach to studying the influence of respiratory chain inhibitors on reovirus
infection was to use low doses of these drugs that did not cause observable levels of cell death
alone. A previous study found that high doses of Rotenone, Antimycin A, and Oligomycin each

19 'We wanted to use sublethal doses to allow detection of the

induced cell death by themselves
influence of these inhibitors on reovirus cytolysis. This is because we wanted to measure
reovirus cytolysis, and using high doses of drugs that kill cells on their own would not allow a
valid interpretation of data.

As shown in Figure 16, low doses of Antimycin A and Sodium Azide did not seem to
affect reovirus-induced cytolysis (measured as loss of cell number alongside cell morphology).
Rotenone also did not have a statistically significant influence on reovirus cytolysis. In contrast,
Oligomycin significantly promoted reovirus-induced loss of cell number at a wide range of doses
(including 10 nM used in many of our followup experiments).

Here, it is important to note that a serious limitation of this study was that no experiments
were performed to confirm the influence of these inhibitors on cell respiration. As our study
hypothesized that inhibiting mitochondrial respiration would influence reovirus infection,
measurement of oxygen consumption using a Respirometer and lactate production using Mass
Spectrometry should have been performed to measure mitochondrial and glycolytic metabolism.
Without these endpoints for inhibitor function, it is impossible to truly confirm the inhibitory
functions of these drugs or properly address the hypothesis that mitochondrial respiration per se
affects reovirus cytolysis.

Importantly, it is unclear whether the low doses of Antimycin A, Sodium Azide,
Rotenone, or Oligomycin used in our experiments are able to inhibit mitochondrial function, or
to what extent. While AA and AZ at low doses did not appear to affect HCT116 cell number, a
low dose of Rotenone and to a more severe extent, Oligomycin, lead to a decrease in cell number
(Fig. 16a-b) that appeared to be due to suppressed cell proliferation (observations under the

microscope). This might suggest that AA and AZ at the doses used do not inhibit respiration,
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while Rotenone has a mild effect on respiration and Oligomycin has a more severe effect on
inhibiting respiration indirectly through inhibitoion of ATP synthase. Unfortunately, without
measurements of mitochondrial function (oxygen consumption), this cannot be concluded.

On one hand, if we were to assume that each of the drugs used inhibited respiration
equivalently, then the finding that Oligomycin but not the other drugs enhances reovirus
cytolysis appears to refute our hypothesis that modulating mitochondrial function affects
reovirus infection. Although it is unlikely that each of our drugs would affect respiration to the
same extent or in the same way, this was not proven and would require further experiments. It
might be the case that higher doses of AA and AZ would have a greater affect on mitochondrial
function and therefore influence reovirus infection. However, using higher doses of these other
drugs seemed to induce cell death, which would complicate interpretation of any influence on
reovirus infection parameters. As mentioned, due to the lack of measurement of mitochondrial
function, the original hypothesis could not be adequately addressed by the experiments
peformed.

Although our initial data did not support our original hypothesis, we were intrigued by
the finding that Oligomycin seemed to promote reovirus cytolysis in HCT116 cells. In an attempt
to further understand this finding and how it might relate to regulation of reovirus infection, our
studies focused mainly on the influence of Oligomycin on reovirus infection in HCT116 cells.

First we performed experiments to characterize the influence of Oligomycin alone on
cells to lend support to its known mechanism of action. Oligomycin treatment reduced cell
number significantly in HCT116 and a similar, but insignificant, trend was observed in HelLa
cells (Figurel8a). Cell cycle analysis of Oligomycin treated HCT116 and HeLa cells was
inconclusive and more replicates (n>2) would be necessary to determine if Oligomycin
decreased the number of cells in S-phase (Figure 19). Oligomycin alone did not appear to induce
apoptosis, measured by Western Blot analysis (PARP cleavage) and a caspase activation assay
(Figure 21 and 22). However, it should be noted that each of these experiments were only
performed twice (n=2). Lending support to the notion that Oligomycin does not induce apoptotis
is the finding that the pan-caspase inhibitor ZVAD does not prevent cell number decrease
compared to control treated cells (Figure 23). Finally, Oligomycin’s effects are not significantly

different in BAX/BAK™™ double knockout (DKO) HCT116 cells, which are resistant to

132



apoptosis™. Together, these data support that Oligomycin suppresses cellular proliferation but
does not induce apoptosis, which is responsible for the decrease in cell number during treatment.

