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Abstract

Treatment of permissive tumours with the oncolytic virus (OV) VSV-A51 leads to a
robust anti-tumour T cell response, which contributes to efficacy; however, many
tumours are not permissive to in vivo treatment with VSV-A51. In an attempt to
channel the immune stimulatory properties of VSV-A51 and broaden the scope of
tumours that can be treated by an OV, a potent oncolytic vaccine platform was
developed, consisting of tumour cells infected with VSV-A51. I demonstrate that
prophylactic immunization with this infected cell vaccine (ICV) protected mice from
subsequent tumour challenge, and expression of GM-CSF by the virus (VSVgm-ICV)
increased efficacy. Immunization with VSVgm-ICV in the VSV-resistant B16-F10 model
induced maturation of dendritic cells, natural killer (NK) cells, and T cells. I
demonstrate that this approach is robust enough to control the growth of established
and spontaneous tumours. This strategy is broadly applicable because of VSV's
extremely broad tropism, allowing nearly all cell types to be infected at high MOlIs in
vitro, where the virus replication kinetics outpace the cellular [FN response. Itis also

personalized to the unique tumour antigen(s) displayed by the cancer cell.

Histone deacetylase inhibitors (HDIs) can augment viral replication, making them
particularly interesting complements to OV therapy. However, the impact of HDIs on the
generation and re-stimulation of immune responses remains to be clearly elucidated. Along
with my collaborators at McMaster University, I demonstrate that MS-275, but not SAHA,
selectively depletes naive and regulatory lymphocytes. Memory lymphocytes that are being

boosted remain unscathed and even have enhanced cytokine production, potentially as a
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consequence of the depleted lymphocyte compartment. This leads to a delay in anti-VSV
neutralizing antibodies and T cell responses. Interestingly, HDI treatment of B16-F10 cells
appears to inhibit VSV replication but allows for a longer persistence within the tumour.
When used in an oncolytic prime/boost vaccination model, MS-275 potently enhanced
survival. Though the anti-tumour immune response is enhanced, a near complete reduction
in autoimmune vitiligo is observed with MS-275 administration. Therefore, this HDI
uniquely modulates the immune response to enhance anti-tumour immunity and decrease the

anti-viral response, while also decreasing autoimmune sequelae.
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1 Introduction

1.1 Cancer

In Canada, 40% of women and 45% of men will develop cancer during their lifetime,
and approximately 1 in 4 Canadians will die from cancer(1). These shocking statistics reveal
the devastating effect this disease has on our society and why research into better

therapeutics is important.

The overarching definition of a cancer cell is one that gains the ability, through
genetic and epigenetic alterations, to grow and divide uncontrollably(164). However, this
process is far from simple. Tumorigenesis requires mutations to occur in genes involved in
crucial checkpoint, survival, and metabolic pathways, among others, to allow for the
evolution of a malignant cellular collective(66, 164). This collective is shaped and evolves
through its requirements for oxygen, nutrients, and waste disposal. In addition, cells that can
evade death or senescence signals are selected for, which ultimately leads to cells that are
sufficient in growth signals and unresponsive to the natural mechanisms that regulate cellular
growth and death(66). In 2000, Hanahan and Weinberg(65) formulated and described a list
of the known hallmarks that characterize malignant cells. Since then, many breakthroughs
have helped refine and expand these hallmarks, allowing for a more in-depth understanding
of the cellular and systemic processes that are often implicated in cancer initiation and

progression(66).

1.2 Cancer Immune Surveillance
Though the immune system was previously thought to be a driving force in

tumorigenesis through the workings of chronic inflammation(30), it is now also seen as a



vital source of natural anti-tumour defences that must be overcome or suppressed during
neoplastic transformation(85, 155, 160). Research into cancer immunoediting, the process of
shaping the cancer cell collective through immune pressures, has made great strides in
detailing mechanisms of anti-tumour immune functions and immune resistance employed by

tumours.

It is now widely understood that the immune system has multiple tools in its arsenal
against cancer. Though the immune system can detect and kill tumour cells, this has the
potential to select for variants that are more immune evasive and suppressive. This
reciprocal interplay between the immune system and cancer is termed cancer immunoediting
and has been divided into three distinct steps known as the three Es: elimination,
equilibrium, and escape(160) (Figure 1.1). The initial step of elimination describes the
process of immune surveillance, whereby the immune system can recognize nascent tumours
and exert various effector functions to suppress or kill these cells(39). It is hypothesized that
this occurs at a low background rate and is corroborated by data of immunosuppressed
patients having a higher rate of cancer incidence(22). Recognition of cancer cells can be
through the release of endogenous damage-associated molecular patterns (DAMPs)(53), the
increase in activating natural killer (NK) cell ligands or the decrease in inhibitory NK ligands
(26, 114), and the expression of altered self-proteins that can be recognized by cells of the

adaptive immune system(24).

Dendritic cells (DCs) and other antigen presenting cells (APCs) will generally initiate
the process of immune surveillance through the phagocytosis of dying tumour cells.
However, DCs require danger signals to initiate their activation and maturation(48). Danger

signals can be DAMPs or pathogen-associated molecular patterns (PAMPs) that ligate



Figure 1.1 — The three Es of cancer immunoediting

Overview of the impact that the immune system has on cancer progression and
clearance. In the “elimination” phase, innate and adaptive immune effectors recognize
nascent tumours based on tumour antigens and activating NK cell ligands. This then
leads to tumour cell destruction. Non-immunogenic tumour cells are selected for and
eventually escape and suppress immune surveillance mechanisms. Reproduced with
permission from Vesely et al/(160)
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pattern recognition receptors (PRRs) on or in DCs(53, 152). Without such activating signals,
the DC does not upregulate the expression of co-stimulatory molecules such as CD40, CD80,
and CD86, nor does it secrete pro-inflammatory cytokines such as IL-12 and interferons
(IFN)(9). In addition, though the immature DC expresses low levels of MHC class I and II,
these are upregulated following maturation, to further promote antigen presentation to T
cells. Without the presence of danger signals, uptake of tumour cells by DCs can lead to
either no antigen presentation or a tolerogenic/suppressive T cell response(48). Ideally, DCs
will phagocytose dying tumour cells that are releasing DAMPs like HMGB1 or ATP, which
lead to proper DC maturation and movement to the draining lymph node(53) (Figure 1.2).
The DC digests tumour proteins and presents these as peptides on both MHC class I and 11
along with co-stimulatory molecules. In addition, the release of pro-inflammatory cytokines
such as IL-12 and type I IFNs allows for proper T cell maturation(9). From here, the DC
interacts with CD4" T helper cells, which release important cytokines and survival signals.
These “license” the APC to continue driving the pro-inflammatory process, and CD8"
effector cells, which gain the ability to secrete cytokines such as TNFa and IFNy, and kill
tumour cells in an antigen-dependent manner(48, 57). These DCs can also enhance NK cell

responses through the release of IL-2, IL-12, IL-15, and type I IFNs(15, 53).

Many immune effectors have means to recognize and kill tumour cells. NK cells
recognize the increase in activating ligands, like NKG2D ligands, which can be induced
through bacterial or viral infection or through cellular transformation(114). They also
recognize the loss of inhibitory ligands, like MHC class I, which is the basis of the “missing
self” hypothesis(163). The role of B cells in anti-tumour surveillance is still quite

controversial, with reports indicating both pro- and anti-tumour activities. However, there is



Figure 1.2 — The generation of an anti-tumour immune response

Simplified diagram from Gabrilovich et al(48) demonstrating the process of generating
a T cell anti-tumour immune response. Dendritic cells must phagocytose dying tumour
cells and become activated, upregulating MHC II and co-stimulatory molecules. These
DCs must then traffic to draining lymph nodes and present antigen to tumour-specific
CD4 and CDS8 T cells, leading to the T cell activation and cytokine secretion. This
process licences the CD8 T cells that can now traffic to the tumour and kill the tumour
cells in an antigen-dependent manner. Reproduced with permission.
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evidence that B cells can play an important role in the rejection of cancer. One study found
that B16-F10 tumours grew faster in B cell depleted hosts. B cells have been observed to be
APCs that lead to CD8" T cell stimulation, produce anti-tumour antibodies, and even lead to
direct cytotoxicity, though the mechanism of killing in not known. Tumour-specific
antibodies can lead to cancer cell death through the blockade of important cellular receptors,
antibody-dependent cytotoxicity (ADCC), or complement-dependent cytotoxicity
(CDC)(113). Activated CD8" T cells recognize tumour cells based on the expression of
altered proteins that are presented via MHC class I. Genetic mutations that arise due to
genetic instability are an important source of tumour associated antigens (TAAs), which in
some cases can lead to tumour-specific immune responses(24). These TAAs are important
targets as most proteins in tumours are “self” antigens, subject to tolerance mechanisms that

limit immune reactivity towards them(23).

Though NK cells and CD8" T cells recognize their targets in very different ways, they
both kill tumour cells using similar mechanisms. The release of perforin from the immune
effectors forms a pore in the target cell. This allows the entry of Granzyme B, a proteolytic
enzyme that activates caspases, thereby initiating apoptosis(154). In addition, both NK and
CDS8" T cells can express FasL and TRAIL(26, 160) on their surface and ligate cognate death
receptors on their targets to initiate apoptosis. Also, both NK and T cells produce an array of
cytokines that have immune modulating and direct anti-cancer functions. Interferon gamma
(IFNY), the only type II IFN, is a very important cytokine with potent anti-tumour effects and
is widely produced by activated NK and T cells, among others. This cytokine targets tumour
cells as well as the tumour’s stromal counterparts, such as endothelial cells and immune

cells. Through direct interaction with tumour cells, IFNy has been demonstrated to increase



MHC class I expression(78, 136), thereby augmenting tumour cell immunogenicity and
potential interaction with T cells. There is evidence of anti-proliferative effects, through the
induction of cell cycle inhibitors, as well as pro-apoptotic effects, through the induction of
caspases, Fas, and FasL. In addition, IFNy can induce the production of chemokines like
CXCL9 and CXCL10, attracting T cells, NK cells, DCs, and macrophages(99) and leading to
anti-angiogenic effects on endothelial cells(39). Finally, IFNy is vital to the skewing of the
immune response towards a Thl pro-inflammatory phenotype(39). The exact immune
response required to clear a tumour will likely strongly depend on the exact genetic and

antigenic characteristics of the tumour and the host’s immune system.

Type I IFNs (IFNa and IFN especially) also play an important role in cancer rejection
and are produced by most cells following ligation of PRRs by viral or bacterial components.
Type I IFNs can lead to increased DC phagocytosis, maturation, and antigen presentation, in
addition to increasing B cell maturation and antibody production. These cytokines also
enhance NK cell effector functions. It is thought that these IFNs target the hematopoietic
system as opposed to tumour cells directly, however, there have been observations of
increased sensitivity to apoptosis and antiangiogenic effects that could also play a role in
tumour control(159). In addition, type I IFNs can upregulate MHC class I expression,

making them more visible to T cell scrutiny(134).

1.3 Cancer immune subversion and escape

Though the immune system has means of recognizing and killing tumour cells, it is not
always successful in halting the progression of the disease. Cancer is rapidly evolving and,
consequently, it can adapt to the immune pressures to continue to survive. It is postulated

that during this period of adaptation there is a moment of balance between tumour growth



and immune-mediated killing. This is referred to as the equilibrium phase by Schreiber et al

and can correlate with an apparent dormancy in the tumour(39, 85).

The elimination and equilibrium phases of immunoediting generally occur before
diagnosis, potentially taking years to progress. However, a growing tumour commonly
represents a malignant collective that has adapted to the immune system. It has been shaped
through the natural selection of cancer cell variants that could grow and survive in the
presence of an immune response(39). This is achieved through many mechanisms, and
though many of these immune resistance mechanisms have been examined and described in
the literature, there are certainly many more that remain to be discovered. A common
mechanism of adaptive immune evasion is the downregulation of the antigen presentation
machinery. A large body of research demonstrates that anywhere from 40-90% of tumours
lack HLA class I molecules(39), in addition to common losses in the pathways required for
proper antigen presentation. These include the transporters associated with antigen
processing (TAP) molecules, immunoproteasome components, and IFN receptors that can
lead to the induction of antigen presentation(58, 128, 160, 179, 180). However, the loss of
MHC molecules should lead to a heightened sensitivity to NK-mediated recognition on the
basis of the “missing self” hypothesis(62, 163). For NK cell recognition and killing, in
addition to a loss of inhibitory receptors like MHC class I, target cells must express
activating receptors induced through cellular stress, transformation, or infection. As well,
Toll-like Receptor (TLR) ligands and pro-inflammatory cytokines such as type I and II IFNs
and IL-2 increase the potential for NK activation(15, 62). These requirements allow a
window of opportunity for tumour cells to adapt. It follows that the downregulation of NK

cell activating receptors(160), in addition to a loss in the expression of pro-inflammatory



cytokines like type 1 IFNs, has been noted in many tumour types(153). Another way of
thwarting the apoptosis inducing mechanisms of many immune cells is through the
production of decoy death receptors, the acquisition of mutations leading to defective death

receptors, or mutations in the apoptosis cascade leading to an anti-apoptosis bias(160, 180).

Cancers can also employ immune suppressive tactics, producing anti-inflammatory or
regulatory proteins that thwart immune-mediated anti-tumour destruction. Transforming
Growth Factor beta (TGFp)(126) and IL-10(160) are commonly expressed by tumour cells
and play an important role in inhibiting immune cell activation or maintenance of activation.
Tumour-derived TGFp represses DCs, NK cells, T cells, and macrophages. It reduces
cytokine secretion and proliferation of these cells and reduces responsiveness to the
important survival cytokine IL-2(126). IL-10 inhibits Th1 pro-inflammatory T cell
functions, including cytokine secretion and proliferation, and it downregulates MHC
expression on tumour cells. In addition, TGFf and IL-10 can work together to promote

regulatory T cell (Treg) generation from an effector T cell(62).

Other commonly employed immunosuppressive tactics include the production of
molecules that impede upon the maintenance of T cell activation and survival. One such
molecule is indoleamine 2,3-dioxygenase (IDO), which catalyzes the breakdown of
tryptophan, an essential amino acid for T cells, into kynurenine, a toxic metabolite to T cells.
This leads to the inhibition of CD8" T cell functions and proliferation and the apoptosis of
CD4" T cells(62, 180). Other immune suppressive molecules are the programmed cell death
ligands (PDL-1 and PDL-2), which bind to the programmed cell death receptor (PD-1) on T
cells, inducing their anergy(157). Indeed, tumours often express the PD-1 ligands, and their

expression correlates with poor prognosis in cancer patients(62).



Through the secretion of chemokines and anti-inflammatory proteins, tumours also
induce the recruitment of suppressive cells, like Tregs, myeloid-derived suppressor cells
(MDSCs), and M2 macrophages(128). M2 macrophages can be induced through the
expression of anti-inflammatory proteins, like IL-4 and IL-13, and recruited through
chemokines such as Vascular Endothelial Growth Factor (VEGF). These suppressive
macrophages secrete TGFf and IL-10, as well as Platelet-derived Growth Factor (PDGF)
and VEGF, which promote angiogenesis(160). These are in contrast to the tumouricidal M1
macrophages that secrete IL-12 and TNFo(148, 180). M2 macrophages also secrete CCL22,

which recruits Tregs(148).

Recently there have been observations of two types of regulatory T cells, either natural
or induced (nTregs or iTregs), though both express the transcription factor X-linked
forkhead/winged helix transcription factor 3 (Foxp3). nTregs mature in the thymus and
retain their suppressive function throughout their life cycle. In contrast, iTregs are generated
from naive T cells that receive weak ligation of their T cell receptor (TCR) without co-
stimulation but with suppressive cytokine stimulation(62). Other regulatory T cell subsets
have been proposed, and the various immune suppressive strategies described to date might
represent the heterogeneity in this population. However, all regulatory T cells appear to
create a tolerogenic environment within the tumour, inhibiting T cell, NK cell, and DC
functions(32). This is achieved by the production of TGFf and IL-10 and the competitive
consumption of IL-2 and ATP(128). They also inhibit DC activation by expressing
inhibitory ligands for receptors on DCs, such as CTLA4, which binds CD80 and CD86(180,
181). Tregs have also been observed directly killing DCs and T cells through perforin and

Granzyme release(181).
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Lastly, there are the myeloid-derived suppressor cells (MDSCs), which represent a
heterogeneous population of immature myeloid cells that suppress T cell functions through
both antigen-dependent and independent means. They deplete arginine and secrete reactive
oxygen species, to which effector T cells have a heightened sensitivity that leads to their
anergy or apoptosis(62, 128, 148). MDSCs also produce TGFf and IL-10(62), reflecting the

critical role of these cytokines.

1.4 Cancer Immunotherapy

Though cancers evolve mechanisms to evade and suppress the immune system, there are
indications that productive anti-tumour immune responses can occur and have a large
benefit. A landmark study by Galon ef a/ demonstrated that a Th1-biased immune cell
infiltration was more prognostic of patient survival than the currently used histological
methods in colorectal cancer(49). Many studies have investigated other cancer types and
found similar prognostic value of CD8" T cells(112, 140, 146) and NK cells(47, 170). This
suggests that the immune system can have a large impact on tumour progression and that,
across multiple tumour types, patients that have a strong immune effector presence in their

tumour will fare better than those that do not.

With this in mind, the goal of cancer immunotherapy is to initiate, restore, or augment
these natural immune mechanisms to mediate tumour rejection(109). If successful,
immunotherapy leads to the induction of immunological memory that can not only lead to
ongoing tumour clearance, but also protect from future recurrence(93). For the purposes of
this introduction, immunotherapeutic interventions will be divided into specific or non-

specific.
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1.4.1 Non-specific cancer immunotherapy

Non-specific cancer immunotherapies are those that seek to generally augment various
aspects of the immune system to lead to a greater anti-tumour immune response. This
includes the use of immune stimulatory cytokines, like IL-2 and IFNa., which are already in
use in the clinic(109, 167). Other cytokines are in clinical testing, like GM-CSF and IL-21,
which seek to enhance APC and T cell activation, respectively. However, all of these
treatments induce serious side-effects that, in some cases, can limit treatment use(167). The
use of monoclonal antibodies and single chain antibodies as either agonists or antagonists has
also become quite popular. Agonistic antibodies have been made against the pro-
inflammatory receptor CD40, to boost APC function and promote a more robust T cell
response. In addition, agonists to OX40, which boost T cell activation and survival, have

been produced and are in clinical testing(167, 169).

Antagonistic antibodies are also being investigated for the ability to block important
immune regulatory receptors, the most well-known of which is CTLA-4. Blockade of
CTLA-4 with the clinical candidate ipilimumab is thought to unrestrain effector T cell
functions while inhibiting Treg functions. Ipilimumab demonstrated modest responses in
clinical testing and was granted FDA approval in March 2011 for use in metastatic
melanoma, however, on-target toxicities from systemic inflammation can be severe(109).
Though responses were modest, ipilimumab is the first treatment to deliver a survival benefit
in advanced metastatic melanoma(93). Many other antibodies are being developed to trigger
activating receptors like 4-1BBL or to antagonize inhibitory receptors like PD-1 and

IDO(109).
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Another strategy uses TLR agonists to deliver a danger signal to the immune system,
thus potentially helping to prime a more robust anti-tumour immune response. The use of
Bacillus Calmette-Guérin (BCG) is a common treatment in bladder cancer(109) and
imiquimod, a TLR7 agonist, has been used in clinical testing as well, though it demonstrates

limited efficacy(125).

1.4.2 Targeted cancer immunotherapy: lymphocyte adoptive cell transfer

Specific, or targeted, immunotherapies seek to generate or enhance a tumour-specific
immune response through the use of vaccination or adoptive cell transfer (ACT) protocols.
ACT using tumour infiltrating lymphocytes (TILs) has been most commonly used and has
largely been developed by Dr. Rosenberg and colleagues. Though still in clinical testing,
significant responses have been observed, mostly in metastatic melanoma, with up to 50
percent of patients having objective responses. The treatment consists of harvesting tumour
sections, isolating lymphocytes and culturing these with tumour cells, and then assessing
which lymphocytes are tumour-reactive by cytokine secretion analysis. These tumour-
reactive cells are expanded in culture and then re-infused into the patient. Unfortunately, this
process takes 4-5 weeks, making it quite costly. In addition, the patient is lymphodepleted
prior to infusion and then treated with pro-inflammatory cytokines to better encourage cell
engraftment(109, 138). The cost and time that this protocol requires is prohibitive, and
strategies to reduce the culturing time or the amount of lymphodepletion and total body

irradiation are currently under investigation.

Strategies to alter the T cell specificity have been developed, most notably through the
use of virally-transduced T cell receptors, bi-valent antibodies, or chimeric antigen receptors.

These approaches allow peripheral blood T cells to be harvested and their antigenic affinity
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re-targeted to the tumour. Chimeric antigen receptors allow T cells to recognize tumour
targets through an antibody in addition to their native T cell receptor and have achieved

encouraging results in neuroblastoma and lymphoma(138).

Adoptive transfer of NK cells has also been investigated as a cancer treatment. NK cells
can be expanded and activated in vitro through the use of feeder layers and the pro-survival
cytokines IL-15 and IL-2. In addition, it is hypothesized that NK cells mediate graft versus
leukemia rejection during haploidentical bone marrow transfer. Consequently, allogeneic
NK cells have also been examined and found to be able to mediate anti-tumour killing.
However, both of these methods are fraught with the same issues as with the T cell ACT.
They require time- and cost-consuming in vitro expansion protocols to generate pure,
specific, and activated cells for transfer. An option that might lower this cost is the use of
NK cell lines instead of allogeneic cells, however, the efficacy and feasibility of this

approach still need to be demonstrated(26).

1.4.3 Targeted cancer immunotherapy: dendritic cell adoptive transfer

The use of autologous DCs is also being investigated with various protocols currently in
use. The assumption is that there is insufficient PRR stimulation in vivo when DCs naturally
encounter tumour antigens, which leads to the induction of tolerance. Through the ex vivo
culturing, loading, and priming of DCs, the optimal APC can be generated to produce potent
innate and adaptive responses following infusion. However, it is still unclear what culture
conditions lead to the most robust and long-lived DCs. Though most protocols use cytokines
for maturation, the use of TLR agonists seem to be more effective. Indeed, the maturation of
DCs in vivo is a complex and concerted process, and recent data indicate that different PRRs

can initiate different maturation phenotypes. It is important that the DCs generated express
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co-stimulatory molecules (CD40, CD80, CD86), secrete cytokines (IL-12 and type I IFNs),
and express the chemokine CCR7, which allows for trafficking to the draining lymph node.
In addition, antigen presentation through both MHC class I and class II will allow for
“licencing” by CD4" T cells, which enhances cytokine secretion, and interaction with CD8"
T cells(57). In addition to priming T cell responses, DCs can prime NK cell responses. The
expression of type I I[FNs by DCs enhances NK cytotoxicity, the expression of IL-12 and IL-
18 enhances IFNy production by NK cells, and the trans-presentation of IL-15 by DCs
enhances NK survival. As a consequence of MHC upregulation, activated DCs also become

protected from NK-mediated killing(10).

Developing a maturation protocol for generating DCs is only half the battle, and the
choice of antigen can have a significant impact on the outcome of DC adoptive transfer
strategies. Several approaches to antigen selection and loading have been investigated, and
no clear winner has been declared to date. Some researchers have opted for loading DCs
with only one or very few tumour antigens, while others have examined the use of whole
tumour cell lysates; each approach has pros and cons. The use of a few TAAs allows for a
closer examination of the immune response in the patient following vaccination, because
there only a few epitopes, which have already been defined, to follow. However, tumours
are genetically unstable and demonstrate a large diversity in their antigens, both between
tumours(67) and even within a given tumour(52). This heterogeneity must inform how
cancer vaccines are made, but the full examination of the antigen pool of every tumour is not
feasible. Therefore, if only one or a few TAA are used, it is possible that the antigens chosen
for immunization will not represent viable targets in all patients. A meta-analysis of 173

publications determined that vaccination with whole tumour lysates produced a larger

15



clinical response than with one or a few antigens only(109). There are several possible
reasons for this. Presenting multiple tumour antigens allows for the potential to target
multiple cancer cells, decreasing the likelihood of escape variants. In addition, this strategy
allows for the presentation of both CD4" and CDS" T cell epitopes, which could lead to
stronger responses. Also, using whole tumour cells as the antigen source bypasses the need
to determine the specific antigens found in each patient’s tumour. Consequently, many
researchers have attempted to use whole tumour cells to load DCs. However, this is not the
end of the story. The means by which these tumour cells are killed has also been determined

to be an important factor in the DC maturation process and subsequent efficacy(68).

The DC-based cancer immunotherapy Provenge received FDA approval in April 2010
and received a lot of attention for being the first specific cancer immunotherapy to receive
approval. This treatment consists of a mixture of autologous, peripheral blood mononuclear
cells cultured with a fusion protein of GM-CSF and prostatic acid phosphatase, a prostate
cancer antigen. Results from the Phase III clinical trial demonstrated little to no tumour size
decrease, though patient survival was increased by 4 months with Provenge treatment. This
discrepancy has been widely observed with immunotherapies and is attributed mainly to two
factors. The first is that this delay in efficacy reflects the time required to generate an anti-
tumour immune response. The second is that this immune response can lead to oedema and
inflammation, which can make the tumour appear to be growing when tumour cells are
actually being killed. Indeed, this phenomenon was also seen in the ipilimumab (anti-
CTLA4 antibody) trial, where 10 percent of patients that were scored as having progressive

disease later demonstrated tumour stabilization and even prolonged survival(109).
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1.4.4 Targeted cancer immunotherapy: vaccines

Another approach to generating an anti-tumour immune response is to initiate DC
priming in vivo, by providing a vaccine that delivers relevant TAAs in an inflammatory
context. The theory behind vaccination is that the cytokines and helper cells required for
proper DC priming and T cell activation are all found in vivo. Also, because DC maturation
is a stepwise process that remains incompletely understood, it is likely to be most productive
in its native environment(119). In addition, vaccination bypasses expensive cell culture
procedures required for ACT. There are two components to any vaccine: the antigen and the

immune stimulator; each needs to be carefully optimized.

Antigen selection has been discussed in the section regarding the adoptive transfer of
DCs and holds true for vaccines as well. Small peptide, whole protein, mRNA, DNA, and
whole cell vaccines are all under investigation, though most have shown limited clinical
efficacy(61). Though many tumour antigens have been identified, research suggests that
most patients have unique tumour antigens as a result of genetic instability, and that many of
these unique antigens can elicit protective immune responses if used in a vaccine(16, 24, 52,
67). Interestingly, a recent study also observed variation in antigen expression within a
given tumour, demonstrating that generating an immune response against only one antigen
may not lead to the complete destruction of an entire tumour(52). The use of allogeneic or
autologous tumour cells allows for a more multivalent vaccine. The use of allogeneic
tumour cell lines allows for the production of “off-the-shelf” vaccines, however, this
approach has generated poor clinical results. This is exemplified by the recent failure of
Canvaxin, a mixture of three irradiated allogeneic cell lines mixed with BCG. Though the

use of autologous tumour cells adds a level of complexity to vaccine manufacturing, it

17



appears to generate more meaningful responses. OncoVax, a vaccine composed of irradiated
autologous cells mixed with BCG, demonstrated impressive decreases in the risk of
recurrence and is currently approved in Europe and Switzerland(61, 93). One of the down-
falls of using allogeneic cell lines is that along with the relevant tumour antigens, the
patient’s immune system is also being presented a myriad of irrelevant proteins. Autologous

vaccines present only the proteins that are found within that given tumour.

The immune stimulator must induce the recruitment of APCs to the vaccination site, the
engulfment of the antigen components, and then lead to the proper maturation and trafficking
of the APC. Finding an adjuvant or protein mixture that can accomplish each of these
important steps is currently a challenge, and much of the disappointing results from previous
cancer vaccine attempts have been attributed to poor understanding of DC maturation
requirements and the use of inadequate adjuvants(61, 93). Viruses have been investigated as
vaccine vectors because of their inherent immune stimulatory properties. Indeed viruses are
immunogenic, and replicating viruses offer constant PRR stimulation during the infection,

which is required to break tolerance in the presence of Tregs(175).

1.5 Oncolytic Viruses

Oncolytic viruses (OVs) are replication-competent, tumour-selective viruses that lead
to cancer cell death during their life cycle. Based on early observations in the 1900s of
patients having cancer remission following certain viral infections, clinical trials with wild-
type viruses were attempted in the middle of the 20" century. Despite promising efficacy,
the side-effects of infecting cancer patients with pathogenic viruses led to serious
complications(80). The idea of using viruses against cancer was re-visited at the end of the

20™ century, when knowledge of viruses and cancer had reached a point that allowed for the
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rational choice and design of cancer-specific strains. The oncolytic virus field has
progressed rapidly in the last 10 years with important milestones having been reached(17).
Many different types of OVs have been developed to date, and clinical trials have begun on a

handful of these.

1.5.1 Background on VSV, VACV, and ORFV

Three OVs were used in this thesis work, so they will be discussed to a greater extent
in this dissertation. Vesicular Stomatitis Virus (VSV) is a small negative-sense RNA virus
of the Rhabdoviridae family. It has five genes: N, P, L, G, and M. The gene product of G,
the glycoprotein, determines the tropism of the virus. Its cognate receptor on cells remains
elusive; however, it has an extremely broad tropism, able to infect nearly all mammalian
cells in addition to insect cells(12, 137). The matrix protein, the M gene product, has been
studied extensively for its role in blocking nuclear transport of mRNAs into the cytoplasm,
which inhibits the production of antiviral mediators like type I IFNs. A mutant was created
with a deletion in methionine 51 of the M protein (VSV-A51). It cannot block nuclear
export, leading to the release of cytokines from infected cells. In cells that are capable of
secreting type I IFNs, which is most or all normal cells, over 300 genes are produced that
rapidly blunt the virus life cycle. Interestingly, 80 percent of the NCI 60 panel of human
cancer cell lines is unable to respond to type I [FNs, making them susceptible to VSV-

A51(153).

Vaccinia virus (VACV) and Orf Virus (ORFV) are both poxviruses, having large
double stranded DNA genomes with approximately 200 genes. These viruses encode many
immune modulatory genes that allow them to inhibit the production or function of common

cytokines and chemokines, especially type I [IFNs(144). Both of these viruses are able to
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infect most, if not all, mammalian cells through the binding of heparin sulfate on target
cells(141). Research into VACYV safety in humans is extensive as it was effectively used in
millions of people worldwide as the vaccine against smallpox and continues to be used in the
US military for bioterrorism purposes(115). Many oncolytic strains of VACV have been
engineered to allow for tumour-specificity; however, the most common alteration in the
clinical candidates is a deletion in the thymidine kinase (TK) gene, forcing the virus to
preferentially replicate in cells that are rapidly dividing. In addition, VACV appears to have
a natural propensity for cells with an activated epidermal growth factor receptor, and it is
estimated that over 90 percent of cancer cells are of this phenotype(121). Clinical
investigations with the oncolytic vaccinia mutant JX-594 (Jennerex Biotherapeutics Inc.) has
progressed rapidly and demonstrated promising results after intratumoural (IT)(69, 100, 122)
and intravenous (IV)(17) administration. Moreover, during the recent clinical testing of IV
administration of JX-594, delivery to the tumour and replication within were demonstrated,

representing an important milestone for the OV field(17).

Limited research has been performed on ORFV, however, there have been reports of
human infections, which all resolve rapidly, demonstrating low human pathogenicity. ORFV
has been investigated as a vaccine vector and recently as an oncolytic with the ability to

stimulate both DC and NK cell responses(135).

A new wave of targeted therapeutics are being brought to the clinic in the hopes of
killing tumour cells in a more specific and robust manner. Though there are a few cancers
that are driven by very specific oncogenes, this is not the case for most. Recent work
suggests that tumours often have a myriad of mutations, and many are not shared among

most cancer patients(24, 52, 67). Instead, there appear to be common pathways that are
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affected, but the genes mutated within these pathways vary between people. Therefore,
successful cancer treatments will broadly target biological pathways, instead of focusing on
one aberrant protein(76). Herein lies the strength of the oncolytic virus platform. These
viruses target entire oncogenic pathways, like overactive EGFR signaling or inhibited type I
IFN signaling, no matter the specific genetic alterations involved, allowing for broadly

targeted and efficient therapeutics.

1.5.2 The multi-modal nature of oncolytic viruses

Oncolytic viruses have emerged as a promising anti-cancer treatment platform able to
specifically replicate in and kill cancer cells while leaving normal cells unharmed. Though
engineered for tumour-specific lysis, the multi-modal nature of this platform is currently
being revealed. Many of these viruses can be delivered systemically to reach distant tumour
beds(17), be targeted to induce tumour vascular shutdown (18, 100), and can be engineered
to carry genetic payloads. Importantly, pre-clinical and clinical evidence for oncolytic virus-

mediated anti-tumour immunity is emerging (108).

Our immune system has evolved to recognize and kill pathogenic intruders. Through
the use of many PRRs, the presence of a virus is rapidly recognized, and a strong
inflammatory response ensues(171). The premise of using OVs to generate a long-term anti-
tumour immune response is to usurp these viral “danger signals” to activate the immune
system against the cancer. As previously discussed, the immune system requires two signals.
The first signal is the foreign antigen, which in this case is the TAA. The second signal is a
molecular signal that warns of tissue stress or pathogen invasion through the ligation of
PRRs. Through the encouragement of phagocytosis of dying, infected cancer cells, both

signals can be satisfied and immune-mediated tumour destruction can proceed(111).
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1.5.3 OVs create the “perfect inflammatory storm”

Many OVs have demonstrated the ability to stimulate dendritic cell (DC) maturation
upon incubation with infected tumour cells(14, 42, 51, 72, 130). Likewise, many OVs have
been found to stimulate T cell activation(51, 63, 130) and, in some cases, to depend on T

cells for efficacy in vivo(35, 151).

In addition, some groups have begun investigating the role and efficacy of oncolytic
viruses in stimulating natural killer (NK) cells, with encouraging results. A few OVs,
namely Reovirus, Newcastle Disease Virus, parvovirus, VACV, ORFV, and VSV, have
demonstrated the ability to stimulate IFNy secretion and tumouricidal functions by NK
cells(11, 15, 27,75, 131, 135, 173). Specifically, wild-type VSV (wtVSV) leads to innate
immune cells secreting IL-28, which acts upon IL-28R-expressing tumour cells and leads to
their NK-mediated lysis(173). In addition, VSV-A51 infection of DCs leads to the secretion

of type I IFNs and IL-15, which stimulates NK cells and leads to in vivo efficacy(15).

1.5.4 Pouring Gas on the Fire — OVs and immunotherapies

A popular strategy for boosting the virotherapy-induced anti-tumour immune
response is to engineer the virus to express a cytokine or chemokine. Granulocyte/monocyte
colony-stimulating factor (GM-CSF) has been the most commonly used, having been
engineered into VSV(133), NDV(73), HSV (86, 105), vaccinia strains JX-963(156) and JX-
594(121), among others. GM-CSF is potent in the recruitment, maturation, and activation of
antigen presenting cells and has been used extensively in vaccine protocols (133, 149).
However, many other cytokines and chemokines have been successfully introduced into
oncolytic viral genomes, such as IL-12(28, 147), a potent Th1-promoting cytokine that

activates NK and T cells, as well as IL-2(74), the T cell chemokine RANTES (CCL5)(91,
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94), MIP-1a, FLT3L(40), and interleukin-23(110). These viruses are all found to be more
robust than their parental counterparts in the therapeutic treatment of cancer. This strategy
manages to harness the strength of the immune system while mitigating side effects that
might arise from systemic administration of the cytokine, as seen with IL-2 and vascular leak
syndrome(74). OVs will only express these cytokines where they can productively replicate,

i.e. in the tumour microenvironment.

In addition, OV treatment has been used in conjunction with DC vaccination and
adoptive T cell therapy. When preceding DC vaccination, hTERT-Ad is able to induce
tumour-specific IFNy production by splenocytes and lead to better tumour control. This OV-
induced inflammation could not be substituted with TLR ligands, demonstrating the strength
of the inflammatory response generated by replicating viruses(172). Boudreau et al
demonstrated that VSV-AS51 is a potent activator of DCs, and that these VSV-transduced
DCs can lead to tumour regression when injected into a tumour-bearing animal. This
protocol is even more efficient when VSV is engineered to express the model antigen OVA,
and efficacy can be abrogated by the depletion of CD8" T cells or NK cells(14). As alluded
to previously, T cell adoptive therapies are gaining ground as a profound cancer treatment.
Though more recent work from Dr. Vile’s lab uses T cells as carriers for VSV(87), previous
work demonstrates that intratumoural delivery of VSV in conjunction with intravenously
delivered tumour-specific T cells could lead to significant tumour control, with 75% of mice

demonstrating long term responses(35).

A novel strategy that is gaining momentum is the encoding of TAAs into the OV
genome(14, 56, 174). This strategy has been elegantly utilized by Bridle ef a/, in which

wtVSV expressing the human melanoma antigen dopachrome tautomerase (hDCT) is used to
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boost a pre-existing anti-DCT response generated with a replication deficient adenovirus.
This heterologous, antigen-specific boost with an oncolytic vector leads to enormous anti-
tumour T cell responses that delay the growth of aggressive B16-F10 brain tumours(21). In
addition, by specifically boosting the anti-DCT response with VSV-hDCT, the anti-VSV
response is decreased. Another interesting take on this strategy is offered by Kottke et al.
They have incorporated a cDNA library from a normal human prostate into VSV.
Surprisingly, this treatment led to significant prostate tumour control with no
autoimmunity(88). In addition, both Bridle et al and Kottke ef al use xenogenic antigens in

order to more successfully break tolerance.
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2 Materials & Methods

Cell lines and mice

Vero, HeLa, CT26.WT and CT26.LacZ (also known as CT26.CL25) colon carcinoma, 4T1
breast cancer, and B16-F10 melanoma cells were purchased from the American Type Culture
Collection. B16-F10.LacZ were a gift from Dr. Anne Chambers. All cells were cultured in
HyQ Dulbecco’s modified Eagle medium (High glucose) (HyClone) supplemented with 10%
fetal bovine serum (CanSera, Etobicoke, Canada). 6048R cells (gift from Dr. Vanderhyden)
were grown in aMEM with 10% FBS, 2.08 ug/mL EGF (R&D systems, Minneapolis, MN),

Ix of ITSS (Roche), Gentamicin, and Penicillin/Streptomycin (Invitrogen).

Female 6-week old Balb/C, C57BL/6, and CD1 Nude mice were purchased from Charles
River Laboratories (Wilmington, MA). Female 8-week old FVB/N MISIIRTAg transgenic
mice (line tg4568, a gift from Dr. Vanderhyden) were generated using the transgene
described by Connolly et al(31). These mice develop bilateral ovarian tumours of epithelial
origin with full penetrance and typically endpoint at 14 weeks of age. All experiments were
conducted with the approval of the University of Ottawa Animal Care and Veterinary

Service. Tumour area was calculated by multiplying the width by the length of the tumour.

Viruses

VSV-A51-GFP , VSV-A51-GMCSF, and wtVSV were grown in Vero cells and purified by
centrifugation or sucrose gradient banding and centrifugation. VSV-GLess was grown on
293G cells. Virus stocks were aliquoted in PBS, kept at -80°C, used once, and then
discarded. VSV-A51-GMCSF was cloned using PCR primers to murine GMCSF and

amplified off the pcDNA4.1-GMCSF vector. GM-CSF was cloned into the VSV-A51 vector
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at the Xhol and Nhel sites between the G and L genes and rescued in BHK-T7 cells.
Vaccinia virus used was the Wyeth strain with a deletion in the thymidine kinase (TK) and
vaccinia growth factor (VGF) genes. Virus was grown in HeLa cells and was purified on a
36% sucrose cushion and resuspended in PBS. ORFV was grown in OA3.T cells, purified
by sucrose cushion, and resuspended in PBS. Ad-DCT was provided by Dr. Bridle and

grown as previously published(20).

Tumour models and immunohistochemistry

Subcutaneous tumours were established by injecting 1x10° or 3x10° CT26.LacZ or B16-F10
cells in PBS on the hind flank of the mouse. Systemic dissemination models were seeded at
cell concentrations described in figure captions through intravenous administration in the tail
vein. B16-F10.LacZ-tumour bearing lungs were stained for 3-galactosidase activity to
visualize tumour nodules(135).

To analyze VSV replication in CT26.LacZ and B16-F10 tumours following intravenous
delivery, Balb/c or C57BL/6 mice were implanted with tumours subcutaneously, and
tumours were allowed to grow until reaching a sufficient size to dissect. Mice were then
injected IV with 5x10® pfu/100uL. 48 hours after injection, mice were euthanized; tumours
were excised and frozen in Shandon Cryomatrix freezing medium (TermoElectron,
Waltham, MA) in liquid nitrogen. Sum sections were stained by immunohistochemistry with
rabbit anti-serum raised against VSV (gift of Dr. Earl Brown) at a 1/5000 dilution for 30min.
Secondary antibody and ABC reagents were used as directed from the Vectastain ABC kit,
and Horseradish peroxidase activity was assessed using a Diaminobenzene-HRP kit (KPL
Biosciences, Guelph, Canada). Nuclei were counterstained with hematoxylin. Images were

obtained using an Epson Perfection 2450 Photo Scanner.
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Splenocyte transfer

Mice were treated as in the direct oncolysis model with 6 doses of VSV at 5x10° pfu/100uL
intravenously once tumours were palpable (as in Figure 3.1). Mice that had complete
responses were kept for at least 3 months to ensure long term responses. Splenocytes were
harvested and purified by Lympholyte-M gradient from mice that were naive, had a tumour
but received no treatment, or cured by VSV treatment. 5x10 of these isolated splenocytes
were transferred to naive mice IV, and these mice were then challenged 48 hours later with
3x10° CT26.LacZ cells on the right hind flank or 4T1 cells on the left flank. Tumour

outgrowth was monitored.