Oligomycin induced mitochondrial inner membrane hyperpolarization of HCT116 cells
(Figure 20a), as expected. Somewhat surprisingly, however, was the finding that Oligomycin
treatment did not have a notable effect on total ATP levels in cells treated at a range of doses, or
for an extended period of time (Figure 18b,c). Rotenone was used also in these experiments for
comparison, and also had no notable effect on ATP levels. Importantly, while inhibition of
mitochondrial ATP synthesis might at first be expected to decrease total ATP levels in cells,
previous experiments have demonstrated rapid metabolic changes to maintain ATP levels in
cultured cells following Oligomycin treatment. In fact, the findings from our experiments with
Oligomycin treatment agree with those in a report by Hao et al. 2010, who showed in a panel of
cancer cell lines that Oligomycin (~100 nM) completely inhibits OXPHOS within 1 hr, but has
only mild effects (<10% loss) on cellular ATP levels that recover alongside glycolysis
upregulation within 2-6 hours, causes growth suppression despite only a small decrease in cells
in S-phase, and does not induce apoptosis'®. Therefore, despite an absence of measurement of
mitochondrial function during Oligomycin treatment, our ATP results are consistent with
findings in the literature and do not necessarily suggest that mitochondrial function is unaffected
by Oligomycin or Rotenone.

Oligomycin treatment, but not Rotenone (or the other drugs) appeared to improve
reovirus cytolysis (Fig. 16-17) in HCT116 cells. Consistent with this, OA+LV led to significant
enhancement of mitochondrial inner membrane potential loss in HCT116 cells, Fig. 20. Western
Blot evidence of increased PARP cleavage during combination treatment (Fig. 21a), early
caspase acivation during reovirus infection with OA treament in HCT116 cells (Fig. 22), and the
inhibitory effect of ZVAD on LV+OA treament in HCT116 cells (Fig. 23), all suggests that
reovirus-induced apoptosis is somehow primed or enhanced during OA treament.

This is particularly surprising since Western Blot analysis of viral protein levels were
dampened in the combination treatment (Fig. 21a). Plaque Assay analysis of infectious reovirus
uncovered a surprising 4-5X decreases in viral progeny (Fig. 21b), suggesting suppressed virus
replication concurrently with enhanced induction of apoptosis. It may at first seem contradictory

that during Oligomycin treatement, cells are less efficiently infected by reovirus but are capable
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of undergoing cell death at a faster rate than virus infection alone. We did not perform
experiments to understand this apparent contradiction. Although this may seem contradictory,
our data on viral replication and cytolysis in the presence of Oligomycin are sound and can be
explained. As previously mentioned in the discussion of AIM 1, reovirus-induced apoptotic
signaling is dependent on the level of viral proteins inside of cells, as well as BCL-2 family
protein dynamics, and possibly other mitochondrial parameters such as cristac morphology and
cytochrome c¢ sequestration. Although increased viral protein synthesis and efficiency of
replication is often associated with faster or more extensive apoptosis, other methods for
increasing the kinetics or extent of cell death include modulating the balance within the BCL-2
protein family or modulating mitochondrial morphology. Alternatively, it may be that in certain
cells a threshold level of viral proteins are required to initiate apoptosis, and anything over this
threshold has little influence on the kinetics or extent of apoptosis. Since viral replication appears
suppressed significantly in both Oligomycin and Rotenone treated HCT116 cells, we would
predict that either a threshold level of replcation is required for cell death in these cells, or
perhaps mitochondrial changes have occurred that sensitize cells to more efficient induction of
apoptosis.

How Oligomycin and Rotenone treatment lead to suppressed viral protein synthesis and
replication is unclear. However one speculation is that this is related to undetected inhibition of
mitochondrial ATP synthesis by Oligomycin and to a lesser extent by Rotenone. We propose the
following explanation for inhibition of reovirus replication: Reovirus factories that form during
infection associate closely with the mitochondria and one hypothesis is that this association
facilitates ample ATP supply for efficient viral replication®. Although glycolysis upregulation

recovers total ATP levels during Oligomycin treatment'®

, it is also known that growth
suppression is maintained as long as Oligomycin is present in cells. A mechanism explaining this
has not yet been found. Intriguingly, a recent report by Estein et al. 2014 demonstrated that under
oxygenated conditions, mitochondrial-generated ATP meets baseline steady energy demands,
while glycolysis functions to rapidly generate ATP to meet short timescale demands, such as for
membrane transport activity'®'. This report demonstrated that aerobic glycolysis (the Warburg
Effect) serves a physiological function alongside mitochondrial ATP synthesis to meet energy

demands supporting prolific cell division, growth, and migration activities. Although not
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addressed in this report, based on these findings it is tempting to speculate that continual
OXPHOS suppression by Oligomycin (and to a lesser extent Rotenone) forces cells to rely on
and upregulate glycolysis to maintain total ATP levels, but likely does so at the expense of rapid
cell growth due to the difficulty in producing ATP efficiently. I further speculate based on the
same reasoning (inefficient generation of ATP) that Oligomycin, and to a lesser extent Rotenone,
treatment might suppress efficient reovirus replication. Indeed, ATP levels have been shown to

' How

regulate reovirus replication in Vero cells, albeit in an altered (serum-free) system
reovirus replication is suppressed by Oligomycin and Rotenone was not further examined.

Reovirus-induced apoptosis is regulated by MOMP, but has been shown to occur
efficiently independently of BAX and BAK protein expression®. Therefore it appears that
reovirus-induced MOMP occurs through a novel, currently unclear, mechanism. We wanted to
determine if the effects of Oligomycin on reovirus cytolysis were maintained in the absence of
BAX and BAK. Addition of Oligomycin during reovirus infection in BAX/BAK DKO cells led
to an equivalent, significant enhancement in reovirus cytolysis as observed in the isogenic
parental HCT116 cell line (Figure 24). Therefore, the influence of Oligomycin does not appear
to alter the mechanism of BAX/BAK independent apoptosis, and instead appears to enhance an
undefined step(s) before or during the mitochondrial events leading to enhanced loss of W,
caspase activation, and efficient cell death. The precise mechanism is not currently clear. While
characterizing Oligomycin we noted that it also seemed to promote the anticancer effects
(measured as a decrease in cell number) of other apoptosis inducing drugs including DOX, ABT-
737, and TRAIL. However in no cases was the combination of OA-+drug significantly more
effective than both single agent treatments, Fig. 18d. Therefore, the influence of Oligomycin
appears to be somewhat selective for promoting apoptosis induction and cytolysis in reovirus-
infected HCT116 cells.

Our data with HCT116 cells suggested that addition of Oligomycin to reovirus infection
might yield improved anticancer effects. Measuring cell number over time, we observed that
Oligomycin alone had variable effects in cancer cell lines, consistent with a previous study
showing that Oligomycin-induced growth suppression was proportional to each cell line’s
dependence on OXPHOS for ATP production'®. It was not possible to detect an enhancement in

highly reovirus-sensitive cell lines, as virus alone induced significant and nearly complete
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cytolysis. Future study should use a lower dose of reovirus in these cell lines to elucidate an
influence of Oligomycin. Cells lines displaying a medium sensitivity to reovirus infection
demonstrated improved effects in combination with Oligomycin, although these effects were
small and did not achieve statistical significance. The use of a lower virus dose in future
experiments would be more insightful. Finally, in the low-sensitivity HT29 cell line, a large
anticancer effect was observed with Oligomycin plus reovirus, though each agent alone had little
effect. However, only n=2 was obtained for HT29 and so statistical significance could not be
determined. An enhancement seemed apparent in MKN74 cells with the combination treatment,
but this effect was less profound compared to HT29 cells and was not statistically significant.