Infected cell vaccine

Tumour cells were harvested from tissue culture and aliquoted in Eppendorf tubes at 2x10’
cells / 200uL in PBS. These were irradiated for 30 Gy (CT26.wt), 45 Gy (6048R), or 60 Gy
(B16-F10) in a Pantak HF320 X-Ray machine. Virus or PBS was added to the tubes at
2x10° pfu in 200uL of PBS and incubated at 37°C for 2 hours, unless otherwise stated. The
mixture was then injected in mice, 100uL intraperitoneally, thereby giving each mouse 5x10°
irradiated cells and 5x10” pfu of virus per dose. For figure 3.7, the “irrB16 > F/T +
VSVgm” sample was irradiated, then subjected to 3 freeze/thaw cycles in a dry ice bath and
42°C water bath. Cells were then mixed with VSVgm before injection into the animal. For
the “VSVgm-ICV - F/T” sample, the ICV was made as usual and following the 2 hour
infection the mixture was subjected to 3 freeze/thaw cycles before injection as detailed
above. In the prophylactic model, mice were immunized on days -14 and -7, and then

challenged with 1x10° live tumour cells subcutaneously on day 0.
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In subcutaneous models, tumour measurements were determined with callipers until end
point was reached. In intravenous models, endpoint was reached when the mouse
demonstrated severe respiratory distress, had a mass larger than 15x15mm, or pre-
determined experimental endpoint was reached. Lungs were removed and fixed in 10%
formalin for at least 3 days. These were then blotted dry and weighed. Lungs were then
paraffin embedded and slices were analyzed by hematoxylin and eosin staining. Pictures
were taken on the Aperio ScanScope (Axiovision Technologies) and analyzed using Aperio

ImageScope soltware.

Flow Cytometry

Spleens and blood were harvested from mice at indicated timepoints, red blood cells were
lysed using ACK lysis buffer, and resuspended in RPMI+10% FBS. Tumour draining lymph
nodes were strained through a 100uM filter and washed in PBS. For examination of DC
maturation, cells were stained with cell surface antibodies for CD11¢c-PE-Cy7 (clone N418,
eBioscience), CD86/B7-1 (clone GL1, eBioscience), CD80 (clone 16-10A1, eBioscience),
CDA40 (clone 1C10, eBioscience), and MHC class II-FITC (clone M5/114.15.2, eBioscience).
For early lymphocyte activation, splenocytes were stained with CD3-PerCP (clone 17A2,
R&D systems), NK1.1-PE (clone PK136, BD Bioscience), and CD69-FITC (clone H1.2F3,
BD Biosciences). For IFNy, TNFa, or IL-12 intracellular staining, cells were first surface
stained with the above antibodies or antibodies against CD3-PE (clone 17A2, BD
Bioscience) or CD8-PECy5.5 (clone 53-6.7, BD Bioscience). Cells were then permeabilized
and fixed using the BD Cytofix/Cytoperm kit (BD Bioscience) and then stained with
antibodies against IFNy-FITC (clone XMG1.2, eBioscience) or TNFa-FITC (clone MP6-

XT22, eBioscience) and IL-12-APC (clone 15.6, BD Bioscience). For the examination of
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NK cell activation, splenocytes were re-stimulated for 1.5 hours with PMA and lonomycin;
during the last hour GolgiPlug (BD Biosciences) was added. These cells were then stained
with antibodies against CD3-PerCP, DX5-PE, Granzyme-B-PE-Cy7 (clone 16G6,
eBioscience), and IFNy-FITC and examined by flow cytometry.

All flow cytometry was performed on a Beckman Coulter CyAn and data analyzed with

Kaluza v1.1 software or FlowJo software 7.6.5.

Examination of cellular infiltrate of matrigel challenge tumour

Following the regular prophylactic immunization schedule, mice were challenged with
3x10° B16-F10 cells resuspended in 300uL of matrigel (BD Biosciences). Three days after
tumour challenge, mice were euthanized. Six hours before euthanasia, mice were treated IV
with 0.25mg Brefeldin A (Sigma), as previously published(45). Mice were euthanized and
matrigel plugs were excised from the flank, cut into approximately 1-3mm” pieces, and
disaggregated for 1-2 hours using a cocktail of collagenase type IV (Cooper Biomedical),
Dispase, and DNase I (Invitrogen) resuspended in HBSS at 37°C. This mixture was then

washed and stained for flow cytometry as described above.

Depletion studies

C57BL/6 mice were depleted of CD8" cells with an anti-CDS8 antibody that was supplied by
Dr. B Lichty (McMaster University). The mice were given 250ug of depleting antibody IP
on days -2 and 0 and 200ug on days 4, 8, 11, and 15. Depletions were confirmed by flow
cytometry by taking saphenous bleeds on day 4 and staining for CD3 and CDS, as well as

examining 4 spleens at endpoint.
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NK cell depletions were first performed with an anti-NK1.1 antibody from Dr. Lichty. Mice
were given 250ug of depleting antibody IP on days -2 and 0 and then 200ug on day 4.
Depletions were confirmed using an anti-DXS5 antibody to avoid epitope masking
complications on day 4 using PBMCs from saphenous bleeds. A second attempt at NK
depletion was performed using the commercially available anti-asialo antibody (Cedarlane,
Asialo GM1). The antibody vial was resuspended in 2mL of ddH»O and mice were treated
with 50uL IV on days -3, -1, 1, 4, 8, and 11. Depletions were confirmed by saphenous
bleeds on day 7 and staining with an anti-NK1.1 antibody. Mice began getting slow and ill
after antibody treatments as of day 11 and all mice were euthanized on day 14 after one

mouse was found dead.

T cell activity assays

Ex vivo peptide restimulation: Blood or spleen was harvested and processed with ACK lysis

buffer. Cells were stimulated with the VSV N peptide, the DCT peptide, or the GP100
peptide, as described by Bridle et al(21). Cells were stained with antibodies against CD3 and

CDS8 and then intracellular staining was performed with an antibody against IFNy.

In vivo CTL assay: donor splenocytes from C57BL/6 mice were stained with 0.5uM CFSE
and left unpulsed or they were stained with SuM CFSE and pulsed for 30 minutes at 37°C
with 10uM DCT and 10uM GP100 peptides. Both cell populations (pulsed and unpulsed)
were mixed 1:1 and then 2x10” were injected IV to the mice. These mice were euthanized
24 hours later; their spleens were processed by ACK lysis, and then examined for the
numbers of CFSE-positive cells by flow cytometry. Percent specific lysis = [1-

[(CFSE"Y/CFSE" in PBS mice)/( CFSE""/CFSE" in treated mice)]]x100.
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IFNy ELISA: Blood was harvested and processed with ACK lysis buffer. Two days before
harvest 5x10° B16-F10 cells were plated in each well of a 96-well plate. 4.7x10° peripheral
blood mononuclear cells (PBMCs) were incubated with nothing, or these B16-F10 cells, or
with a mixture of DCT and GP100 peptides and 0.4uL/100uL anti-CD28 antibody (clone
37.1, eBioscience) for two days. Supernatants were collected and assayed with a mouse
IFNy Quantikine ELISA (R&D Systems).

Chromium release assay: spleens from 3 mice per group were harvested and processed by

ACK lysis buffer. CD8" T cells were isolated by untouched mouse CD8" isolation kit
(Miltenyi Biotec) on an Automacs Pro cell sorter (Miltenyi Biotec) and counted by ViCell
(Beckman Coulter). B16-F10 cells were labeled with Chromium-51 (Perkin Elmer) in the
form of Na,CrO4 at 100 uCi for 60 minutes at 37°C. Targets (B16-F10 cells) were washed
and resuspended at a concentration of 5x10* cells/mL and incubated for 4 hours at 37°C with
various effector:target ratios. Supernatants were analyzed for chromium release by gamma

counter (Perkin Elmer).

Ex vivo dendritic cell assay

The extraction of mouse bone marrow and culture of monocyte derived dendritic cells was
performed according to a previously published procedure(13). Briefly, C57BL/6 mouse
bone marrow was extracted and cultured for 6 days in RPMI with 50uM 2-mercaptoethanol
and pen/strep with either 10ng/mL of rmGM-CSF or 10ng/mL rmGM-CSF and 20ng/mL
rmIL-4. These were then counted and incubated for 16 hours with either nothing (negative
control), 2ug/mL CpG-ODN 1826 (positive control), virus at an MOI of 3, or 1:1 ratio of

B16-F10 cells with virus at an MOI of 3. These were then washed, stained with antibodies
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against CD11c along with CD86 and CD40 or with TNFa and IL-12, and examined by flow

cytometry.

Prime/boost vaccination model

Tumour implantation and vaccination was performed as previously published(21). Briefly,
under anaesthesia, an incision was made on the mouse head and 1x10° B16-F10 cells in 2uL
PBS were injected directly in the brain at approximately 2mm to the right and 0.5mm above
bregma. The hole was plugged with bone wax and the scalp incision was closed with skin
glue. Mice were primed with 1x10® pfu of the Ad-hDCT intramuscularly on day 5 and then

boosted on day 19 with 2x10° pfu wtVSV-hDCT IV.

Histone deacetylase inhibitors
For in vivo use, HDIs were resuspended in 30% EtOH, 5% DMSO, and 65% distilled

water. For in vitro use they were resuspended in pure DMSO. Vehicles were always the
same as what the drug was resuspended in for that experiment. Mice were injected with

0.2mg of SAHA and Oxamflatin, and 0.1mg of MS-275, unless otherwise stated.

Neutralizing antibody assay
Anti-VSV neutralizing antibodies were titered by doing serial dilutions of mouse

plasma, starting at 1:50 and doing 1:2 dilutions from then on. These dilutions were
incubated with 2x10° pfu of VSV for 1 hour and then incubated for 48 hours at 37°C on a
monolayer of Vero cells plated in a 96-well plate. Cell viability was assessed using Alamar
Blue (Invitrogen) and detected using a Fluoroskan reader (Thermo). The titer was defined as

the plasma dilution at which cell viability was 50 percent of the cells only control.
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Statistical Analysis
All statistical analyses were determined using GraphPad Prism 5.0 software. Where

applicable, data are presented as mean + SEM and significance of variance was determined

by two-tailed T-test with Welch’s correction, unless otherwise stated.
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3 Harnessing Oncolytic Virus-Mediated Antitumour Immunity in an

Infected Cell Vaccine

3.1 Introduction: infected cell vaccines

Though the strategy described by Kottke et al(88) is an effective multivalent vaccine, it
would be quite laborious to make a personalized library of recombinant viruses for every
patient. Another strategy that has been explored by a few research groups for decades is the
idea of infecting tumour cells with viruses ex vivo and giving this back to the patients. This
has been termed an “oncolysate” by some groups or “virally-augmented tumour cells” by
others. The premise for this strategy is that virus infection of tumour cells increases their
immunogenicity, which is clearly demonstrated by the immune activation seen with OV
infections(14, 42, 51, 88). Many protocols of virus-infected tumour cell vaccines have been
attempted and with very different viruses. Initially wild-type viruses were used including
Influenza A by the Lindenmann group(97) and the Vaccinia smallpox vaccine strain by the
Wallack group(166). These studies, however, used long infection times and further lysed
cells by freeze/thaw and homogenization. Previous research from other groups has
determined that the immunogenicity of intact cells, healthy or UV-inactivated, is higher than
that of cellular lysates(143, 158). Moreover, cell lysates, as opposed to intact cells, inhibited

DC responsiveness to TLR ligands(158).

Another problem with previously used infected-cell vaccine platforms is the choice of
virus. The non-lytic Newcastle Disease Virus (NDV) used by the Schirrmacher group is not
immunogenic enough to lead to DC maturation on its own, instead it requires co-incubation
with LPS(46). The same has been found with adenovirus(142) and the Western Reserve(41,

71, 176), Copenhagen(38), and modified virus Ankara(71) strains of Vaccinia virus. Though
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this last result seems in contrast to the use of VACV as a vaccine vector against smallpox, it
was determined that VACV can lead to CD8" T cell responses through the infection of
already mature DCs(176). However, this would not be amenable for an infected cell vaccine
platform that requires active uptake by the DC, a trait largely down-regulated in mature
DCs(9). A virus that can stimulate DCs would be hypothesized to lead to a much greater
anti-tumour immune response when mixed with tumour cells. Of note, Livingston et a/ used
wtVSV to infect melanoma cell lines to create a vaccine but observed very limited responses.
However, in this case the infected cells were swelled, homogenized, enucleated, and the
virus UV-inactivated before treatment(101). It is reasonable to hypothesize that actively
replicating virus is more immunogenic than inactivated virus, as our immune system would
have evolved mechanisms of ensuring that potentially dangerous pro-inflammatory responses

do not occur without good reason.

The addition of cytokines into the genomes of viruses used in infected cell vaccines has
been noted to increase immune stimulation in some cases(55). The inclusion of IL-2 into
NDV enhanced cytokine secretion and cytotoxic functions of CD8" T cells(74). Another
cytokine often used in autologous tumour cell vaccines is GM-CSF(77). Though few studies
have examined the mechanisms behind the efficacy achieved with GM-CSF, the use stems
largely from research published in 1993 by Dranoff ez a/(37). They determined that GM-
CSF expression from irradiated B16-F10 cells led to a more potent whole cell vaccine, and
that this cytokine was better than nine other cytokines, including IL-2, IFNy, and TNFa.. It
was determined that this was CD4 and CD8 T cell dependent and also worked in numerous
other tumour cell lines(37). A study comparing a whole cell vaccine infected with vaccinia

virus to the same vaccine made with a GM-CSF-expressing vaccinia virus determined that

35



there were profound impacts on peritoneal macrophages. Macrophages from GM-CSF
vaccine-treated mice expressed higher levels of nitrite and TNFa, in addition to having
higher cytotoxic functions. In addition, peripheral blood lymphocytes and splenocytes

demonstrated higher cytolysis of tumour targets following GM-CSF vaccine treatment(77).

As discussed previously, many OVs have been reported to stimulate anti-tumour
immune responses, but these studies have largely been undertaken in tumour models
permissive to in vivo infection. However, not all tumours will be permissive to in vivo
oncolysis by OVs. For example, IFN responsive tumours will rapidly blunt the replication
and spread of most viruses. Conversely, the extremely broad tropism afforded by the
glycoprotein of VSV makes it able to infect nearly all mammalian cells when given at a high
multiplicity of infection (MOI) in vitro. In such a situation, the rapid replication kinetics of

the virus can outpace the cellular IFN response.

3.2 Hypothesis & Objectives

Hypothesis

I hypothesize that an infected cell vaccine made with an oncolytic VSV would lead to
potent DC stimulation and downstream NK and T cell anti-tumour responses. This vaccine
would protect mice from a later tumour challenge following prophylactic vaccination but
would also slow tumour growth in a therapeutic treatment setting. Because of the vast
number of immunomodulatory genes expressed by poxviruses, these will not lead to anti-

tumour responses when used in an infected cell vaccine.
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Objectives
1. Determine the importance of replication and T cells in the efficacy achieved by VSV.
2. Optimize a VSV infected cell vaccine for use in prophylactic murine tumour models.
3. Optimize a VSV infected cell vaccine for therapeutic treatment use in multiple
tumour models.

4. Determine the ability of poxviruses to perform in an infected cell vaccine.

3.3 Results

3.3.1 T cells and viral replication are required for VSV-mediated long-term tumour
regression

I examined the role of the T cell compartment in oncolytic VSV-A51 treatment of
cancer. A VSV-sensitive clone of CT26.LacZ, a colon carcinoma, was established in
immunocompetent and athymic nude mice. Mice were then treated with six intravenous (IV)
doses of VSV-A51-GFP, UV-inactivated VSV-A51, or PBS. In the immune-competent
mice, only those treated with VSV-A51-GFP had measurable responses, with 60 percent of
the mice demonstrating complete tumour clearance (Figure 3.1a,b). The athymic nude mice
initially responded to VSV treatment, demonstrating stable tumour sizes, but showed
marginal long term efficacy, with only 1 out of 10 mice having a durable response (Figure

3.1c,d).

Subsequently, immune competent mice demonstrating long-term complete responses
were used as splenocyte donors in an adoptive cell transfer. Naive immune-competent mice
that received splenocytes from VSV-treated and cured mice were not susceptible to

CT26.LacZ tumour growth, but were susceptible to syngeneic 4T1 growth (Figure 3.1e).
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Figure 3.1 — T cells are required for VSV-mediated long-term tumour regression

Balb/C (a, b) or athymic nude (c, d) mice were injected subcutaneously with 3x10°
CT26.LacZ cells. Immune competent Balb/C mice were treated starting on day 14 post
tumour implantation and nude mice were treated on day 10 to reflect a slightly faster
onset of tumour development. Mice were injected 6 times every 2 days with 5x10° pfu
of VSV-A51-GFP IV or equivalent amount of UV-inactivated VSV-A51 or phosphate
buffered saline (PBS). (a) Kaplan-Meier survival analysis of VSV-A51-GFP treatment
in Balb/C mice. N=8 per group. Statistical significance verified by the log rank test,
where p<0.0001. (b) Tumour area growth over time plotted only for VSV-A51-GFP
treated mice. (c¢) Kaplan-Meier survival analysis of VSV-A51-GFP treatment in nude
mice. N=10 for each group. Statistical significance verified by the log rank test, where
p<0.0001. (d) Tumour area growth over time plotted only for VSV-A51-GFP treated
mice. (e) Splenocytes were harvested from either naive mice, CT26.LacZ tumour-
bearing mice, or CT26.LacZ tumour-bearing mice cured with 6 doses of VSV-A51-
GFP. These splenocytes were injected IV into naive Balb/C mice, which were
challenged subcutaneously 48 hours later with CT26.LacZ cells. The table
demonstrates the percent of mice that grew a tumour. (f) Balb/C mice bearing
CT26.LacZ subcutaneous tumours were injected IV with 5x10°pfu of VSV-A51. Two
days later, mice were euthanized; tumours were harvested, and frozen. Sections were
stained by IHC for VSV.
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Splenocytes from naive mice and CT26.LacZ tumour-bearing, but untreated, mice were not

able to protect against subsequent tumour challenge.

UV-inactivated VSV was not able to induce any efficacy in the CT26 subcutaneous
model (Figure 3.1a). This leads me to reason that VSV replication in the tumour cells may
be necessary for immune stimulation. CT26.LacZ tumours are very sensitive to VSV and
demonstrate robust infection by immunohistochemistry at 24 hours following IV

administration (Figure 3.1f).

B16-F10 cells have been observed to be moderately type I IFN responsive and, as such,
might demonstrate poor VSV susceptibility at the low doses achieved during IV delivery. It
was determined that giving 1x10° B16-F10 cells subcutaneously led to consistent tumour
growth and endpoint (Figure 3.2). B16-F10 cells do not demonstrate any VSV replication in
IV-treated tumours (Figure 3.3a) and B16-F10 tumour-bearing mice have no response to
VSV-treatment (Figure 3.3b,¢), further demonstrating the importance of replication in

efficacy.

Though no VSV replication is detected in the B16-F10 tumours, a minimal amount of
replication is hypothesized to occur briefly after delivery. In an attempt to boost the anti-
tumour immune response generated from this minimal replication, the cytokines GM-CSF
and LIGHT were cloned into the VSV genome. GM-CSF is a potent immunostimulating
cytokine able to increase monocyte and macrophage migration and activation (149). LIGHT
(TNFSF14, homologous to Lymphotoxins exhibits Inducible expression and competes with
HSV Glycoprotein D for HVEM, a receptor expressed by T-lymphocytes) is part of the

tumor necrosis factor superfamily and delivers potent co-stimulatory signals to naive T cells.
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Figure 3.2— Optimizing the B16-F10 subcutaneous model

C57BL/6 mice were implanted with either 10°, 10, 10°, or 10° B16-F10 cells in 100uL
PBS subcutaneously. (a) Mice were monitored for tumour growth and (b) survival.
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Figure 3.3 — VSV replication is poor in B16-F10 tumours and leads to no efficacy

(a) C57BL/6 mice bearing B16-F10 subcutaneous tumours were injected IV with
5x108pfu of VSV-A51. Two days later, mice were euthanized, and tumours were
harvested and frozen. Sections were stained by [HC for VSV. (b) C57BL/6 mice
bearing B16-F10 subcutaneous tumours were injected 3 times a week starting on
day 6 with 6 doses of VSV-A51 IV. Tumour area growth over time plotted for PBS
(in black) and VSV-A51 treated (in red). N=6 per group. (c) Kaplan-Meier survival
analysis with statistics examined by log rank test where p>0.2. (d) Kaplan-Meier
survival analysis of B16-F10 subcutaneous tumour-bearing mice treated with
5x108 pfu VSV-A51-GFP, VSV-A51-GMCSF, VSV-A51-LIGHT, or PBS starting on day
8. Treatments continued every second day for a total of 5 doses, all were given IV.
Number of mice per group was as follows: PBS n=7, VSV-GFP n=8, VSV-GMCSF
n=8, VSV-LIGHT n=9. Statistics verified by Log Rank test.