Based on these data there was no clear relationship between Oligomycin sensitivity and
reovirus sensitivity, or the ability to combine effectively with reovirus to promote anticancer
effects. Although not thorough, these studies provide a first indication that addition of
Oligomycin to reovirus yields enhanced anticancer effects in cancer cell lines of different origin.
Future experiments will need to elucidate i) how Oligomycin might affect cancer cells treated
with lower doses of reovirus, i1) what mechanism(s) are at play that contribute to the enhanced
anticancer effects observed here, with a focus on mitochondria, and iii) if Oligomycin and
reovirus combinations are worthy of further preclinical investigation in mouse models of cancer.

Notably, the majority of our data showing that Oligomycin promotes apoptosis during
reovirus infection was obtained using HCT116 cells. It is possible that this effect is cell line
specific, and so future work will need to determine whether a similar effect is more widely
applicable to other cancer cell lines. As Oligomycin alone suppresses cell proliferation it will
also be important to delineate the contribution of growth suppression versus cytolysis in future
studies.

There is always a desire to improve the anticancer effects of reovirus, and one method is
through enhanced induction of apoptosis, particularly in cell lines that are infected but not
efficiently killed by reovirus (for example, Jurkat cells from AIM 1). However, there are a
number of important qualifications regarding the potential application of this novel strategy for
enhancing reovirus-induced apoptosis with Oligomycin. As mentioned, it must first be shown
with more intensive and direct study that this strategy is applicable to multiple types of cancer

cells. For instance, this approach will likely only be applicable to cancer cells that display
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previous sensitivity to reovirus infection because our data support that Oligomycin promotes a
step(s) in the natural course of infection-induced apoptosis. Second, it might be the case that
severe sensitivity to Oligomycin and inefficient ATP production significantly limits reovirus
replication such that apoptosis is inhibited. Future experiments will be needed to elucidate
whether a threshold level of virus replication is necessary to observe enhanced apoptosis with
Oligomycin in cancer cells, and to ensure that addition of Oligomycin will not be inhibitory of
reovirus oncolysis. Third, there is always concern over the safety of cancer therapy. On the one
hand, reovirus selectively replicates and induces apoptosis efficiently in cancer cells, such that
we expect promotion of apoptosis by Oligomycin would only be apparent in cancer cells.
However, there are safety concerns regarding the use of Oligomycin because OXPHOS is a
prevalent pathway in normal differentiated tissues including skeletal muscle, liver, heart, brain,
and others. The toxicological properties of Oligomycin have not been investigated fully, but it
has been found to be toxic in vitro and in mice at high doses. The 50% lethal dose (LDsp) in mice
i1s 1.5 mg/kg injected intraperitoneally and 0.3 g/kg orally, which corresponds to approximately
2000 nM and 400 nM, respectively. Lee et al. 2013 reported that although Oligomycin-induced
OXPHOS inhibition induces cell death in neural progenitor cells at high doses (>1 uM), at a low
dose of 40 nM (4X the dose used in our experiments) Oligomycin reduced cellular ATP by
~25% but had no effect on reactive oxygen species production, cell proliferation, or cell
viability'®. Although other studies have found that high doses of Oligomycin (and other
respiration inhibitors) induce cell death'™, no study we can find has used such low
concentrations of Oligomycin. A low concentration of Oligomycin, such as 10 nM used in our
studies, seems to inhibit mitochondrial ATP synthesis. However, this low dose may avoid
generation of reactive oxygen species due to inhibition of electron flux, and likely avoids the
known off-target effect of inhibiting plasma membrane Na/K ATPase, which contributes to cell
death at high concentrations'”. Another concern is whether suppression of mitochondrial
function with Oligomycin might actually make cancer cells more aggressive. Indeed,
mitochondrial OXPHOS is considered to have an established tumor suppressor function'®.
Sanchez-Arago et al. 2010 showed that HCT116 cells treated with Oligomycin (6 uM) for 48
hours followed by removal of Oligomycin led to numerous transcriptional changes leading to an

enhanced glycolytic phenotype, suppressed mitochondrial respiration, enhanced tumor growth in
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vivo, and resistance to 5-fluorouracil treatment'®. For these reasons, future in vitro experiments
elucidating the mechanism and applicability of combining Oligomycin with reovirus in cancer
and normal cells will help direct in vivo experiments.

Taken together, our studies of respiration inhibitors and their effects on reovirus suggest
the following: 1) Oligomycin A, but not Antimycin A, Sodium Azide, or Rotenone, appears to
significantly enhance cell killing in HCT116 cells, 2) Oligomycin suppresses cell proliferation
but does not induce cell death by itself, 3) Neither Oligomycin or Rotenone significantly alter
total ATP levels in cells at the concentrations used, 4) Oligomycin, and to a lesser extent
Rotenone, suppresses reovirus replication, 5) Oligomycin enhances reovirus-induced loss of
mitochondrial inner membrane potential, caspase activity, and caspase-dependent cell death, and
6) Oligomycin’s actions are independent of BAX/BAK. Although a mechanism isn’t clear from
these studies, Oligomycin seems to be enhancing efficiency of the apoptotic pathway induced by
reovirus at an early stage.

One possible explanation is that Oligomycin treatment changes mitochondrial structure
and/or MOMP such that cytochrome c release and thus caspase activation is enhanced following
reovirus-induced MOMP. This possibility, as well as how these data might relate to regulation of
reovirus infection by mitochondria more generally and in the context of the findings in AIM 1

will be addressed below.

4.2.3 Relevance of Work: What Do Metabolic Manipulations Tell Us About Reovirus-Induced
Cytolysis?

Significant evidence points to involvement of the mitochondria for integrating and
executing reovirus-induced apoptosis, but whether mitochondrial function regulates reovirus
infection is unknown. No previous study has explored the hypothesis that mitochondrial
metabolism will influence reovirus infection. Reovirus selectively replicates in and kills many
cancer cells. Although this is in part due to overactive biosynthetic pathways facilitating efficient
reovirus replication, regulation of apoptosis during infection in cancer cells is not well
understood. It remains very important to understand regulation of reovirus infection and
apoptosis in cancer cells for designing improved and novel therapeutic strategies and to

understand patient responses to reovirus.
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This thesis considered the possibility that cancer cell mitochondria might more directly
regulate reovirus infection efficiency and subsequent cell death. Cancer cell mitochondria are
significantly altered as a result of metabolic alterations during carcinogenesis. Thus it was very
intriguing to consider the novel hypothesis that altering mitochondrial metabolism in cancer cells
would influence reovirus cytolysis. I feel that this hypothesis is quite novel and if answered
thoroughly could provide unique insight into the role of metabolism and mitochondria in
reovirus infection, potentially shedding light on differential responses to infection. However, our
two main approaches of modulating mitochondrial metabolism first with low glucose (LG)
adaptation and then using chemical inhibitors of respiration and following reovirus infection
thereafter have several limitations.

Our first approach of adapting cells to low glucose was chosen mainly because of its
convenience and previous demonstration that this treatment does indeed push cellular
metabolism toward reliance on efficient mitochondrial ATP generation. Rossignol et al. 2004
showed that metabolic adaptation to low glucose led to extensive networking of the mitochondria
throughout the cell, remodelling of the mitochondrial matrix associated with increased cristal
membrane, and enhanced OXPHOS, respiration, and ATP synthesis”’. This report did not
address sensitivity to apoptosis. However one consequence of mitochondrial fusion, networking,
matrix condensation, and enhanced respiration is more efficient sequestration of respiratory
proteins including cytochrome ¢ within cristae that are not readily released upon MOMP. In our
experiments, LG-adapted cells were resistant to cell death induced by reovirus and other agents,
suggesting a general mechanism of death resistance. While this finding was consistent with our
hypothesis that metabolic modulation could impact reovirus infection, it was not within our
scope of study to elucidate what mitochondrial alterations were responsible for suppression of
apoptosis. We cannot conclusively say that it is metabolic or mitochondrial changes that
influenced resistance to reovirus cytolysis in LG cells as 1) we did not perform experiments to
confirm altered metabolism, and 2) it would be difficult to delineate the contribution of
mitochondrial changes from the likely numerous other changes occurring in the cells during
adaptation, such as increased autophagy.