41



Percent Survival

100

50

=+ PBS

+ VSV-A51-GFP |ns
-+ VSV-A51-LIGHT

-+ VSV-A51-GMCSF

ns

0 5 10 15 20
Days post tumour

t

Tumour area (m

Percent survival

3004

)
=]
i

-
o
o

— VSV-A51
— PBS

7

100-

50 -

5 10 15 20 25
Days post tumour

-+ PBS

ns| VSV-A51

o

10 20 30 40
Days post tumour



One study found that the expression of LIGHT on tumour cells initiated the recruitment and
activation of naive T cells that led to tumour rejection(177). However, neither of these

viruses performed better than VSV expressing GFP (Figure 3.3d).

3.3.2 VSV infection is a potent immune stimulator in a prophylactic ICV

The results so far demonstrated that VSV replication in a permissive tumour can elicit
a therapeutic anti-tumour T cell response. I examined whether I could generate a sufficiently
robust therapeutic response in VSV-resistant B16-F10 cells by infecting them ex vivo and
presenting this cocktail as an infected cell vaccine (ICV). This would bypass the necessity
for in vivo replication to mount an anti-tumour immune response. Though B16-F10 cells are
not readily permissive to VSV following IV delivery, complete infection can be achieved by

infecting the cells in vitro at a high MOI (Figure 3.4a).

As a safety measure, the cancer cells would be irradiated before infection to ensure that
no cell would have the means of dividing and initiating a new tumour after injection into the
animal. It was determined that 50 Gy was sufficient to inhibit cellular outgrowth in a colony
forming assay (Figure 3.4b). In addition, 60 Gy of gamma irradiation did not hinder viral

growth or release from these cells (Figure 3.4¢).

As a means of determining the immunogenicity of such a vaccine, irradiated tumour
cells were infected and assessed for their ability to provide protection against a future tumour
challenge (Figure 3.5a). This VSV-infected cell vaccine (VSV-ICV) was administered
intraperitoneally (IP) to mice on days -14 and -7, with a tumour challenge on day 0 (Figure

3.5b).
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Figure 3.4 — Optimizing the irradiation of B16-F10 cells

(a) B16-F10 cells were infected at an MOI of 10 with VSV-A51-GFP. GFP and bright
field microscope pictures taken at 24hrs post infection. (b) Colony forming assay to
determine the potential for cell division following various doses of gamma irradiation.
10, 100, or 1000 B16-F10 cells were plated following gamma irradiation or no
irradiation (mock) and two weeks later colony outgrowth was evaluated. All samples
were done in duplicate, except for mock that had 4 replicates. Data are mean + SEM.
(¢) B16-F10 cells were gamma irradiated with 0 or 60Gy and then infected in vitro at
an MOI of 10 with VSV-A51-GFP. Supernatants were harvested 48 hours later and the
titer was determined on Vero cells by plaque assay. Average titer of 3 wells in pfu/mL
+ SEM.
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Figure 3.5 - VSV acts as a potent adjuvant in a prophylactic B16-F10 infected cell

vaccine

(a) Schematic representing preparation of infected cell vaccine. (b) Prophylactic
ICV treatment timeline in days. (c¢) C57BL/6 mice were immunized with various
control or vaccine preparations according to the timeline in panel (b). They were
then challenged with 1x105 B16-F10 cells subcutaneously and tumour outgrowth
was monitored. Shown is the weighted mean + weighted standard deviation of
final tumour outgrowth for each group, averaged from results from multiple
experiments. The total number of mice tested, with the fraction exhibiting tumour
growth, is listed below the graph. (d) Balb/C mice were immunized with PBS,
gamma-irradiated CT26.wt cells, or a VSV-ICV made from CT26.wt cells according to
the protocol and timeline in (a) and (b). Mice were then challenged with CT26.wt cells
and outgrowth was monitored. Average of 2 independent experiments, N and
proportion of mice that grew a tumour are denoted below the bars on the graph.
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The immunization of mice with irradiated B16-F10 cells infected with VSV-A51-GFP
was able to completely protect 30% of mice tested (9 protected/29) from later live cell
challenge (Figure 3.5¢). Control groups immunized with PBS or irradiated B16-F10 cells
alone demonstrated complete susceptibility to the tumour challenge. These results were also
verified in a different mouse strain with the parental CT26.wt cell line (Figure 3.5d). Like
the B16-F10 cells, and unlike the clone CT26.LacZ, the parental CT26.wt cells are resistant

to VSV infection in vivo.

To increase the immune stimulatory properties of this vaccine, the preparation was
made with either the VSV-A51-GMCSF (VSVgm-ICV) or the VSV-A51-LIGHT (VSVlight-
ICV) viruses. The VSVgm-ICV prevented B16-F10 tumour engraftment in over 95 percent
of mice tested (21 protected/22) (Figure 3.5¢). However, the VSVI1ight-ICV did not improve
efficacy beyond what was afforded by the VSV-ICV. Due to the heightened efficacy of the

VSVgm-ICV, the VSV-A51-GMCSF virus was used for further characterization.

Gamma irradiation has previously been demonstrated to induce immunogenic cell
death in CT26 cells(117, 118) and to marginally increase the levels of MHC class I and II on
B16-F10 cells(2). The impact of altering the dose of gamma irradiation on the therapeutic
outcome of the VSV-ICV was investigated. Though 30 Gy was inadequate to completely
halt cellular division in B16-F10 cells, this dose coupled to VSV infection was enough to
inhibit the outgrowth of the vaccine. However, mice that received uninfected 30 Gy
irradiated B16-F10 cells succumbed to large masses in the abdomen from outgrowth of those
cells (data not shown). No difference was observed between 30 and 60 Gy in the VSVgm-

ICV in the B16-F10 model (Figure 3.6a).
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Figure 3.6 — Examining the impact of the dose of gamma irradiation on the VSV-
ICYV efficacy

(a) C57BL/6 mice were immunized with a B16-F10 VSVgm-ICV made with 30 Gy, 45
Gy, or 60 Gy of gamma irradiation. Percent outgrowth of the challenge tumour is
depicted with an N of 6 mice per group. (b) Balb/C mice were immunized with a
CT26.wt VSV-ICV as per the usual protocol and timeline as depicted in Figure 2.5a,b.
Vaccine was made with cells gamma irradiated with 30Gy, 45Gy, or 60Gy and there
were 5 mice per group, except for the 60Gy ICV that had 6. Percent outgrowth was
monitored (¢) along with survival. P values, * P<0.05, **P<0.005.
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A difference was observed in the CT26.wt model. Cellular division of these cells was
completely inhibited with 30 Gy of gamma irradiation (data not shown). Interestingly,
although 30 Gy irradiated VSV-ICV was able to protect the mice from tumour rechallenge,
there was a dose response whereby 45 Gy was not as effective and 60 Gy was even less

effective (Figure 3.6b,c).

Virus replication and spread or tumour cell integrity were examined for their
importance for ICV efficacy in the B16-F10 model. UV-inactivated VSV lacks the ability to
express any gene products and was unable to confer any protection (Figure 3.7a). G-Less
VSV is a recombinant that lacks the gene encoding the glycoprotein but is grown in cells
expressing VSV G. This virus infects cells and expresses N, M, L, and P genes. It can
package new virions, but these are not infectious(137). This virus was able to protect the
same proportion of mice as the VSV-ICV in this experiment (Figure 3.7a,b). These viruses
were compared to VSV-A51-GFP because neither UV-inactivated nor G-Less virus
expresses GM-CSF. To determine the importance of cellular integrity for the efficacy of the
vaccine, vaccine preparations were attempted by two other methods. Irradiated B16-F10
cells were first freeze/thawed multiple times before being mixed with VSV-A51-GMCSF
(irrB16 --> F/T + VSVgm). This preparation was not able to protect any of the 6 mice
treated. Alternatively, the VSVgm-ICV was made as per usual but was freeze/thawed
multiple times before injection (VSVgm-ICV --> F/T). This preparation protected 4 out of 7

mice.

Taken together, these results indicate that in two VSV-resistant cancer models
tumour cells infected with VSV-A51 can stimulate an anti-tumour immune response that is

capable of protecting mice from a later tumour challenge. In addition, the expression of
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Figure 3.7 — Deconstructing the VSV-ICV to better understand the role of viral
replication and cellular integrity

C57BL/6 mice were immunized with various preparations of B16-F10 VSV-ICV. (a)
Shown is the percent outgrowth from the one experiment in which that condition
was tested. (b) The Kaplan-Meier curve from one experiment.
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GM-CSF from infected cells greatly increased the immunization capabilities of the ICV in
the B16-F10 model. Interestingly, it seems that cellular integrity is important in conferring
immunological protection with this vaccine but virus need not replicate beyond the cells that

constitute the vaccine, as demonstrated by the VSVgLess-ICV.

3.3.3 VSVgm-ICV induces rapid innate immune activation

The activation of early innate immune cells following VSVgm-ICV treatment was
examined. Splenocytes were harvested at 24 hours post treatment and DCs were evaluated
for markers of activation. Mice treated with either VSVgm alone or VSVgm-ICV had a
higher proportion of activated DCs. This is demonstrated by a higher frequency of cells
expressing MHC II, CD80, and CD86, as well as higher expression levels of these
maturation markers (Figure 3.8a-c). In addition, a higher frequency of DCs in the blood
were observed to express CD80 (Figure 3.8d) and to have a higher overall expression of the

co-stimulatory molecule (Figure 3.8e).

Bone-marrow derived DCs produced both TNFa and IL-12 following VSV or VSV-
ICV stimulation (Figure 3.9a-d). However, the presence of GM-CSF in the VSV genome

did not enhance cytokine secretion by the DCs.

Splenic lymphocytes were examined for early activation through CD69 expression 15
hours after treatment with the VSVgm-ICV. CD69 is a marker of early lymphocyte
activation and is not found on naive lymphocyte populations(98, 127). NK and T cells from
VSVgm-ICV-treated mice demonstrate dramatically higher degrees of early activation than

control animals (Figure 3.10a). In keeping with this finding, at 24 hours post treatment, a
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Figure 3.8 - The VSVgm-ICV leads to dendritic cell and lymphocyte early
activation within 24hrs of vaccination.

C57BL/6 mice were immunized with the VSVgm-ICV or relevant controls IP and
euthanized 24hrs later. (a-c) Splenocytes or (d-e) PBMCs were stained and
examined by flow cytometry for dendritic cell markers of maturation. (a) Percent
of CD11c* cells that express MHC Il and/or CD86 and/or CD80. (b) Mean
fluorescence intensity of CD86 and CD80 staining on CD11c* cells normalized to
PBS levels. (c) Mean fluorescence intensity of MHC II staining on CD11c* cells. N=3
mice per group, except for VSVgm-ICV that had 4 mice. (d) Percent of CD11c+
cells in the blood expressing CD80 and the (e) mean fluorescent intensity of the
staining. All data presented as mean + SEM with 3 mice per group. P values, *
P<0.05, ** P<0.005, *** P<0.0001
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Figure 3.9 - in vitro DC stimulation with the VSV-ICV demonstrates cytokine
secretion

DCs were generated from C57BL/6 mouse bone marrow and incubated for 16
hours with various ICV preparations or controls. Cells were stained for CD11c and
then intracellular staining was performed for TNFa and IL-12. Percent of CD11c*
cells that were positive for (a) TNFa or (c) IL-12. Mean fluorescent intensity of (b)
TNFa or (d) IL-12 on CD11c* cells. Cells were assayed in duplicate and presented
as mean + SEM. P values; * P<0.05 as compared to all VSV or VSV-ICV bars.
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Figure 3.10 - The VSVgm-ICV activates blood and splenic NK cells

(a) C57BL/6 mice were immunized with the VSVgm-ICV or relevant controls and
euthanized 15hrs later. Splenocytes were stained and examined by flow cytometry
for NK1.1 and CD3 in addition to CD69. Percent of indicated cells that express
CD69 is demonstrated. (b-c) C57BL/6 mice were immunized IP with the VSVgm-
ICV or relevant controls and euthanized 24hrs later. PBMCs were stained and
examined by flow cytometry for CD3-NK1.1* cells and IFNy. Data are presented as
mean + SEM with 3 mice per group, except for VSVgm-ICV that had 4 mice. (d-e)
C57BL/6 mice were immunized IP with the VSVgm-ICV or relevant controls on
days -14 and -7 and then euthanized on day 1, at which point blood was harvested
and stained for CD3-NK1.1* cells and IFNy. (b,d) Percent of CD3-NK1.1* cells that
express IFNy. (c,e) Mean fluorescence intensity of IFNy staining on CD3-NK1.1+
cells normalized to PBS levels. All data presented as mean + SEM with 3 mice per
group (unless otherwise stated). P values, * P<0.05, ** P<0.005, *** P<0.0001

52



NN

VSVgm  mm VSVgm-ICV
PR S

MH s
% NN X
|- _ . . : T T T T 1
1 5 & § & ° © © < o~ o
- + N4l a1 3eus ,L" LN % ANAI 0 I4IN PaZijewIoN
d Q

T NN

MO

E= |rrB1 6
*k%
|
Kk

I T _ _ _ _
A
S g2 g8 2 9
1

s||92 uaa|ds pajeb 6900 %

1 H

% a I T T T I Ll 1 T 1

o o o o o o © © < N o
© © ¥ A 1

_”_ + N4l aJe jeys L' IMN % N4l JO IdIN P3zljewliON

“ o



higher frequency of blood NK cells from VSVgm or VSVgm-ICV-treated mice expressed
IFNy and more of the cytokine was expressed per cell (Figure 3.10b,c). However, NK cells

no longer express IFNy in the blood on the day of tumour challenge (Figure 3.10d,e).

3.3.4 VSVgm-ICV treatment increases activated T and NK cell tumour infiltration

To understand what cell types are responsible for tumour rejection in the prophylactic
B16-F10 model following VSVgm-ICV treatment, I implanted the challenge tumour in
matrigel, thereby allowing me to easily resect and disaggregate the tumour after 3 days
(Figure 3.11a). Mice were injected with Brefeldin A 6 hours before tumour harvest. This
allowed me to determine the expression profiles of tumour infiltrating cells while they are in
the tumour environment. T cells were 10 times more numerous in the tumour following
vaccination with the VSVgm-ICV than with irradiated cells alone or VSVgm (Figure
3.11b,c). This difference is even larger when compared to the PBS treated mice, with 30
times more T cells in the treated tumour. Indeed, over 8% of the tumour cellular content was
T cells, equal to a ratio of one T cell for every 12.5 tumour cells (Figure 3.11d). There was
also a much greater number of CD3 ' TFNy" cells in the tumour following VSVgm-ICV than

in any control group (Figure 3.11b,e,f).

Though no NK cells were observed to be activated in the blood at the time of challenge
(Figure 3.10d,e), VSVgm-ICV-immunized mice had 4- to 13-fold more NK cells in their
tumours than control treated animals (Figure 3.12a). There were more NK cells expressing
both IFNy and Granzyme B (Figure 3.12b) and more NK cells producing either cytokine
individually (Figure 3.12¢). Likewise, tumour-resident DCs demonstrated a more mature

phenotype with VSVgm-ICV treatment (Figure 3.12d,e).
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Figure 3.11 - Prophylactic immunization with the VSVgm-ICV leads to robust
activated T cell infiltration of the challenge tumour

(a) C57BL/6 mice were prophylactically immunized as described earlier with
VSVgm-ICV or controls. B16-F10 cells in matrigel were subcutaneously injected on
day 0. Tumours were resected on day 3 for enzymatic disaggregation and flow
cytometric analysis. (b) Representative dot plots demonstrating CD3* cells
expressing [FNy. (c) The total number of CD3* cells per tumour in each group. (d)
The percent of CD3* cells in the tumour. (e) The total number of CD3* IFNy* cells
per tumour in each group. (f) The percent of CD3* cells that were [FNy*. All data
are presented as mean + SEM with 5 mice per group. P values, * P<0.05, **
P<0.005.
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Figure 3.12 - NK cells and DCs are also more numerous in the challenge
tumour following VSVgm-ICV treatment

NK cell and DC flow cytometric analysis of the tumours described in Figure 3.11
further characterizing the cellular infiltrate in challenge tumour. (a) The total
number of NK1.1* cells per tumour in each group. (b) The total number of
NK1.1+*IFNy*GranzymeB* cells per tumour in each group. (c) The total number of
NK1.1+IFNy* cells and NK1.1*GranzymeB* cells per tumour in each group. (d) The
total number of CD11c*CD86* cells and (e) the percent of CD11c* cells that
expressed CD86. Pvalues, £, 1, , f, §, and € are all P<0.005. All data are presented
as mean + SEM with 5 mice per group. P values, * P<0.05, ** P<0.005, *** P<0.0005
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3.3.5 VSVgm-ICV leads to innate immune activation in the therapeutic setting

By means of investigating whether similar immune activation could occur in the
therapeutic setting, B16-F10 tumour-bearing mice were immunized with the VSVgm-ICV or
relevant controls. DCs in tumour-draining lymph nodes (TDLN) were assayed for maturation
phenotypes following VSVgm-ICV treatment (Figure 3.13). More DCs expressed MHC
class II as well as CD80 and CD86 upon VSVgm-ICV treatment (Figure 3.13a,b,¢), and the
TDLN DCs also had a higher expression level of all three activation markers. Similar
profiles were seen in the spleen of VSVgm-ICV treated mice, where a higher proportion of
DCs expressed CD80, CD86, and IL-12 (Figure 3.13d-f). In addition, a higher proportion of
blood NK cells were expressing [FNy (Figure 3.13g). Interestingly, whereas splenic
expression of maturation markers was statistically equivalent between VSVgm and VSVgm-

ICV-treated mice, TDLN responses were more pronounced with VSVgm-ICV treatment.

3.3.6 The VSVgm-ICV reduces tumour burden in the therapeutic setting

Having demonstrated that the VSVgm-ICV can protect mice from a tumour
challenge, the vaccine’s potency in treating established tumours was examined. Various
VSVgm-ICV treatment protocols were examined for the ability to delay tumour growth of
established B16-F10 subcutaneous tumours (Appendix I). From these experiments a
successful treatment protocol was established that consisted of treatments on days 1, 8, and
20 after inoculation of the tumour (Figure 3.14a). C57BL/6 mice bearing B16-F10
subcutaneous tumours were treated IP with VSVgm-ICV, irrB16, VSVgm, or PBS control.
Animals treated with the VSVgm-ICV had a dramatic delay in tumour growth. In contrast,
treatment with oncolytic VSV-A51-GMCSF resulted in similar tumour growths as seen in

PBS-treated animals (Figure 3.14b). Treatment with irradiated B16-F10 cells led to
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Figure 3.13 — The VSVgm-ICV leads to innate immune cell activation in B16-F10
tumour-bearing mice

C57BL/6 mice bearing 3 day old subcutaneous B16-F10 tumours were inoculated with
one dose of the VSVgm-ICV or a control. 24hrs later inguinal and axillary lymph
nodes, spleen, and blood were harvested. (a-¢) Percent of CDI11c" cells expression
activation marker and MFI of marker on CD1lc" cells in the lymph nodes. (d-f)
Percent of splenic CD11c" cells expression co-stimulatory molecules or cytokines. (g)
Percent of NK1.1"CD3" cells that expressed IFNy. All data are mean + SEM, with an N
of 3 mice per group. P values, * P<0.05, ** P<0.005.
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Figure 3.14 — Treatment with the VSVgm-ICYV significantly delays tumours growth
in a subcutaneous model of B16-F10

(a) C57BL/6 mice were implanted with 1x10> B16-F10 subcutaneous tumours
and treated IP according to the presented timeline. (b) Tumour area was
monitored and is shown in days following tumour implantation as mean + SEM
with 5 mice per group, except for the VSVgm only group that had 4. P values, *
P<0.05, ** P<0.005, *** P<0.0001
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marginally delayed tumour growth compared to the other control groups, though this was not
statistically significant.

A disseminated lung cancer model was also undertaken to examine the potency of this
vaccine. First the model was attempted with the B16.LacZ cell line, which would allow for
optimal visualization of the tumour burden. C57BL/6 mice were injected IV with B16.LacZ
cells, leading to tumour seeding in the lung. A similar treatment schedule as used with the
subcutaneous model was employed (Figure 3.15a). Mice were euthanized on day 28 to
examine tumour burden through f3-galactosidase staining. Lungs from VSVgm-ICV-treated
mice had a very low tumour burden, a substantial difference from control-treated lungs
(Figure 3.15b). However, irrB16-treated lungs also demonstrated a lower tumour burden
than VSVgm or PBS-treated lungs, though still higher than vaccine-treated lungs. It was
hypothesized that this was an artifact of the exogenous p3-gal transgene in those cells, which
might be leading to heightened immunization. Concomitantly, the efficacy achieved through
the VSVgm-ICV was examined when initial treatment was started either on day 3 or 4
following tumour inoculation. This was compared to the tumour burden of irrB16-treated
mice. In both situations, the VSVgm-ICV was better able to reduce tumour burden, even

when treatment was delayed by 4 days (Figure 3.15c¢).