LG cell adaptation may still be a useful model for studying metabolic changes in reovirus

infection, but measurement of endpoints (oxygen consumption, lactic acid production) and using
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complementary approaches such as use of different glycolytic inhibitors or controlling oxidizable
substrates in both an acute and chronic manner in multiple cell types and then following reovirus
infection efficiency would provide much stronger evidence for how pushing cell metabolism
toward enhanced mitochondrial function would affect reovirus infection. In future studies using
more comprehensive and controlled methods to assess the influence of mitochondrial
metabolism on reovirus infection, it would be very interesting to monitor mitochondrial
morphology using electron microscopy before and during infection in each metabolic alteration
scenario (ie. in LG vs parental cells, or OA vs. control treatment, etc.) to understand
mitochondrial changes that occur during such treatment.

Our second approach to modulating mitochondrial metabolism was to use chemical
inhibitors of respiration to inhibit mitochondrial function. For this approach, we chose to use
concentrations of inhibitors that did not significantly decrease cell number, as we wanted to
avoid the complication of drug-induced cell death when measuring reovirus cytolysis. The
concentrations of both Antimycin A and Sodium Azide used did not affect cell number alone.
However, Rotenone, and much more so, Oligmycin A even at very low concentrations decreased
cell number. One serious limitation of this approach, as with the LG approach, was lack of
experiments confirming metabolic changes and thus inhibitor action in cells. Thus although it
appeared that Oligomycin was the only drug that induced an effect, we cannot say whether this is
a property unique to Oligomycin or if the effect of this inhibitor to inhibit respiration was much
more profound that the other drugs used. Notably, in certain experiments Oligomycin and
Rotenone had similar effects on reovirus infection. For instance, both of these inhibitors led to
significant suppression of viral protein synthesis and production of infectious progeny virus (Fig.
21a-b), but Oligomycin induced a stronger decrease. But in other experiments Oligomycin and
Rotenone had different effects. For instance, Oligomycin, but not Rotenone (or Obatoclax)
significantly increased the number of cells with decreased mitochondrial inner membrane
potential during reovirus infection in HCT116 cells (Figure 20).

Unfortunately, a few experiments were performed in an effort to better characterize
Oligomycin’s effect on reovirus infection that did not include Rotenone and thus it is difficult to
include them in a discussion of how mitochondrial function affects reovirus infection.

Furthermore, most experiments peformed in AIM 2 omitted Antimycin A and Sodium Azide
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altogether. Because of this, our work is better considered as a description of the effects of
Oligomycin on reovirus infection instead of addressing the original hypothesis that inhibiting
mitochondrial function would influence reovirus infection efficiency (replication and/or
apoptosis).

For this approach to successfully address the hypothesis in future studies, confirming and
quantifying the inhibitory effects of each drug is essential. Furthermore, a more comprehensive
and controlled experimental design would allow for proper testing of the hypothesis.
Complementary approaches to chemical inhibition of mitochondrial function might include
siRNA knockdown of pyruvate dehydrogenase or TCA cycle enzymes that prevent generation of
oxidizable intermediates fueling electron transport, overexpression of pyruvate dehydrogenase
kinase to prevent pyruvate entry into the mitochondria, or the use of mtDNA mutant or knockout
cells. The entire purpose of mtDNA is to generate proteins necessary for electron transport chain
function, and creating mtDNA null cells (with chronic ethidium bromide treatment) might be
interesting for studying reovirus infection. As mentioned before, it would be very interesting to
follow mitochondrial morphology by electron microscopy during infection with reovirus and in
each of these conditions.

As our approach contained serious limitations and was biased toward exploring the
interesting results with Oligomycin, we cannot accurately determine how our results with this
drug relate to the original hypothesis. However, our data do suggest that Oligomycin promotes
reovirus-induced, caspase-dependent apoptosis in HCT116 cells that appears to be independent
of BAX and BAK. The mechanism for Oligomycin’s enhancement of reovirus-induced
apoptosis, particularly given the significant suppression of viral replication, is elusive. However,
based on our observations and data from the literature we cautiously speculate that Oligomycin
treatment induces mitochondrial structural changes that allow enhanced cytochrome c release
from the mitochondria, thus enhancing caspase activation and cell death kinetics. Oligomycin is
known to hyperpolarize the mitochondrial inner membrane, decrease networking of
mitochondria, and increase mitochondrial fragmentation and swelling'®. Interestingly, this report
by Reis et al. 2012 found that BAX activation following treatment with apoptotic drugs was most
notable in conditions where mitochondria were in a swollen state (induced by other agents). This

provides support for the idea that Oligomycin-induced morphology or structural change to
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mitochondria lead to enhanced apoptosis, either through efficient MOMP or release of
cytochrome c. Indeed, a simple experiment that should be performed in the future is to confirm
enhanced release of cytochrome c from the mitochondria during reovirus infection with
Oligomycin. However, further study is needed to prove the mechanism by which Oligomycin
enhances apoptosis during reovirus infection, and very importantly, experiments need to be done
in other cell lines to show that this is not an effect specific for HCT116 cells.

Given the prevalent and pleiotropic roles played by mitochondria, even comprehensive
and better controlled experimentation modulating energy metabolism will likely lead to
numerous effects within the cell. Given the severe limitations of our work in AIM 2, it is difficult
to comment with any confidence on how LG adaptation or sensitivity to respiration inhibitors,
particularly Oligomycin, influences reovirus infection in an interpretable way. Therefore extreme
care should be taken when interpreting our results. If we were to speculate on a common theme
underlying resistance to reovirus cytolysis in LG cells and sensitzation to apoptosis during
Oligomycin treatment, it would focus on the link between mitochondrial morphology and
induction of apoptosis. Highly networked mitochondria are associated with efficient OXPHOS
and mitochondrial metabolism, and in this case cytochrome c is sequestered in mitochondrial
cristae such that following MOMP during reovirus infection, cytochrome c release is less
efficient. This scenario might be the case in LG cells compared to parental cells. On the other
hand, Oligomycin treatment, which has been shown previously to induce mitochondrial fission
and swelling, might allow more efficient release of cytochrome c¢ following MOMP. An
alternative speculation is that these treatments somehow alter the dynamic balance with the
BCL-2 family of proteins, altering the propensity for cells to undergo cell death and thus
changing the kinetics of cell death. Further experiments studying cytochrome c release,
mitochondrial ultrastructure, BCL-2 family expression, and BH3-domain profiling could help
elucidate these possibilities.

Study of the role of mitochondrial metabolism in reovirus infection could be extremely
insightful. For instance, do the varied responses to reovirus oncolysis relate to a characteristic(s)
of the mitochondria within cancer cells, such as the ratio of glycolytic to oxidative metabolism,
or perhaps the ratio of networked versus fragmented versus swollen mitochondria?

Mitochondrial morphology demonstrates heterogeneity within and among isogenic cancer cells,
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and certainly among cancer cells of different types considering their varied metabolic profiles™.
Might mitochondrial metabolism or morphology play a role in dictating which cancer cell lines,
or individual cells within a cell line, die quickly or slowly in response to reovirus infection? For
instance, if reovirus preferentially infects and kills highly glycolytic tumors, then perhaps
metabolic features could be used as a biomarker of response to reovirus therapy. This knowledge
would open novel opportunities for improved therapy either by modulating metabolism
chemically or perhaps through dietary changes. Mitochondrial and metabolic alterations in
cancer cells have been well described (see a recent review by Wang, Peralta, and Moraes 2013)
and altered metabolism is being evaluated for therapeutic intervention'®’. Current strategies
targeting metabolism include those that promote oxidative phosphorylation by promoting
glucose flux into the mitochondria (dichloroacetate, oxamate) or by inhibiting glycolysis (2-
deoxyglucose, 3-bromopyruvate, lonidamide), while other strategies include inhibiting

%7 How these drugs influence reovirus infection has not been studied,

respiration with metformin
but our data provide clues that these experiments could be worthwhile. Although these are very
interesting questions, I must emphasize that this is entirely conjecture at this point since our work
did not adequately address the hypothesis outlined. I believe future work is necessary and

warranted.