As a consequence of the potential artifacts created by the presence of the (3-gal
transgene, a similar experiment was undertaken with the parental B16-F10 cell line. Mice
were given B16-F10 cells IV, leading to tumour seeding mostly in the lung, though
macroscopic tumours can also occur in the thymus, kidneys, and ovaries. Treatments were
initiated the following day and all mice were euthanized on day 22 to examine tumour

burden (Figure 3.16a). Treatment with VSVgm-ICV lead to undetectable tumour
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Figure 3.15 — Treatment with the VSVgm-ICV reduces tumour burden in a
systemic model of B16-F10.LacZ

(a) 8x10* B16-F10.LacZ cells were administered IV and then mice were treated
according to the timeline with PBS, VSVgm, irrB16 cells, or the VSVgm-ICV. (b) On
day 28, all mice were euthanized, at which point lungs were harvested and stained for (3-
galactosidase. Pictures were then taken using a macro setting on a digital camera. (c)
The first treatment was postponed until day 3 or 4 and all subsequent treatments moved
down as well. All animals were euthanized on day 28 and visualized as above.
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Figure 3.16 — Treatment with the VSVgm-ICV in the B16-F10 systemic
dissemination model leads to decreased tumour burden and normal lung weights

(a) C57BL/6 mice were injected IV with B16-F10 cells and treated according to
presented timeline with the VSVgm-ICV or controls. Mice were euthanized on day
22, and their lungs were weighed and fixed in 10% formalin. Lungs were then
sliced and analyzed by hematoxylin and eosin (H&E) staining. (b) H&E staining of
all mice in one experiment with representative sections demonstrating tumour
burden at endpoint. All lungs are on the same scale, with black bar indicating 2
millimeters. A higher magnification of a representative vaccine and control-
treated lung are presented on the right. One PBS mouse had the heart buried in
tumour, and so the organ could not be removed. A few control mice had tumours
in their thymus and so these organs were kept in the H&Es and weights. (¢) Lung
weights shown are pooled from 2 separate experiments and presented as mean +
SEM with variance analysis by Mann-Whitney test. Normal lungs are those from
mice that have not received any lung tumours or treatments. P values, * P<0.05, **
P<0.005, *** P<0.0001
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burden in 80 percent of mice and no other tumours were found in any of the animals. In
contrast, control-treated mice demonstrate heavy tumour burden, with one PBS-treated
mouse found dead before scheduled culling, in addition to 3 other PBS-treated mice, 1
VSVgm-treated mouse, and 1 irrB16-treated mouse having large growths in locations other
than the lung (Figure 3.16b,c). Lung weights demonstrated that the VSVgm-ICV-treated
mice had a much lower tumour burden than controls, identical to non-tumour bearing mouse

lungs.

This result highlights the strength of this vaccine platform; it is able to initiate anti-
tumour immune responses that are potent enough to slow the progression of a highly

aggressive, immunosuppressive, and VSV-resistant tumour.

The therapeutic VSVgm-ICV was also attempted in the CT26.wt tumour model.
Balb/C mice bearing CT26.wt flank tumours were treated on day 3 with the VSVgm-ICV,
irrCT26.wt, VSVgm, or PBS, all given IP. On day 15 mice were boosted (Figure 3.17a). In
addition to the homologous prime and boost with the ICV, priming with irrCT26.wt cells
followed by a boost with an ICV was also attempted (Figure 3.17b). This might lead to a
selective anti-tumour boost while only priming an anti-viral response. Intratumoural
treatments were also examined as a strategy in the boost situation (Figure 3.17¢). However,
only 2 groups demonstrated significant survival enhancement compared to PBS-treated
animals: the mice that were primed with irrCT26.wt or with VSVgm-ICV and then boosted
with VSVgm-ICV. A moderate delay in tumour growth was also observed for these two

groups compared to PBS (Figure 3.17d).
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Figure 3.17 — The VSVgm-ICV can delay tumour growth in a therapeutic model of
CT26.wt

(a) Balb/C mice bearing CT26.wt subcutaneous tumours were treated according to the
following timeline with various priming or boosting immunizations. (b) Kaplan Meier
survival curve of treatments comprising a boost immunization delivered IP. Groups are
named according to “prime —> boost” strategy. P Values; *P<0.05. (c¢) Kaplan Meier
survival curve of treatments comprising a boost immunization delivered
intratumourally. Same PBS group as in (b) for reference. There were 5 mice per group,
except for the VSVgm-ICV = VSVgm-ICV group and the irrCT26 = VSVgm-ICV,
which had 7. Data points are mean + SEM with P Values; * P<0.05 “irrCT26 —>
VSVgm-ICV” as compared to PBS group, # P<0.05 “VSVgm-ICV - VSVgm-ICV”
as compared to PBS group, ** P<0.005 as compared to PBS group.
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The therapeutic efficacy of the VSVgm-ICV was also investigated in a spontaneous
model of ovarian cancer. This model, herein named the MISIIRTAg model, is characterized
by bilateral ovarian tumours of epithelial origin that are very resistant to VSV-AS51 (personal
communication with Dr. B Vanderhyden). These FVB/N-MISIIRTAg mice consistently
reach endpoint at approximately 14 weeks of age due to large ovarian tumours and ascites.
One such tumour had previously been harvested and a cell line was established: the 6048R
cell line, which was used to make the infected cell vaccine. A small pilot study indicated
that the VSVgm-ICV could have efficacy in this model (Figure 3.18a,b). A more extensive
study was performed to investigate the efficacy of the VSVgm-ICV as well as determine if
IP treatment with VACVgm could enhance the efficacy of the vaccine (Figure 3.18c).
Unpublished research from the Bell lab indicates that VACYV replicates very well in these
tumours, but VSV-A51 does not, however, neither virus had efficacy in reducing tumour
burden or increasing survival. In addition, VACV replication can enhance VSV replication
through the secretion of BI8R(92). The only groups demonstrating a statistically significant
decrease in tumour burden were the VSVgm-ICV and VSVgm-ICV + VACVgm treated
mice (Figure 3.18¢,d). However, all treatment groups appear to trend towards lower tumour

burden as compared to PBS treated mice.

Antibody binding to tumour cells has been shown to increase phagocytosis and lead
to antigen presentation by APCs through binding of their Fc receptors(169). It was
postulated that antibody binding to the infected cell in the ICV might, therefore, enhance the
efficacy. To investigate this possibility, mice bearing B16-F10 flank tumours were treated
with the VSVgm-ICV or relevant controls. Anti-VSV antibody was generated through

immunization, either passive by serum transfer or active, with the goal of these antibodies
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Figure 3.18 — The VSVgm-ICYV reduces tumour burden in the MISITIRTAg model
of spontaneous ovarian cancer

(a) Trangenic MISIIRTAg mice previously confirmed to be homozygous for SV40 Tag
expression were treated with the VSVgm-ICV made with 6048R cells or PBS according
to the indicated timeline and euthanized at week 14. (b) Ovaries were harvested at
necropsy and weighed. Total ovary weight per mouse is graphed. (¢) A follow-up
experiment with more controls was undertaken. Mice were treated according to the
timeline with the VSVgm-ICV or relevant controls. In addition, a VACVgm IP
treatment was assessed for its ability to enhance the vaccine effect and was given 3 days
before the vaccine dose. All mice were born within 2 weeks of each other. P Values;
*P<0.05.
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coating the VSV infected cells. In addition, one group received VSVgm-ICV that was ex
vivo incubated with anti-VSV serum. Notably, all three groups that had anti-VSV antibodies

demonstrated a significant decrease in efficacy compared to the VSVgm-ICV (Figure 3.19).

3.3.7 Examining the role of NK and T cells in the efficacy achieved with the VSVgm-ICV

To investigate the role of NK cells in the therapeutic efficacy of VSVgm-ICV, the
B16-F10 IV model described in Figure 3.16 was established in mice depleted of NK cells
using NK1.1 antibody. To simplify the model, only one dose of the ICV was administered
and animals were euthanized on day 16 (Figure 3.20a). Confirmation of depletion was done
on day 4 on saphenous bleeds by flow cytometry after staining with anti-DX5. Only a slight
depletion in NK cells (Figure 3.20b). Though the flow cytometric examination of the
depletion did not yield statistically significant results, the mice demonstrated a large increase
in tumour burden in both the lung and the liver, which was never noted in the undepleted
mice (Figure 3.20¢). Surprisingly, the VSVgm-ICV was still able to debulk a large
proportion of the tumours in the face of a partial NK depletion and with only one dose

(Figure 3.20d).

Another NK depletion was undertaken using a commercial anti-asialo depleting
antibody and mice were treated with two doses of ICV (Figure 3.21a). Depletions were
monitored at day 4 as before (Figure 3.21b) and at endpoint by examining the spleen
(Figure 3.21c¢); both demonstrating a good depletion of NK cells. Mice treated with the anti-
asialo antibody had a similar tumour burden as those depleted with the anti-NK1.1 antibody
(Figure 3.20c). However, mice treated with the anti-asialo antibody did not tolerate the
treatment beyond the first 10 days and had to be euthanized early because of declining health

due to the antibody

66



Figure 3.19 — The presence of anti-VSV plasma reduces ICV efficacy

This experiment is the same as the one presented in Figure 2.14 but with three extra
groups. The active immunization group was immunized with 5x10° pfu VSVgm 10
days prior to B16-F10 implantation. The passive immunization group received 120uL
of immune plasma from mice actively immunized one day prior to their first and second
VSVgm-ICV dose. The “VSVgm-ICV + Ab ex vivo” group had their ICV made as per
the usual protocol for a 2 hour incubation, then 400uL of ICV was incubated for 1 hour
with 120ul immune serum at 37C. To accommodate this preparation, all ICV
preparations were extended to 3 hour incubations. There were 5 mice per group.
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Figure 3.20 — One dose of the VSVgm-ICV can impede tumour growth in the face
of a partial NK depletion

(a) C57BL/6 mice were treated with an anti-NK1.1 antibody and the VSVgm-ICV or
PBS. Mice were injected IV with 7x10* B16-F10 tumours on day 0. (b) Confirmation
of depletion on day 4 using anti-DXS5 antibody using 3 mice per group. (¢) Tumour
burden in the livers and lungs in PBS + anti-NK1.1-treated mice. (d) Tumour burden
in the livers and lungs of VSVgm-ICV + anti-NK1.1-treated mice.
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Figure 3.21 — The VSVgm-ICV maintains moderate efficacy despite NK depletion

(a) C57BL/6 mice were treated with an anti-asialo antibody or nothing and immunized
with the VSVgm-ICV or PBS according to the given timeline. (b) Depletions were
confirmed on day 7 using an anti-NK1.1 antibody on PBMCs with 2 mice per group.
(¢) Splenic NK1.1 content at endpoint in VSVgm-ICV-treated mice. (d) Livers were
examined for tumour burden in the anti-asialo treated mice and enumerated under
dissecting microscope. (e) Lungs were examined for tumour burden in the anti-asialo-
treated mice. Tumour nodules were too numerous to count in the PBS-treated group.
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injections. The VSVgm-ICV was still able to decrease tumour burden in the depleted mice,

though to a lesser extent than what was previously seen (Figure 3.21d).

To determine the contribution of CD8" T cells in the therapeutic efficacy of the
VSVgm-ICV, experiments were undertaken in the presence or absence of anti-CDS8 depleting
antibody (Figure 3.22a). The depletion was first confirmed at day 4 on saphenous bleeds by
flow cytometric analysis (Figure 3.22b,c) and then again at sacrifice on splenocytes (Figure
3.22d). The CD8 depletion was confirmed to be potent and long-lasting. Pictures and
weights of the harvested lungs and other tumours reveal a slight decrease in efficacy of the
vaccine in 3 of the 8 mice treated with the VSVgm-ICV+aCDS8 (Figure 3.22e,f), though no
statistical significance was achieved in the tumour weights (p=0.1246). The same four

normal lung weights from Figure 2.16 are represented here for comparison.

An additional group was treated with the VSVgfp-ICV to allow for examination of
the impact of GM-CSF in the therapeutic efficacy of the VSV-ICV in this model. As
opposed to the decrease in efficacy seen in the prophylactic ICV, the VSVgfp-ICV suffered

no loss in efficacy as compared to the VSVgm-ICV (Figure 3.22f).

Peptide-based T cell assays were used to measure the cytokine secretion abilities of
CDS8" T cells following VSVgm-ICV. Mice bearing B16-F10 subcutaneous tumours and
treated as in Figure 3.14 had blood harvested on day 10 post tumour inoculation (Figure
3.23a). PBMCs were re-stimulated for 5 hours with either VSV N peptide or both the
GP100 and DCT peptides, to measure anti-B16-F10 immune responses. IFNy intracellular
staining was then performed on these cells. Though a robust anti-VSV response was

measured (Figure 3.23b), no anti-GP100/DCT response was observed (Figure 3.23c¢).
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Figure 3.22 — The VSVgm-ICV maintains efficacy despite a strong CD8 depletion

(a) C57BL/6 mice were used in the B16-F10 systemic dissemination model as
described previously and treated with an anti-CD8 antibody IP following the specified
timeline. (b) Flow cytometry dot plots of the depletion confirmation on day 4 PBMCs
using anti-CD3 and anti-CD8 antibodies. (¢) Summary of findings from (b) denoting
percent of PBMCs that are CD3'CDS8". (d) CDS8 flow cytometry on spleens at
endpoint. (e) Pictures of lungs and systemic tumours demonstrating tumour burden.
(f) The total weight of systemic tumour burden with mean + SEM. N was 8 mice per
group, except for VSVgfp-ICV that had 9. Normal non-tumour bearing lungs are
included for comparison. P Values; *P<0.05.
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Figure 3.23 — T cell assays using DCT/GP100 peptides

(a) C57BL/6 mice from figure 2.14 treated according to the specified timeline were
bled on day 10 and their PBMCs assessed for reactivity against the (b) VSV N or the (¢)
DCT/GP100 peptides by IFNy intracellular staining. (b-¢) Following in vitro
stimulation with either no peptide, the VSV N peptide, or the B16 peptides
(DCT/GP100), PBMCs were assessed for percent of CD3'CD8" cells that were
expressing IFNy. There were 5 mice per group. (d) In vivo CTL assay performed on
mice treated according to the specified timeline. (e) Percent specific lysis of the
CFSE™&" + peptide labeled splenocytes in all groups. There were 4 mice per group,
except the PBS group that had 3. No statistical significance was achieved for any

group.
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The previous assay required the isolation of immune cells from the animal and
assumed that the tumour reactive T cells were in the blood. To bypass this assumption an in
vivo CTL assay was performed in the therapeutic B16-F10 flank model. Splenocytes from
naive syngeneic donors were harvested and labeled with low CFSE or high CFSE plus the
peptides of interest, which in this case were the GP100 and DCT peptides (Figure 3.23d).
These were injected into tumour-bearing treated mice. The ratio of recovered cells correlates
to the immune activation targeting those antigens; no responses were observed against

GP100 or DCT (Figure 3.23e).

Both previous assays relied on the re-stimulation of CD8" T cells with peptides,
assuming that the response against those peptides would be strong enough to measure. To
circumvent this potential problem, two assays were undertaken against whole B16-F10
targets, vastly increasing the number of antigens presented to the effectors. IFNy production
was examined from whole PBMCs incubated with B16-F10 cells for 48 hours. These
PBMCs were from the mice treated in Figure 3.22 and the cells were harvested on day 22,
when lungs were examined. The results demonstrate a strong trend towards increased IFNy
production in the PBMCs from VSVgm-ICV treated mice, though not only dependent upon
ex vivo re-stimulation (Figure 3.24a). Baseline cytokine secretion was increased in the
VSVgm-ICV mice, however, there appears to be a moderate decrease in IFNy production in
mice whose CD8" cells were depleted (Figure 3.24b,c). The difference between
unstimulated and whole B16-F10 cell-stimulated PBMCs demonstrates a statistically

significant increase in IFNy secretion for VSV-ICV-treated PBMCs (Figure 3.24¢). In

addition, VSVgm-ICV PBMCs have slightly increased IFNy secretion following

73



Figure 3.24 — T cell assays using whole B16-F10 cells as targets

(a) Mice from figure 3.22 had their blood taken at endpoint and PBMCs were
incubated for 48 hours with nothing, whole B16-F10 cells, or a mix of DCT/GP100
peptides and anti-CD28. Supernatants were then assayed for IFNy by ELISA. There
were 8 mice per group, except for VSVgfp-ICV that had 9. (b) Graph depicting the
IFNy production on a per mouse basis during PBMC incubation with nothing or with
whole B16-F10 cells, showing an upward trend. (¢) Mean +SEM difference between
PBMCs incubated with nothing and those incubated with whole B16-F10 cells. (d-e)
Chromium release assay against B16-F10 targets on the CD8" cells of undepleted mice
from figure 3.21, 3 mice per group. (d) The percent of CD8" cells following magnetic
selection in both groups. (f) The average percent killing of B16-F10 targets by CD8"
effectors at various effector to target ratios. Data points are mean of 3 mice + SEM, P
Values; *P<0.05.
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re-stimulation with whole B16-F10 cells when compared to unstimulated PBMCs. PBS-

treated mice have no IFNy production, with or without re-stimulation.

A chromium release assay was also used to examine the anti-B16-F10 response of
CDS" splenocytes. In this case, spleens were harvested from the mice in Figure 3.21 on day
16 post B16-F10 cell injection. CDS" cells were isolated through negative selection (Figure
3.24d) and were incubated with chromium’'-labeled B16-F10 cells. The results
demonstrated a trend towards increased B16-F10 death only when targets were incubated

with the CD8" cells from VSVgm-ICV-treated mice (Figure 3.24e).

3.3.8 Poxviruses do not exhibit immune stimulatory capabilities in an ICV platform

ORFV has been demonstrated to stimulate both DCs and NK cells, leading to robust
immune responses against viral pathogens(168) and cancer(135). However, the mechanism
of this anti-cancer response is not fully understood, though it does appear to be partially NK-
dependent(135). To determine if ORFV could perform as VSV does in the ICV, a
prophylactic B16-F10 vaccination was performed with ORFV (Figure 3.25a). The cell
number was decreased to 5x10° to better suite the titers of available ORFV stocks and a
VSV-ICV was made in the same way for comparison. While a delay in tumour growth was
achieved by immunizing with 5x10° VSV-infected cells (Figure 3.25b), it is not as
protective as with 5x10° cells, which protects approximately 30% of immunized mice from
tumour growth (Figure 3.5). However, the ORFV-ICV failed to protect the mice against the

tumour challenge, leading to tumour growth and survival identical to control-treated animals.

In addition to the prophylactic ICV, a therapeutic ORFV-ICV was performed to rule

out its potential in eliciting a protective NK cell response during ICV immunization
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Figure 3.25 — An ORFV-ICYV does not protect from tumour growth in prophylactic
or therapeutic B16-F10 models.

(a) C57BL/6 mice were treated with gamma-irradiated B16-F10 cells (irrB16), the
ORFV-ICV, or the VSV-ICV made the same way as the ORFV-ICV for comparison.
There were 5 mice per group, except for the PBS group that had 6. (b) Graph of the
mean tumour area over time + SEM. (c¢) B16-F10 tumour-bearing mice were treated
according to the timeline with PBS, irrB16 only, ORFV, or an ORFV-ICV. (d) Kaplan
Meier survival plot with 6 mice per group, except for irrB16 only that had 7 and P
Values are *P<0.05, **P<0.005.
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(Figure 3.25¢). To increase the efficacy of the vaccine, 5x10° cells were used per dose and
cells were infected with an MOI of 3 instead of 10, which should infect most or all cells
nonetheless. However, the ORFV-ICV was unable to enhance the slight delay in tumour

growth achieved with irrB16 cells only (Figure 3.25d).