4.2.4 Conclusions from AIM 2

Although we obtained preliminary evidence that reovirus infection can be influenced by
LG adaptation or treatment with Oligomycin, our experimental approach to modulating
mitochondrial metabolism was incomplete and lacked important control experiments and was not
very comprehensive. Because of these limitations, the hypothesis that mitochondrial metabolism
influences reovirus infection could not be adequately addressed and no well-supported
conclusions are drawn from the data. Despite this, the finding that certain treatments did affect
reovirus replication or cytolysis might suggest that metabolic perturbations can influence
reovirus infection in some way(s). I believe that future study is warranted to properly address

how mitochondrial metabolism influences reovirus infection in cancer cells.
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Chapter Five: CONCLUSIONS AND FUTURE DIRECTIONS

This thesis describes novel findings regarding the importance of mitochondria in reovirus
infection. Figure 26 introduces a brief model for proposed mitochondrial regulation of efficient
reovirus oncolysis. Targeting apoptotic pathways directly alongside reovirus infection promotes
reovirus cytolysis in pediatric leukemia and likely other cancers. Future studies should extend in
vitro data but must also assess the utility of this strategy in vivo. Xenograft pediatric leukemia
mouse models can be created in NOD/SCID mice that accurately represent the human disease'®®.
Leukemia cells isolated from patient bone marrow biopsy specimens can be inoculated into mice
by tail vein injection. Following leukemia engraftment that mimics human disease (for example,
50% human cells in circulation, with significant infiltration of the spleen and infiltration of the
liver), reovirus could be added intravenously at levels that are proportional to those used
currently in clinical trials. Efficacy could be measured by the percent of human leukemic cells in
circulation measured by flow cytometry. This model could then be expanded to assess whether
synergy is observed between reovirus and apoptosis-inducing drugs (and/or chemotherapy).

Our data from AIM 1 are stronger than those from AIM 2. We describe some preliminary
data suggesting that certain treatments intending to modulate mitochondrial metabolism can
influence reovirus infection. However, interpretation of this data is clouded by insufficient
control experiments. Future work in vitro using multiple methods to modulate metabolism
toward and away from the mitochondria in conjuction with endpoint measurements of glycolytic
metabolism (lactate production) and oxidative metabolism (oxygen consumption) should be used
to investigate the influence of mitochondrial metabolism on reovirus infection. Electron
microscopy would be a very insightful technique to monitor mitochondrial ultrastructure changes
during metabolic intervention and reovirus infection.

Together, this thesis work further supports that the mitochondrial regulation of cell death
is important and can be exploited by proapoptotic drugs to improve reovirus cytolysis. Whether
cancer cell metabolism regulates reovirus infection and/or is amenable to therapeutic
intervention for improved response to reovirus therapy remains unknown and is still an area in
need of clarification. This work sets the stage for further investigation that should culminate in

improved understanding and efficacy of reovirus-based cancer therapy.
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Figure 26. Model for Mitochondrial Regulation of Efficient Reovirus Oncolysis.

Reovirus infection induces apoptosis that requires mitochondrial-mediated apoptosis. The
mitochondria regulate life/death decisions, but also play very important roles in cell metabolism.
Reovirus efficiently kills many cancer cells, and cancer cells often demonstrate mitochondrial
and metabolic alterations. It is known that reovirus-induced apoptosis is regulated by balance in
the BCL-2 family (1) that act at the mitochodnria. This thesis work demonstrates that this
regulation can be exploited by directly targeting the anti-apoptotic BCL-2 family of proteins
(ABT-737, Obatoclax, Trail). Although we set out to test whether mitochondrial metabolism
influences reovirus infection, our experimental approach was insufficient to address this
question. Mitochondrial metabolism (2) and mitochondrial morphology ((3), sometimes related
to metabolism in literature), do not have described roles in regulating efficient reovirus infection.
However, they are included here because they may well be important regulators of reovirus
infection, and future study is warranted to investigate this possibility. Intriguing questions about
reovirus infection and selectivity for cancer cells remain: I) Do the varied responses to reovirus
oncolysis in cancer cells relate to mitochondrial metabolism or morphology? II) Can we
modulate these processes to promote efficient reovirus infection? Further investigation should

culminate in improved understanding and efficacy of reovirus-based cancer therapy.
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