Vaccinia virus is a current oncolytic clinical candidate and is demonstrating great
promise as a robust anti-cancer agent(17, 69, 100, 122). This virus has also been widely
used as the vaccine for smallpox and (115). However, these Vaccinia uses differ from the
ability to induce a protective immune response when replicating in a tumour cell, as is
necessary in an ICV. The mutant Vaccinia used in the following studies has a deletion in the
TK gene and was engineered to express human or murine GM-CSF. Because human and
mouse GM-CSF are species specific, the human GM-CSF-expressing virus is considered to
be null for GM-CSF in the mouse(145). A prophylactic VACV-ICV was performed to
examine the immunization capabilities of such a vaccine. The vaccine was also attempted
with Vaccinia expressing murine GM-CSF (VACVgm). Neither virus was able to protect
mice against B16-F10 challenge (Figure 3.26a), though a very slight delay in tumour growth
was observed with the VACVgm-ICV (Figure 3.26b). As with ORFV, VACVgm was also
not able to delay tumour growth in a therapeutic model of B16-F10 (Appendix IT). A
comprehensive optimization of the VACVgm-ICV was undertaken to determine if
therapeutic efficacy could be augmented through alterations in the ICV protocol. An initial
experiment was performed where each ICV preparation differed from the last in only one
way, to better assess the impact of each alteration. A trend towards fewer lung tumours is

observed when the VACVgm-ICV was allowed to infect for 24 hours instead of 2 hours.
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Figure 3.26 — A VACV-ICV does not enhance tumour protection in a prophylactic
model of subcutaneous B16-F10

(a) C57BL/6 mice were treated according to the regular prophylactic protocol. VACV
either expressing human GM-CSF (VACV-ICV) or the murine GM-CSF (VACVgm-
ICV) was used. Kaplan Meier survival curve with 5 mice per group, except for the
VACVgm-ICV, which had 6. (b) Average day to tumour outgrowth for all groups +
SEM, with P Value; *P<0.05.
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The model was repeated with an earlier first treatment to favour therapeutic efficacy with the

vaccine but the results did not show the trend previously observed (Appendix II).

The impact of VSV, VACV, and ORFV on DCs has been previously investigated in
the literature; however, they have never been compared to understand their relative impact.
In addition, there are conflicting reports as to the ability of VACV to induce DC maturation
(70, 71, 176), though many publications do not indicate which strain of VACV they were
using. To determine the impact of these viruses on DC maturation, an in vitro stimulation
assay was performed with bone-marrow derived DCs (BM-DCs). The BM-DCs were
incubated for 16 hours with no stimulation (negative control), CpG (positive control), or each
virus at an MOI of 3. The BM-DCs were then analyzed by flow cytometry. Previous
publications have noted the ability of VSV-A51 to induce DC maturation (14), and this
finding was corroborated (Figure 3.27). Upon incubation with BM-DCs, vaccinia virus was
unable to increase the expression of the co-stimulatory molecules CD40 or CD86 (Figure

2.27a-d). ORFV demonstrated an intermediate phenotype between VSV and VACV.

To better understand the BM-DC response when virus is in the context of an
immunosuppressive tumour, B16-F10 cells were co-incubated with BM-DCs with or without
a VSV or VACV infection. Interestingly, adding B16-F10 cells to the BM-DCs greatly
reduced the background level of CD40 and CD86 (Figure 2.27e-h). Upon addition of VSV,
the mean expression level of CD86 returned to baseline on the BM-DCs, and more of these
cells were positive for this protein. CD40 expression increased moderately above baseline.
Surprisingly, when VACV was added to the B16-F10 and BM-DC co-culture, the expression

of CD40 and CD86 decreased even further.
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Figure 3.27 — In vitro DC maturation assay demonstrates potent VSV
immunogenicity

DCs were matured in vitro and incubated for 16 hours with various stimulants and then
assayed for the expression of CD86 or CD40 by flow cytometry. (a, ¢, e, g) Percent of
CDllc+ cells expressing co-stimulatory marker. (b, d, f, h) Mean fluorescence
intensity of co-stimulatory expression on CD11c" cells. All samples were performed in
duplicate.
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3.4 Discussion

Oncolytic viruses are emerging as promising clinical candidates that target tumours on
multiple fronts. Importantly, many have been observed to stimulate anti-tumour immune
responses when replicating in susceptible tumours(108). However, not all tumours are
susceptible or permissive to these viruses. I sought to optimize and test an OV vaccine that
could be used with all tumour types, regardless of in vivo permissivity for the virus,
harnessing the anti-tumour immune response generated when an immunogenic virus

replicates in tumour cells.

I chose VSV-AS51 for several reasons. Firstly, VSV has an extremely broad tropism,
perhaps one of the broadest. Its glycoprotein can bind most or all mammalian cells(137).
Though many tumours may not be permissive to in vivo infection with VSV-A51 due to an
intact IFN response, nearly all cells are permissive when infected at a high MOI in vitro. In
this situation the virus can easily replicate and kill the cells before the IFN response takes
hold. Another reason for using VSV is its strong immunogenicity. VSV-A51 has been
published to infect DCs in vitro, and those infected DCs stimulate the activation of NK and T
cells(14). In addition, this NK cell stimulation depends on the production of type I IFNs(15),
indicating that VSV-A51 may be more stimulatory to NK cells than wtVSV. Similarly, the
A51M mutation means that this virus does not inhibit cytokine production by infected cells.
A similar VSV-M mutant was shown to induce more potent conventional DC stimulation
than wtVSV(3). Indeed, many large viruses express immunomodulatory proteins that
suppress pro-inflammatory cytokines and cells(144). These would arguably not perform as

well in a vaccine of this sort. VSV-A51 was also chosen because it can be engineered to
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express a foreign transgene, and it is safer than wtVSV, having a 4.5 log higher LD50 in

immune competent mice following intranasal administration(153).

The efficacy obtained with VSV-AS51 in the permissive CT26.LacZ colon cancer model
was observed to be largely dependent on an intact T cell compartment and that mice cured
with this OV treatment generated a robust anti-tumour immune response (Figure 3.1). In
addition, a UV-inactivated virus performed identically to PBS, indicating that replication is
required for long term complete response. Moreover, this efficacy did not translate to
tumours that are resistant to in vivo infection following systemic delivery of VSV (Figure
3.3). I propose that the deficit in efficacy due to the lack of in vivo replication could be
overcome by infecting irradiated tumour cells in vitro, and then injecting this ICV into the
mouse. In fact, an ICV using VSV-A51-GFP was able to protect 30% of mice from future
B16-F10 tumour challenge, and 80% of mice from CT26.wt tumours in a prophylactic
setting (Figure 3.5¢,d). I hypothesize that this is through multiple mechanisms. Firstly,
once the infected tumour cell is phagocytosed by a DC, viral RNA can bind to several PRRs
(namely TLR7(3) and RIG-I(79)) to stimulate maturation. Unlike TLR agonists, viruses
deliver a sustained TLR signal allowing for activation even in the presence of regulatory
cells(175). It is also possible that VSV infection alters the immunogenicity of the cancer
cells, either through triggering an upregulation of MHC I through the IFN pathway(134) (in
IFN-responsive cells), or through the induction of immunogenic cell death. Immunogenic
cell death requires the presentation of calreticulin (CRT) on the cell surface, as well as the

release of ATP and HMGBI1 from the dying cells(6, 54, 118).
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3.4.1 What does GM-CSF contribute to the VSV-ICV?

Interestingly, cloning the cytokine GM-CSF into the viral genome greatly increased the
potency of the ICV. Specifically, the VSVgm-ICV protected 95% of mice from future
tumour challenge (Figure 3.5¢). Previous research into this cytokine can offer insight into
what may be happening. GM-CSF enhances the recruitment and maturation of monocytes
and granulocytes(149). A previous group had made a recombinant wtVSV with GM-CSF in
the first position of the genome. However, having a transgene at this position greatly impairs
viral replication kinetics, decreasing viral gene transcription by 30 percent and leading to 2
logs lower viral yields(133). To avoid viral attenuation, GM-CSF was cloned into the fourth
position, between the G and L genes. In this way, viral gene transcription of all genes but L
is not affected, and viral titers are not hampered(89). Interestingly, though replication
attenuated viruses usually elicit lower CD8 T cell responses, the GM-CSF expressing wtVSV
was still able to elicit strong responses, perhaps indicating that GM-CSF enhances T cell
activation. A larger anti-VSV N memory T cell population was also observed in mice
primed with wtVSV-GMCSF, and those memory cells expanded to a much greater extent
following a VSV N boost. Therefore, GM-CSF expression in wtVSV appears to enhance
both memory T cell production and recall within the mouse. No difference in neutralizing
antibody production was detected, however, a greater macrophage infiltration of the lung
was seen specifically with GM-CSF production(133). There have also been observations
that type I IFNs can enhance GM-CSF-mediated DC maturation and subsequent Th1 T cell
responses(139), leading me to believe that VSV-A51-GMCSF might be even more potent at
DC stimulation than wtVSV-GMCSF. Previously discussed research also implicated

macrophages in the effects seen with GM-CSF; these macrophages demonstrated increased
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TNFa production and cytolytic functions(77). Therefore, it is possible that the VSV-derived
GM-CSF leads to enhanced DC, macrophage, and neutrophil recruitment to the site of ICV
delivery, which in this case is the peritoneum. In addition, GM-CSF could improve DC and
macrophage maturation, promoting more robust CD4 and CDS8 T cell responses and memory

phenotypes. However, these speculations remain to be proven.

3.4.2 Deconstructing the VSV-ICV

Though UV-inactivated VSV does not lead to sufficient immune stimulation, a G-
Less VSV was able to recapitulate the tumour protection achieved with fully replication-
competent virus (Figure 3.7). Therefore, a basal level of viral replication is required, though
it need not replicate beyond the initially infected cells that constitute the vaccine. A
requirement for cellular integrity was also observed. There was a decrease in efficacy when
the VSVgm-ICV is fragmented by freeze and thaw cycles before injections. This may reflect
the greater immunogenicity of intact cells as compared to lysed cells(158). However,
efficacy decreased much more dramatically when freeze and thaw cycles were done before
the addition of VSVgm to the irrB16 cells (irrB16>F/T + VSVgm). Lysing cells before
virus would preclude viral infection. Consequently, the inability of this preparation to
stimulate a protective immune response may point to the importance of the tumour cell being
infected, and not simply admixed with replication competent virus. Thus, it is reasonable to
hypothesize that this vaccine does not simply present viral danger signals in the context of
tumour antigens. Instead, it is speculated that viral infection of cells initiates critical
immunogenic processes that, coupled with tumour-associated antigens, lead to robust
immune activation. What these immunological processes are remains to be determined. The

examination of known immunogenic cell death signals, like cell surface calreticulin
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exposure, or HMGB1 and ATP release may be a good starting point(6, 54, 118). In addition,
viral infection of an intact cell is quite immunologically relevant, offering persistent toll-like

receptor ligation required for a robust immune response(175).

The dose of irradiation used to stop cell division also had a large impact on the
efficacy of the VSV-ICV in the CT26.wt model (Figure 3.6b,c). Though no impact was
observed on the B16-F10 cells, they also required a much higher dose of radiation to halt cell
division. 60 Gy was required to stop colony formation in the B16-F10 cells, whereas less
than 30 Gy was required for the CT26.wt cells to observe the same cellular phenotype.
Accordingly, a decrease in efficacy may have been observed in the B16-F10 cells had the
dose of radiation been increased higher than the dose required to stop cell division, as was
used in the CT26.wt cells. Though research suggests that the dose of irradiation can alter the
immunogenicity of cells, it is generally observed that higher doses of radiation lead to
stronger anti-tumour responses through the induction of immunogenic cell death(44). It is
currently unknown by what mechanism(s) increased radiation is decreasing vaccine

effectiveness in this model.

3.4.3 The VSVgm-ICV stimulates innate immune effectors

Treatment with the VSVgm-ICV leads to the maturation of DCs in the spleen and
blood of tumour naive animals and is also observed through in vitro assays (Figure 3.8 and
3.9). Not surprisingly, VSVgm and the vaccine lead to the same level of early immune
activation. VSV has previously been reported to potently activate DCs in vitro. Injected IP,
VSV will productively infect the first cells it encounters; thereby initiating immune
activation due to viral infection. However, no anti-tumour immune responses were detected

at late timepoints with VSVgm alone (Figure 3.11, 3.12, 3.15, and 3.16) and, importantly,
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no auto-immune sequelae have ever been observed with VSVgm treatment, whether IP or IV
(data not shown). Interestingly, in tumour-bearing mice, only treatment with the VSVgm-
ICV led to enhanced DC maturation in the TDLN (Figure 3.13). However, similar DC

maturation in the spleen was observed for VSVgm and the VSVgm-ICV.

NK cells are becoming increasingly studied for their important role in tumour
rejection. They have the ability to recognize and kill tumours cells, and their activation and
tumour infiltration has also been associated with clinical benefit (47, 102). Importantly, the
VSVgm-ICV is observed to activate NK cells. Though the VSVgm-ICV is demonstrated to
activate NK cells 24 hours after prophylactic vaccination, they do not likely play a role in
challenge tumour rejection as tumour implantation occurs after NK cells have returned to
baseline (Figure 3.10b-e). Though seemingly related to the vaccination, I propose that the
NK cell infiltration and activation observed in the challenge tumour following VSVgm-ICV
is in fact a consequence of activated T cell infiltration (Figures 3.11 and 3.12). Previous
research indicates that T cells can activate NK cells in this manner(43). Importantly, NK cell
activation following VSVgm-ICV was observed in the therapeutic setting (Figure 3.13g) and
should have a significant role in this situation through the early tumour cell killing and
through the induction of inflammation at the tumour site. NK cells have been demonstrated
to be important in mediating early tumour killing and cytokine secretion, which further
amplifies Th1 responses(106, 150, 162). Certainly, the large quantity and activated nature of
the T cells observed infiltrating the B16-F10 challenge tumour only 3 days after implantation

indicates that the VSVgm-ICV initiates an effective Th1 T cell response.
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3.4.4 Therapeutic efficacy achieved with the VSVgm-ICV

The strength of this vaccine is highlighted by its significant impact in therapeutic
models of cancer (Figures 3.14-3.18). Notably, therapy could be delayed to 4 days after
systemic dissemination of tumours while still providing a therapeutic benefit (Figure 3.15).
In some cases, the vaccine was delivered in a completely separate anatomical compartment

and still led to significant tumour clearance.

Though the virus alone (VSVgm) seemed to have a similar impact on the tumour
growth in the MISIIRTAg model (Figure 3.18d), it is important to note that no efficacy has
ever been observed with VSV-A51 or wtVSV in this model no matter what route of virus
administration is used, and VSV-AS51 replicates very poorly in this model (personal
communication with Dr. Vanderhyden). Therefore, the effect observed might be due to
immune recruitment by GM-CSF because the VSVgm could be infecting cells of the ovary
after IP injection. Further studies on this model could focus on understanding the effect that
VSVgm is having beyond what VSVgfp can offer. In addition, starting vaccination earlier
may provide more time for the immune response to develop and, in turn, to more robust

tumour killing.

The experiment depicted in Figure 3.19 was originally undertaken as a pilot study to
examine the impact of antibodies bound to the cell surface of the ICV. It was hypothesized
that these antibodies might enhance phagocytosis of the vaccine through Fcy receptors on
NK cells and antigen presenting cells(169) or FcRn on DCs(132). This was shown to be an
important mediator of the efficacy with the clinical Her2 antibody Herceptin(123).

However, a decrease in efficacy was observed with all of the antibody-generating protocols

87



attempted. One difference in this pilot experiment was that the antibodies used were all
against VSV. This may have had strong negative effects as these antibodies could have
significantly redirected the immune response away from the tumour antigens and towards the
viral proteins. This process, often called “original antigenic sin”, has been observed in
influenza infections, where immune responses to a new strain will be highly skewed towards
epitopes shared by previously encountered strains(84). While the idea that antibody coating
the outside of the ICV could enhance phagocytosis and antigen presentation may still hold
true, it should be repeated with an anti-tumour antibody. An interesting idea might be to use
tumour cells that are known to express Her2/neu and use the original mouse antibody from
which Herceptin was derived, called 7.16.4, which binds to the ectodomain of both human
and rat Her2/neu(178). One such cancer model that has been well characterized is the
MMTV-neu-p53 mouse from Dr. Nelson’s lab. These transgenic mice develop mammary
tumours expressing the full length rat neu protein harbouring the ovalbumin model epitopes
of OT-I and OT-II(165). Preliminary work suggests that cell lines that have been made from
these tumours are only permissive to VSV-AS51 infection at high MOlIs in vitro (data not
shown). These cell lines could be used to make an ICV coated with the 7.16.4 antibody to
investigate the usefulness of the abovementioned strategy. From previous work, it is already
known that the 7.16.4 antibody is able to mediate FcyR-mediated cytotoxicity and

phagocytosis(123).

To better understand the immune mediators of the efficacy observed with the
VSVgm-ICV in the B16-F10 model, multiple experiments were undertaken to selectively
deplete NK or CD8 T cells. The first NK depletion experiment was with an anti-NK1.1

antibody that has been successfully used in the past with a similar treatment schedule and
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mouse strain(33). In these studies NK depletion was confirmed with an anti-NK1.1
antibody. However, to avoid epitope masking, we used an anti-DX5 antibody to confirm
depletion in these mice and observed only a slight decrease in DX5" cells in the anti-NK1.1
treated animals (Figure 3.20b). However, depleted mice demonstrated a very striking
increase in tumour burden compared to undepleted mice and had to be euthanized at day 16
because of animal distress. Indeed these animals had a large number of tumour nodules on
their livers, which have never been observed in undepleted mice (Figure 3.20¢). It is likely
that these mice did have sufficient NK depletion to impact tumour growth. Another
experiment was undertaken with an anti-asialo antibody, which allowed me to compare the
depletion with both NK1.1 and DX5 antibodies. While a clear depletion is observed using
the NK1.1 antibody, the DX5 antibody demonstrated only a very small decrease, quite
similar to what was observed in Figure 3.20 (data not shown). Therefore, it is likely that the

anti-NK 1.1 depletion was successful but was not confirmed with an appropriate antibody.

The results from both NK depletion experiments indicate that tumour burden
increased dramatically upon NK depletion, an observation that has been made by the Bell lab
in the past. In addition, though a much larger tumour burden had to be controlled, the
VSVgm-ICV still demonstrated efficacy in most mice depleted of NK cells. However, 2 of
the 5 mice in the anti-asialo depletion had lung tumour burden similar to PBS-treated
animals, though their livers had a lower tumour burden. This may indicate an important role
for NK cells in ICV-mediated efficacy, but these experiments do not rule out that another

cell type may also be important.

An anti-CD8 depletion was then used to examine the role of these T cells (Figure

3.22a). This depletion was very successful and led to a near complete depletion of CD8"
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cells in the blood at day 4 (Figure 3.22b,¢) and a sustained depletion in the spleen (Figure
3.22d). However, tumour burden in VSVgm-ICV + anti-CD8 treated mice remained
undetectable in 5 of the 8 mice, indicating that CD8" T cells were not absolutely necessary
for tumour clearance by the VSVgm-ICV (Figure 3.22e,f). Nevertheless, three mice did
demonstrate an increase in tumour burden as compared to CD8 sufficient mice, indicating
that these cells may play an important role. It is likely that both NK and CD8 T cells are
involved in the efficacy seen with this vaccine. If activated to a sufficient extent, each
effector could compensate for the other when it is depleted, reflecting my observations. To
rule this out, a double depletion with the anti-asialo and the anti-CD8 antibodies could be
undertaken. Ifthe VSVgm-ICV can still decrease tumour burden in the face of a double NK
and CD8 cell depletion, this would indicate that another cell type is involved in the efficacy

observed in this model.

Because a clear role for CD8 T cells was not observed in the previous experiment,
studies were carried out to measure T cell activation following VSVgm-ICV treatment in the
B16-F10 therapeutic models. Perhaps not surprisingly, no anti-DCT or gp100 responses
were detected in either experiment (Figure 3.23). The ICV is a whole tumour cell vaccine,
so the immune system is being presented with potentially thousands of proteins and epitopes
to target. In addition, although gp100 and DCT are common epitopes examined in B16-F10
research, they may not be the immunodominant epitopes targeted after exposure to irradiated
and infected cells. Therefore, experiments were attempted against whole B16-F10 cells to
greatly increase the number of epitopes used as targets. The first experiment demonstrates
that the PBMCs from ICV-treated animals have a higher production of IFNy at baseline,

without stimulation (Figure 3.24a,b). Because this experiment was done using all PBMCs,
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this could be from any number of IFNy producing cells, including macrophages, NK cells,
and T cells. MHC class I-specific peptides used here did not increase the amount of IFNy, in
keeping with previous results. However, incubation with B16-F10 cells did increase IFNy
production in 7 of 8 mice treated with the VSVgm-ICV. In addition, the average increase in
IFNy production (from unstimulated PBMCs to B16-F10 cell stimulated) was significantly
increased in VSV-ICV-treated mice (Figure 3.24c¢). The high variability observed with the
VSVgm-ICV decreased the statistical significance of the response, however, there is a clear
trend demonstrating IFNy production and a concomitant decrease in cytokine production
from CD8-depleted PBMCs. As a more direct examination of CD8 T cell cytotoxic
responses following VSVgm-ICV treatment, the chromium release assay used isolated CD8+
cells as the effectors. Though statistical significance was not achieved, there is an indication
that PBMCs from VSVgm-ICV-treated mice have a stronger cytotoxic response to B16-F10

cells than do PBS-treated mice (Figure 3.24e).

3.4.5 Poxviruses may encode genes that interfere with the generation of an anti-tumour

immune response

The results delineated in Figures 3.25, 3.26, and Appendix II demonstrate that
neither ORFV nor VACYV stimulate an anti-tumour immune response when given in the
context of an ICV. Interestingly, when VACV and VSV ICVs were mixed before injection,
the tumour growth kinetics mirror the VACV-ICV more closely (Appendix IIT). This might
indicate that not only is the VACV-ICV not stimulating the immune system to the same
extent as the VSV-ICV does, but it might be actively inhibiting what the VSV-ICV

stimulates. Vaccinia immunomodulatory genes have been extensively studied and are
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known to express inhibitors for a wide range of cytokines and chemokines, including type I
and II [FNs, TNFa, IL-18, IL-18, and many CC chemokines(4, 8). In addition, vaccinia has
been reported to inhibit ligand binding to MHC class II, leading to poor CD4 T cell
responses, and the virus encodes several proteins that inhibit NF-kB induction of pro-
inflammatory genes(8, 95). Therefore, it is conceivable that one or several of these proteins
interferes with the induction of anti-tumour immune responses in the context of an infected
cell vaccine. However, there is evidence that oncolytic vaccinia treatment in patients can
lead to an anti-tumour immune response. In melanoma patients a vaccinia encoding GM-
CSF led to increased immune cell infiltration into tumours and responses in non-injected
tumour(107). One can stipulate that part of that response is attributable to the GM-CSF, but
at the very least it can be said that vaccinia infection did not inhibit this response. Further
research might focus on if and how vaccinia virus treatment of an established tumour
generates an anti-tumour immune response and how this situation differs from the ICV.
Understanding how vaccinia can induce such an immune response is critical to properly
designing therapeutic strategies that fully harness the immune stimulating potential of this

OV.

3.4.6 Potential of the VSV-ICV

This vaccine platform would be best coupled to a cytotoxic treatment that might also
stimulate the immune system. Local tumour irradiation may help with tumour killing and
has been demonstrated to increase inflammation in the tumour environment(34), leading to
enhanced immunotherapeutic responses(25, 64). An ideal scenario might include first
surgically removing the tumour, using this tumour bulk to create the VSV-ICV, and then

treating the patient to reduce metastatic recurrence.
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The infected cell vaccine is a promising immunotherapeutic platform that achieves
potent stimulation of antigen presenting cells, leading to the activation of innate and adaptive
immune effectors (Figure 3.28). It is well documented that tumours create a tolerogenic
environment which leads to the inhibition of DC maturation and the generation of immune
tolerance. However, when VSV is replicating in a permissive tumour, the immune system
will now induce NK and T cell activation. The potency of the ICV is highlighted by the
significant impact it has on the progression of an aggressive and immunosuppressive tumour.
In addition, the use of autologous tumour cells leads to a personalized vaccine that can

potentially present the full range of a patient’s unique tumour antigens.

Recently, Castle et al/(24) have shown that the B16-F10 tumour cell line has acquired over
500 somatic mutations that could, in principle, encode numerous novel immunogenic
epitopes. Despite this, irradiated B16-F10 cells alone are ineffective in stimulating anti-
tumour immunity, probably due to a lack of robust danger signals. Here we show that
infection of B16-F10 cells makes them a very potent vaccine platform that has the capacity
to induce both a protective and therapeutic immune response. Since the B16-F10 cell line
expresses a vast array of potential neo-antigens, perhaps many of these could now be made
visible to the immune system when presented as an ICV. It is possible that because of this,
the ICV has the potential to induce a broadly active T cell response against a spectrum of
neo-antigens. Currently, I have no data to support this idea; however, future studies are
aimed at determining if the breadth of the T cell response elicited by the VSVgm-ICV is
larger than that generated with other vaccination strategies that only use one antigen, like a
VSV encoding DCT. It remains possible that the ICV approach simply focuses a robust

response on a single or limited number of tumour antigens.
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In addition, many other melanoma vaccines induce autoimmune conditions such as
vitiligo. Conversely, the VSVgm-ICV has not led to any signs of autoimmunity. This
suggests that the VSVgm-ICV offers a physiologically safer immunization, perhaps through
the allowance of the animal’s immune system to react only to those antigens which exist
within the confines of its natural tolerance mechanisms. Potentially, only those antigens that
are both immunogenic enough and are not currently inhibited by peripheral tolerance will be

selected to further elicit adaptive immune responses.
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Figure 3.28 — Model of the generation of OV-mediated anti-tumour immunity

A-

In tumours that are non-permissive to in vivo infection by VSV or in uninfected
tumours, tumour antigens are presented to the immune system without any danger
signals to help with DC maturation.

Immature DCs express low MHC, no co-stimulatory molecules, and no pro-
inflammatory cytokines. Immature DCs therefore present the tumour antigens in a
toleragenic manner, leading to either no T cell response or a regulatory T cell
response.

This generates immune tolerance towards tumour antigens, perpetuating the anti-
inflammatory and suppressive tumour microenvironment.

In tumours that allow for robust VSV infection in vivo (like the CT26.LacZ) or in
the case of a VSV-ICV treatment, tumour antigens are presented to the immune
system in a stimulatory environment. Viral PAMPs are plentiful and viral infection
may also lead to the release of DAMPs from infected cells, such as ATP or
HMGBI1. These lead to potent DC maturation, with the upregulation of MHC class
II, co-stimulatory molecules like CD40, CD86, and CD80, and the production of
inflammatory cytokines like TNFa and IL-12.

There is a heightened presentation of tumour antigens by DCs to naive T cells
because of the increased MHC expression. The pro-inflammatory environment
leads to the successful generation of activated CD4 and CD8 T cells, able to secrete
inflammatory IFNy and lead to tumour cell killing.

The pro-inflammatory environment also leads to NK cell activation, with IFNy and
Granzyme B production. This NK activation may result from the infected cells,
from the DCs that phagocytosed the infected cells, or both.
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4 Investigating the immune modulating effects of MS-27S and its impact

on an oncolytic prime/boost vaccination model

4.1 Introduction
4.1.1 Oncolytic Prime & Boost Model

Recently, Bridle et al published several papers describing an oncolytic prime/boost
strategy that allows for robust anti-tumour immune responses to develop in an aggressive
B16-F10 brain tumour model(20, 21). This platform relies on a replication deficient
adenovirus expressing the human DCT protein (Ad-hDCT) as a priming vector, and then
uses wt-VSV expressing human DCT (wtVSV-hDCT) given IV two weeks later as a boost.
The wtVSV-hDCT dose fulfills multiple functions. It specifically boosts the anti-DCT
immune response, leading to an impressive 20 percent of blood CD8 T cells demonstrating
reactivity to DCT. In addition, the oncolytic virus itself allows for tumour killing, and
though insufficient to affect survival on its own, it could greatly help in conjunction with an
ongoing immune response. Also, because the immune response is being skewed towards the
pre-immunized DCT antigen, the anti-VSV response here is significantly decreased(21).
Another interesting aspect of this platform is the use of the xenoantigen, in this case
immunizing with the human DCT counterpart in the mouse. This has been demonstrated to
overcome CD4 T cell tolerance and lead to 5-10 fold higher CD8 T cell activation levels(82).
This immunization strategy leads to remarkable T cell responses and a very significant

extension in animal survival, yet rarely leads to curative responses(21).
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4.1.2 Histone Deacetylase Inhibitors

Histone deacetylases (HDACs) are enzymes that catalyze the removal of acetyl
groups from lysines in both histone and non-histone proteins. Research on lysine acetylation
has uncovered a wide range of regulatory functions for this post-translational modification.
The most widely studied is histone acetylation, which leads to the uncoiling of chromatin and
increased access to genetic sequences, generally resulting in increased gene expression. In
addition, many non-histone proteins are regulated by lysine acetylation, including p53.
HDAC:Ss can be pharmacologically inhibited by a diverse family of small molecules termed
HDAC inhibitors (HDIs). HDIs are subdivided into classes based on their structural
properties. These include hydroxamic acids, benzimides, cyclic peptides, and aliphatic
acids(36). These HDIs have demonstrated utility in a range of human diseases, including

cancer, autoimmunity, Parkinson’s, and Alzheimer’s disease(7, 29).

Many HDIs demonstrate anti-cancer properties, though the exact mechanisms by
which they exert this function remains only partly understood. It is known, however, that
HDAC:s are required for cell cycle progression, and their inhibition induces cell cycle arrest.
HDI treatment also promotes cell differentiation and apoptosis. Decreased histone
acetylation has been noted in many cancers, leading to the transcriptional silencing of tumour
suppressors, cell cycle inhibitors, and apoptosis inducers. In addition, altered acetylation in
cancer can lead to increased angiogenesis, as well as cellular migration and invasion. Not
surprisingly, decreased acetylation in cancer has been correlated to both increased HDAC
expression and negative clinical outcome(60). The HDI suberoylanilide hydroxamic acid
(SAHA, also known as Vorinostat) has been approved for the treatment of cutaneous T cell

lymphoma(81). SAHA, of the hydroxamic acid class of HDIs, is a broad spectrum inhibitor
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of class I and class I HDACs, which includes HDACs 1 through 10. MS-275 (also known
as Entinostat, SNDX-275, or NOX-275) is a benzamide HDI that selectively inhibits

HDACI, and to a lesser extent HDACs 2 and 3(36, 83).

Of particular interest to the OV field, HDIs inhibit the transcriptional response to type
I IFNs. Treatment with various HDIs, including SAHA and MS-275, significantly augments
VSV replication in cancer cells and enhances efficacy in vivo(116). Consequently, many
papers now demonstrate that HDI treatment of cancer cells enhances the replication of many
other OVs, including vaccinia virus(104) and herpes virus(120). Though enhanced efficacy
was observed in two different in vivo models, there was concern that HDI treatment might
negatively affect the anti-tumour immune response that is generated through VSV treatment

of tumours. This might then hamper the long term control of tumour growth.

Many HDIs have demonstrated anti-inflammatory properties and usefulness in
treating autoimmune disorders(7). However, research remains sparse on the impact of HDIs
on the generation or homeostasis of immune responses(161). In addition, some research
suggests that HDIs would be pro-inflammatory. For example, the RelA subunit of NF-kB is
regulated by two acetylation sites and both require acetylation for full gene transcription
functionality. Therefore, HDI treatment would inhibit the deacetylation of these sites,
allowing for full NF-xB functions. In addition, many groups have observed that HDI
treatment augments MHC class I and II expression on cancer cells, in addition to co-
stimulatory molecules and NK cell activating ligands. Together these properties could lead
to stronger anti-tumour immune responses. Conversely, treatment with MS-275 or SAHA
leads to the induction of FOXP3 and TGFf expression in human and mouse cells, leading to

regulatory T cell generation. Moreover, HDI treatment has been observed in multiple
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models to suppress the expression of pro-inflammatory cytokines leading to reduced
endotoxemia following LPS administration and ConA-mediated liver injury in mice, among

others(103).

4.2 Hypothesis & Objectives
Hypothesis

Enhanced oncolytic virus replication by HDAC inhibitors will lead to a more
pronounced anti-tumour immune response in models that are only moderately permissive to

VSV infection due to their intact IFN response.

Objectives
1. Assess the impact of the MS-275 and SAHA HDIs on the generation of an immune
response using the anti-VSV response as a model.
2. Examine the effect of HDIs on the anti-tumour immune response in the non-
permissive B16-F10 model, using the oncolytic prime/boost vaccination model.
3. Examine the overall efficacy that is achieved when HDIs are coupled to VSV in the

prime & boost vaccination model.

The results that are presented in the section below first delineate preliminary studies to
investigate the impact of HDIs on the anti-VSV immune response. These results led to a
collaboration with Dr. Bridle and Dr. Lichty at McMaster University. The initial
experiments of this collaboration were performed to probe the mechanisms of efficacy in the
oncolytic prime/boost vaccination model. However, many of the experiments that further

elucidate the mechanism were undertaken by the lab at McMaster. These results will only be
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briefly discussed and readers are referred to the manuscript in Appendix V to examine those

figures.
4.3 Results

4.3.1 Impact of MS-275 on the anti-VSV immune response

To assess the impact of MS-275 on the adaptive immune response, a simple model
was established whereby naive mice were treated with vehicle or MS-275 IP and 1x10 pfu
of VSV-A51 1V 2-4 hours later. Treatments with vehicle or MS-275 continued daily for a
total of 5 doses, and the animals were euthanized to assess cellular anti-VSV responses on
day 5 (Figure 4.1a). A striking difference in the size of the spleen was observed, which is
reflected in the cellular content of the organs (Figure 4.1b). VSV treatment led to an
increase in cell numbers in the spleen, however, MS-275 treated mice had fewer cells in their
spleens, and mice treated with both MS-275 and VSV had even fewer cells. The
composition of the spleen was also altered, leading to a higher proportion of CD3" T cells
with MS-275 treatment, and more so with VSV and MS-275 treatment (Figure 4.1c¢).
Conversely, the absolute number of CD3" T cells in the spleen decreased with both MS-275
treatments (Figure 4.1d). Splenocytes harvested from these animals were incubated with
VSV N peptide, and IFNy production was assessed by flow cytometry to determine the anti-
VSV T cell response. A significant response to VSV N was detected in the CDS" T cells of
VSV-treated animals, however, a blunted response was observed in mice treated with VSV
and MS-275 (Figure 4.1e). Though T cell numbers dropped following MS-275 treatment,
they became over-represented, potentially indicating that other cell types in the spleen were

also depleted.
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Figure 4.1 — MS-275 treatment in Balb/C mice leads to splenic cellular loss

(a) Balb/C mice were treated with vehicle or 0.1mg of MS-275 IP followed by 1x10’
pfu VSV-A51-DsRed IV. Animals received MS-275 or vehicle IP for 5 consecutive
days and were euthanized on day 5. (b) At endpoint, spleens were processed and the
number of cells per spleen counted on the ViCell. (¢-d) SMNCs were stained with
CD3 and percent and number CD3" assessed by flow cytometry. (e) SMNCs were
incubated for 5 hours with the Balb/C-reactive VSV N peptide and IFNy intracellular
staining was performed to assess the number of CD3'CD8" that secrete IFNy upon

stimulation with the VSV peptide. There were 5 mice per group and P Values are
*P<0.05, **P<0.005, ***P<0.0001.
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This observation led to the investigation of B cells and to the confirmation of these
results in C57BL/6 mice, a strain more commonly used in immune phenotyping. The same
treatments and schedule were used in C57BL/6 mice as in Figure 4.1a. The C57BL/6 mice
demonstrated a similar splenic response to MS-275, with a loss of over half of the cells in the
spleen by day 5 (Figure 4.2a). Although both CD3" and CD19" cells decreased upon MS-
275 treatment, CD19" cells decreased by a greater extent (Figure 4.2b). Similarly, the
proportion of CD3" cells remained unchanged during MS-275 treatment, however, the
proportion of CD19" cells decreased with MS-275 treatment and more so with VSV and MS-
275 treatment (Figure 4.2d). T cells were assayed for [FNy production following
stimulation with VSV N peptide and, as with Balb/C mice, there was a decrease in the anti-
VSV CDS8" T cell response with MS-275 treatment, however, a small response remained
(Figure 4.2¢). The number of CD19" cells was also dramatically decreased in the blood

following MS-275 treatment (Figure 4.2e).

To evaluate B cell functionality during MS-275 treatment, mice were treated as in
Figure 4.2 and plasma was quantified for VSV neutralizing antibodies. Although MS-275
treatments ended on day 4, a significant delay in the production of neutralizing antibodies
against VSV was detected upon MS-275 treatment until day 7 (Figure 4.3). Importantly,
titers returned to control levels by day 16 and remained normal at day 56. A higher dose of
MS-275 was also attempted, and while this led to a more robust delay in antibody titers, mice
weight decreased significantly and they suffered from severe dehydration (data not shown).
Therefore the dose of 0.1mg was maintained for future studies as this caused only minimal

weight loss in mice. The hydroxamic acid HDI Oxamflatin was also used in this experiment.
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Figure 4.2 — MS-275 + VSV treatment in C57BL/6 mice leads to significant B cell
depletion

C57BL/6 mice were treated with vehicle or 0.1mg of MS-275 IP followed by 1x10 pfu
VSV-A51 IV in the afternoon. Animals received MS-275 or vehicle IP for 5
consecutive days and were euthanized on day 5. (a) Mean number of cells per spleen.
(b) Mean number of CD3" or CD19" cells per spleen. (c) SMNCs were incubated for
Shrs with the C57BL/6-reactive VSV N peptide and [FNy production was assessed by
intracellular staining and flow cytometry. (d) Percent of SMNCs that are CD3" or
CDI19". (e) Number of CD19" cells per mL of blood. There were 6 mice per group,
except the MS-275+VSV group that had 7. All data points are mean + SEM, with P
Values; where *P<0.05, **P<0.005, ***P<0.0001.
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Figure 4.3 — Anti-VSV neutralizing antibody generation delayed with MS-275
treatment

C57BL/6 mice treated as in figure 4.2 had blood drawn by saphenous bleed on

indicated days. Plasma was used to assay the anti-VSV neutralizing antibody titer.
Data is mean + SEM with P Values; where *P<0.05, **P<0.005.
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Surprisingly, no change in the levels of anti-VSV neutralizing antibody was detected
with this drug. These results initiated a collaboration with Dr. Byram Bridle from McMaster
University to treat mice with MS-275 in their oncolytic prime/boost vaccination model(21).
This model allows for the examination of the impact of MS-275 on T cell function, as
efficacy is dependent upon the anti-tumour T cell response. In addition, the delay in anti-
VSV antibody production might play a role in this model in further allowing the replication
of VSV. The result of the addition of MS-275 to this vaccination protocol was a dramatic
enhancement in survival, leading to a 60 percent rate of complete responses (see Appendix
V: Figure 1). This model uses wtVSV and immune phenotyping performed by Dr. Bridle
demonstrates that MS-275 treatment with wtVSV leads to similar lymphotoxicity. Further
studies revealed that MS-275 specifically depletes naive and regulatory lymphocytes while
leaving memory lymphocytes unscathed (Appendix V: Figure 2). Ensuing studies used
wtVSV in the oncolytic prime & boost model when possible to further determine how MS-

275 treatment enhances efficacy.

To better understand the time-line of the lymphodepletion, mice were euthanized
either on days 1, 2, 3, or 5 to examine CD3" and CD19" cell levels. Total splenocyte counts
in the spleen begin dropping as early as day 2 post MS-275 treatment and reach their lowest
point by day 3 (Figure 4.4a). CD3" cell numbers have a much less striking decrease in the
spleen that is at its lowest on day 2, after which levels begin to rise (Figure 4.4b). CD19"
cells, however, have a large decrease that resembles the total splenocyte decrease, with a
lowest point at day 3 and no increase by day 5 (Figure 4.4¢). Blood was examined on day 5
for total white blood cell counts, and results indicate a similar loss of immune cells as in the

spleen (Figure 4.4d).
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Figure 4.4 — Timeline of lymphodepletion demonstrates peak decrease in B cells at
day 3

C57BL/6 mice were given 0.1mg of MS-275 or vehicle IP and then 1x10° pfu of
wtVSV 1V a few hours later. Daily MS-275 or vehicle treatments were maintained until
day 4. Animals were euthanized on days 1, 2, 3, and 5 and SMNCs (a) counted by
ViCell or assessed by flow cytometry for (b) the number of CD3" cells or (¢) the
number of CD19" cells. Untreated mice were used to determine control levels (shown
in red on day 0). (d) The total number of PBMCs in the blood on day 5 was counted by
ViCell. There were 3 mice per group per timepoint except for day 5 VSV+vehicle,
which had 4. Data points are all mean + SEM with P Values; where *P<0.05,
**P<0.005.
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4.3.2 SAHA does not lead to lymphodepletion

Oxamflatin did not lead to a delay in production of anti-VSV neutralizing antibodies
(Figure 4.3). This observation led to the examination of SAHA, another hydroxamic acid
and a current cancer treatment. Using the same experimental timecourse as in Figure 4.1,
mice were treated with VSV and then given a 5 day course of SAHA at 0.2mg per dose, a
high concentration that was well tolerated by the mice. Results of this experiment further
verified that hydroxamic acids do not appear to have the same effect on the immune system
as does MS-275, a benzamide HDI (Figure 4.5). The number of cells in the spleen was
unchanged with SAHA treatment and increased upon co-treatment of VSV and SAHA
(Figure 4.5a). In addition, the proportion of T and B cells in the blood increased upon
SAHA treatment (Figure 4.5b,¢). Interestingly, VSV treatment enhanced the proportion of
B cells in the blood, but the addition of SAHA did not lead to a further increase (Figure
4.5¢). Also, the proportion and number of T cells did not change in the spleen of SAHA-
treated mice (Figure 4.5d,e). The anti-VSV N CD8" T cell response was measured through
peptide-stimulation and IFNy intracellular staining. Though 5 days is early to measure an
anti-VSV T cell response, a significant response was measured after VSV treatment with or
without SAHA (Figure 4.5f). Though no statistical difference was observed, half of mice
treated with SAHA and VSV appear to have a higher IFNy production following VSV
stimulation than those treated with VSV only. SAHA did not alter the proportion or number
of B cells in the spleen (Figure 4.5g,h), and no difference was observed in the neutralizing

antibody response to VSV (Figure 4.5i).
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Figure 4.5 — SAHA, a hydroxamic acid HDI, does not modulate the anti-VSV
immune response like MS-275

C57BL/6 mice were treated with 0.2mg of SAHA IP and then with 1x10” pfu VSV-A51
IV. SAHA treatments continued daily for 4 more days. (a) Splenocytes were assessed
for total numbers by ViCell. (b-¢) The percent CD3 and CD19 content of the blood
was examined by flow cytometry, as well as (d, g) the percent CD3 and CD19 content
of the spleen. (e, h) The total number of CD3" or CD19" cells in the spleen was also
examined. (f) Splenocytes were assayed for responsiveness to the VSV N peptide by
intracellular cytokine staining for IFNy following in vitro restimulation. (i) The
neutralizing antibody titer against VSV of the plasma was determined as previously
described. There were 5 mice per group except for the PBS group that had 4 and the
SAHA+VSV group that had 6. All data points are mean + SEM with P Values; where
*P<0.05.
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4.3.3 HDIs do not enhance viral replication or cell death in immune cells

To determine if MS-275 is leading to an increase in VSV replication in immune cells,
bone marrow (BM) and splenocytes were harvested and incubated with VSV-A51and MS-
275, SAHA, or Oxamflatin. All three HDIs induced cell death in a subset of BM cells,
however, the addition of VSV did not increase cell death (Figure 4.6a). Splenocytes
incubated for 24hrs with HDIs had no increase in cell death with or without VSV (Figure
4.6b). In addition, GFP levels, used as a correlate of VSV-A51-GFP replication, indicate that

splenocytes are likely not being infected to any significant extent (Figure 4.6c¢).

HDIs have previously been noted to augment the replication of OVs through the
inhibition of the type 1 IFN response(116). Therefore, the increase of VSV replication in
B16-F10 cells could be an important source of enhancement in this model. Mice bearing
B16-F10 intracranial tumours were treated with wtVSV-FLuc followed by MS-275 or
vehicle for 5 days. Unexpectedly, MS-275 appears to inhibit VSV replication in B16-F10
tumours initially (Figure 4.7a). However, VSV persisted longer in tumour treated with MS-
275, leading to a higher viral load on days 4 and 5. These results were confirmed by titering
the brains of mice at 48hrs post VSV, demonstrating that no increase was found with MS-
275 treatment (Figure 4.7b). In addition, B16-F10 cells in culture were less susceptible to

both wtVSV and VSV-A51 when treated with MS-275 or SAHA (Figure 4.8a-c).

4.3.4 MS-275 and then anti-tumour immune response
The oncolytic prime/boost vaccination strategy relies heavily on the induction of a
strong anti-tumour immune response(21). The recruitment of T and NK cells to the brain

was quantified following vaccination with or without MS-275 treatment. Though statistical
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Figure 4.6 — HDI and VSV in vitro treatment of immune cells does not explain in
vivo phenomenon

Bone marrow and spleens were harvested from C57BL/6 animals and cultured in vitro
in RPMI + 8% FBS with or without HDIs. HDIs were all used at 4uM and VSV-A51-
GFP infection was initiated 2 hours later at an MOI of 0.01. (a) Bone marrow cell
viability was assessed by PI uptake after 48 hours of incubation. (b) Splenocytes were
examined after 24 hours of incubation for PI uptake and (¢) for GFP expression.
Splenocytes were run in duplicate and bone marrow in singlet. Data points are mean +
SEM for splenocytes.
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Figure 4.7 — In vivo analysis of wtVSYV replication in B16-F10 brain tumours

(a) B16-F10 cells were implanted intracranially and then treated with 4x10% pfu
wtVSV-FLuc 10 days later. Mice received 0.1mg MS-275 or vehicle IP for 5 days as
per usual. Groups had 4-5 mice per timepoint. Data points are mean + SEM. (b) Mice
with 9 day old B16-F10 subcutaneous tumours were given 0.1mg MS-275 or vehicle IP
for 5 days as per usual, in addition to 1x10° pfu of wtVSV-GFP IV. Brains were taken
out 48 hours after VSV treatment and titered for VSV infectious units on Vero cells.

111



©

*
*
T
VSV + MS-275

* L 2 |.W
>
rerr Trrr T | B2 5% )
~ © 0 b
(0FBo un qwimyd) Je3iL ASA
1)
~
o~
is —©
=
+
5 2
> >
p- <t
NN
[rroTT TrrTT LI =
© 0 b 3

(01607) 4nowny uy xni4 [ejoL

Day



Figure 4.8 — HDI treatment of B16-F10 cells in vitro inhibits VSV replication

B16-F10 cells were pre-treated for 2 hours with vehicle, SuM MS-275, or 5SuM SAHA
and then infected at an MOI of 0.005 with VSV-A51-GFP or wtVSV-GFP. HDI
treatment continued throughout the experiment. (a) GFP pictures from fluorescent
microscopy taken 24 and 48 hours after infection, done in duplicate. (b-¢) Supernatants
were harvested at 48 hours post infection and one well per condition was titered on
Vero cells by plaque assay.
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significance was not reached, there was a trend demonstrating an increased lymphocyte
presence in the brain following the vaccination protocol, and slightly more following MS-

275 treatment (Appendix IV). No increase was detected with MS-275 treatment alone.

HDIs have been observed to increase co-stimulatory molecule expression on tumour
cells(161). As such, the expression of CD40, CD80, and CD86 was quantified by flow
cytometry on B16-F10 cells following MS-275 treatment. BM-DCs were used as controls to
verify the staining procedure and antibodies (data not shown). CD40 and CD80 was present
on 4 percent of untreated B16-F10 cells, and this doubled to 8 percent following 24hrs of
MS-275 (Figure 4.9a). In addition, the expression level of all three proteins increased by

approximately 30 percent on all cells (Figure 4.9b).

4.3.5 A second dose of VSV cannot be delivered in spite of MS-275 suppression of IFN and
antiviral antibody

Unpublished observations from the Bell lab have documented that a second dose of
VSV delivered IV, two or more days after the initial dose, cannot be detected in the tumour.
Various hypotheses have been put forth to explain this apparent block in VSV propagation:

the type 1 IFN response, vascular shutdown(18), or even a low level of anti-VSV antibodies.

Balb/C mice with subcutaneous CT26.wt tumours were treated with VSV-A51-RFP
IV, 6 doses of MS-275 or vehicle, followed by VSV-A51-GFP IV (Figure 4.10a). 24 hours
after the second dose of VSV, tumours were harvested, photographed using a fluorescent
dissecting microscope, and titered. Mice that received vehicle between the two VSV doses
demonstrated no visible virus, either RFP or GFP positive, by imaging (Figure 4.10b).

Though the MS-275-treated mice showed much more RFP-positive sections of their tumours,
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Figure 4.9 — Co-stimulatory molecule expression increases with MS-275 treatment
of B16-F10 cells in vitro

B16-F10 cells were incubated for 24 hours with vehicle or SuM MS-275 in vitro and
then harvested and stained with antibodies against CD40, CD80, and CD86. (a)
Percent of cells staining positive for co-stimulatory molecule and (b) normalized MFI of
marker on B16-F10 cells.
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Figure 4.10 — MS-275 treatment after initial dose of VSV does not uninhibit a
subsequent dose in the CT26.wt model

(a) Balb/C mice were implanted with bilateral CT26.wt subcutaneous tumours. Once
tumours had grown to approximately 5x5mm animals were treated with 0.1mg MS-275
IP for six days. An initial dose of 5x10° pfu of VSV-A51-RFP was given IV on day 0.
A second dose of VSV on day 5 was 5x10° pfu of VSV-A51-GFP given IV. (b) Mice
were euthanized on day 6, tumours were harvested, cut in half and quickly imaged, and
then frozen on dry ice for later titering. Images were taken with a fluorescent dissecting
microscope to visualize GFP, RFP, and brightfield. (¢) Tumours were homogenized
and titered by plaque assay. The bar colour corresponds to the colour of the plaques
observed. Bars are mean + SEM.
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there were no GFP-positive tumours. The titering data confirm these observations (Figure
4.10c). Mice that received only vehicle between the two doses had approximately 1.5 logs
lower titer than those that received MS-275. However, neither showed any infection by the
second VSV-GFP dose. As a control, the GFP-expressing virus was delivered without the
first dose of VSV-RFP. This experiment was repeated in the more permissive CT26.LacZ

tumour with similar results (Figure 4.11).
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Figure 4.11 - MS-275 treatment after initial dose of VSV does not uninhibit a
subsequent dose in the permissive CT26.LacZ model

(a) Balb/C mice were implanted with bilateral CT26.LacZ subcutaneous tumours.
Once tumours had grown to approximately 5x5mm animals were treated with 0.Img
MS-275 IP for six days. An initial dose of 5x10° pfu of VSV-A51-GFP was given IV
on day 0. A second dose of VSV on day 5 was 5x10° pfu of VSV-A51-RFP given IV.
(b) Tumour images demonstrating GFP and RFP fluorescence from mice receiving
both doses of VSV with or without MS-275 treatment. (¢) Tumour images of mice that
only received the second VSV-A51-RFP dose and MS-275.
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4.4 Discussion

MS-275 is a benzamide HDI that inhibits the type I IFN response in most cells,
leading to enhanced VSV replication both in vitro and in vivo(116). However, research
indicates that the impact of HDI treatment on the immune system is neither clear nor
consistent between HDIs. Because of the importance of the adaptive immune system in the
long-term tumour regressions observed with many OVs, including VSV, the impact of MS-
275 on the anti-viral and anti-tumour immune response was examined. In addition, for
models with poor in vivo permissiveness to VSV, like the B16-F10 melanoma, the
enhancement of viral replication by MS-275 may lead to enhanced tumour antigen shedding

and DAMP exposure, thereby leading to a stronger anti-tumour immune response.

4.4.1 Initial MS-275 findings

A simple set of experiments in tumour-naive mice was undertaken to examine the
impact of MS-275 treatment on the anti-VSV immune response. Both Balb/C and C57BL/6
mice demonstrate similar responses: decreased spleen cellularity with MS-275 treatment
with a moderate decrease in T cells and a strong decrease in B cells (Figures 4.1 and 4.2).
These observations are coupled with a concomitant decrease in the anti-VSV CD8" T cell
response (Figures 4.1 and 4.2) and a strong delay in the anti-VSV neutralizing antibody
response (Figure 4.3). Conversely, these results were not recapitulated by two hydroxamic
acid HDIs, namely SAHA and Oxamflatin (Figures 4.3 and 4.5). Further experiments by
collaborators indicated that CI994, another benzamide HDI, was able to modestly
recapitulate the effects of MS-275 possibly indicating that this effect is a feature of the
benzamide class of HDIs. Interpreting these results is not an easy task because benzamides

are considered to be much more restricted in the HDAC:s that they inhibit compared to the
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hydroxamic acids, which inhibit all class 1 and 2 HDACs (HDACs 1-10) to varying degrees.
MS-275 is thought to inhibit mostly HDACs 1-3(161). However, there have been
publications comparing gene expression modulation by MS-275 and SAHA(29, 59), and a
close examination of those results might give clues as to the differences in HDAC inhibition

profiles between these two drugs.

Important future experiments might further investigate the mechanisms that lead to
the selective depletion of naive lymphocytes by MS-275 treatment. My studies do not
indicate that splenocytes are significantly sensitive to HDI treatment in vitro (Figure 4.6).
However, time course of lymphodepletion results delineated in Figure 4.4 may indicate that
the depletion occurs most robustly between 48 and 72 hours. Therefore, my in vitro
experiments may not have assessed splenocyte HDI sensitivity for a long enough time.
Moreover, it is possible that the in vivo cytokine environment exacerbates the MS-275-
induced phenotype such that experiments that are conducted in vivo may lead to more

appropriate results.

Though a wide range of cell lines and viruses have been tested for HDI-mediated OV
enhancement, B16-F10 cells had not been previously examined. Surprisingly, MS-275 and
SAHA treatment of B16-F10 cells inhibited VSV (A51 and WT) replication in vitro (Figure
4.8). This result was substantiated in the B16-F10 brain model (Figure 4.7) and led to our
hypothesis being revised. Though substantial efficacy enhancement was seen in the B16-F10
oncolytic prime/boost vaccination strategy (Appendix V), this could not be attributed to
enhanced viral replication. However, there was a longer persistence of VSV in MS-275
treated mice (Figure 4.7), which might reflect the delay in neutralizing antibody formation.
The enhancement of efficacy observed with the addition of MS-275 appears disproportionate
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to the modest increase in viral persistence and is more likely a reflection of the

immunological changes that MS-275 imparts.

4.4.2 MS-275-mediated selective lymphodepletion

My collaborators found that MS-275 selectively depletes naive lymphocytes, both T
and B cells, while having no effect on memory T and B cells. In addition, regulatory T cell
numbers dropped. Many studies have found that lymphodepletion can help T cell responses
by allowing the tumour specific T cells access to important homeostatic cytokines and
survival signals, in addition to the depletion of regulatory T cells. This can lead to a more
functionally robust anti-tumour T cell expansion(50). Indeed it was observed that the anti-
tumour T cells, though not increasing in number, had a significantly enhanced functionality.
This was characterized by a higher secretion of the anti-tumour cytokines IFNy and TNFo.
and a heightened response in an avidity assay (Appendix V figure 5). In addition, the
increase in co-stimulatory molecule expression on the B16-F10 cells could lead to better T

cell activation(5).

Interestingly, MS-275 has previously been published to enhanced FoxP3 expression
in T cells, however, this was only observed after 6 days of treatment, whereas 4 days was not
enough(103). Therefore 5 days of treatment may not have induced this phenotype. In
addition, although HDIs suppress the deacetylation of lysines, they do not control the
acetylation of those proteins. As a result, the signals that the cell receives that lead to the

acetylation are also very important in dictating the outcome following HDAC inhibition.

Though these findings of MS-275-mediated selective lymphodepletion have not been

described in literature to date, there is evidence that this might be occurring in humans
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during clinical trials. It was reported that a dose limiting toxicity for patients treated with
MS-275 was a high risk of infection, which may indicate an inability to mount protective
immune responses, as we observed. The fact that patients treated with SAHA did not have

altered leukocyte counts also validated our findings(83).

4.4.3 Decrease in autoimmune vitiligo

The generation of autoimmune sequelae following cancer immunotherapy has long
been thought to be inseparable from the anti-tumour immune response. Though autoimmune
vitiligo may not be a life threatening disorder, autoimmune consequences can become
severe. Many other cells in the body express melanin, including those of the eye, which can
lead to potentially serious consequences(23). We observed a stark decrease in autoimmune
vitiligo when the prime/boost vaccination strategy was coupled with MS-275 treatment
(Appendix V: Figure 6). In spite of the significant decrease in regulatory T cells and a large
increase in the reactivity of the anti-DCT T cells, MS-275 conferred protection against
autoimmune tissue destruction. As of yet, the mechanisms behind this protection remain
elusive, but we hypothesize that it may be related to anti-inflammatory properties that have
been previously described for MS-275(96). In addition, research suggests that inflammatory
stimuli that upregulate antigen presentation, particularly IFNa, in the target organ play an
important role in the generation of autoimmune pathology(90). The autoimmune vitiligo
observed in the B16-F10 prime/boost vaccination is dependent upon an inflammatory
stimulus like prior skin surgery, so a reduction in pro-inflammatory signals by MS-275 may

be protective(20).
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4.4.4 Second dose delivery of VSV

The Bell lab has long observed that once a first dose of VSV-AS51 is delivered to a
CT26.LacZ tumour, a second dose can only be seen, through IHC or titering, if it is delivered
within 48hours of the first. Beyond that time frame, no virus from the second dose can be
found in the tumour(124). Several hypotheses have been put forth to potentially explain this
inability to detect virus in the tumour at 72 hours or more after initial infection, including
vascular shutdown and tumour hypoxia, the IFN response to the virus, or even perhaps a low
level of neutralizing antibodies already in circulation. The anti-VSV neutralizing antibody
response was examined as early as day 4 after injection and a significant titer was observed
(129). However, the results from Figure 4.10 and Figure 4.11 would indicate that neither
the type I IFNs response nor the anti-VSV neutralizing antibodies are involved because both
of these should have been inhibited by MS-275 treatment. Further studies might look at
whether the hypoxia induced following vascular shutdown in VSV-treated tumours affects

the delivery of a second dose of VSV(18).

4.4.5 Overall impact of MS-275 treatment in oncolytic prime/boost vaccination

This project originally began to investigate how increased viral replication could
impact the anti-tumour immune response. However, the B16-F10 tumour model does not
react to MS-275 treatment as is commonly observed with other tumour models, and instead
virus replication in this cell line was partially inhibited with HDI treatment. Nonetheless,
this allowed us to focus on the immunological changes that were occurring because of MS-
275 treatment. Through my research collaboration with Dr. Bridle and Dr. Lichty at
McMaster University, we discovered that MS-275 selectively depletes naive and regulatory

lymphocytes. This allows memory T and B cells to expand unconstrained by the usual
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regulatory cells and in an environment undepleted of important homeostasis cytokines. This
enhanced anti-tumour response is complemented by a reduced anti-VSV response, which
may be the cause of the longer viral persistence in the tumour. Perhaps most importantly,
there is a concomitant reduction in autoimmune vitiligo, which has been seen in the field as a
necessary side-effect of a robust anti-tumour immune response. Important future studies
should attempt to further understand the mechanisms that lead to this divergence between

cancer immunity and autoimmunity.
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General Concluding Remarks

Oncolytic viruses have now been demonstrated to potently kill tumour cells through
multiple mechanisms, including specific replication and lysis, tumour vascular collapse, and
activation of innate and adaptive immune effectors. Because of the high heterogeneity
within tumours and their high adaptability, killing through multiple complementary
mechanisms likely allows for a broader susceptibility profile and more robust killing.
Although the field of OVs has in the past attempted to inhibit the immune response to allow
for better viral replication, it has become clear that the anti-tumour immune response is a
vital part of long-term tumour control(108). Consequently, most OV clinical candidates
express an immune stimulatory transgene and are being investigated for their ability to
induce secondary immune killing of the tumour(19). No matter the anti-cancer agent,
eventually it will clear from the body, and if it hasn’t killed every cancer cell by then, cancer
will recur. An anti-tumour immune response can be the long-term surveillance and effector

mechanisms that lead to long-term eradication.

Through the research presented in this thesis it is clear that an anti-tumour immune
response induced by VSV infection is paramount to long-term tumour control and that this
OV-mediated anti-tumour immune response can be harnessed, even for tumours that are
poorly infectable in vivo through the use of an infected cell vaccine. This vaccine
importantly stimulates multiple arms of the immune system, leading to immediate and long-
term tumour killing. In addition, through the proper characterization of innate immune
modulators like MS-275, OV replication can be strategically enhanced in the short term
while maximizing anti-tumour immune activation and functions. Ultimately, the goal is to

create an anti-cancer platform that potently replicates in tumour cells, leading to their killing,
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antigen release, and immune stimulation. Through the expression of immune stimulatory
transgenes and the use of complementary immunotherapies, OV platforms will be more

specific, broadly applicable, and lead to a more successful anticancer weapon.
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Appendices

Appendix I — Optimizing the subcutaneous B16-F10 therapeutic VSVgm-ICV

(a, ¢) B16-F10 tumour-bearing mice were treated with the VSVgm-ICV IP or relevant
controls according to the indicated timeline. (b, d) Growth of the subcutaneous tumour
overtime was monitored. (a-b) The number of mice per group was as follows, PBS
n=2, irrB16 n=3, VSVgm n=5, VSVgm-ICV n=6. (¢-d) There were 5 mice per group.
P Values; *P<0.05 PBS compared to VSVgm-ICV, #P<0.05 PBS compared to
VACVgm-ICV>VSVgm-ICV. Data points are all mean + SEM.
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Appendix II — Optimizing the VACV-ICYV in therapeutic models of B16-F10

(a) B16-F10 tumour-bearing mice were treated with the VACVgm-ICV IP or relevant
controls according to the indicated timeline. (b) The PBS and irrB16 groups are the
same as in Appendix la/b. VACVgm had 5 mice and VACVgm-ICV had 6. Tumour
area over time is plotted with data points as mean + SEM. (¢) C57BL/6 mice were
injected with 1x105 B16-F10 cells IV on day 0 and then treated according to the
timeline. On day 14 animals were euthanized and lung tumours enumerated. (d)
Number of lung tumours per animal with mean. ICVs were made according to the
legend below the graph. One variable was altered from one condition to the next and is
highlighted in red. (e) C57BL/6 mice were treated according to the timeline provided.
(f) Lung tumours were enumerated at day 14.
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Appendix III — The VACV-ICV over-rides the VSV-ICV in the prophylactic
subcutaneous B16-F10 model

C57BL/6 mice were immunized with the 5x10° VSV-ICV + 5x10° irrB16 (n=6), 5x10°
VACV-ICV + 5x10° irrB16 (n=6), or 5x10° VSV-ICV + 5x10° VACV-ICV (n=7).
Both components of the ICVs were mixed right before injection. Mice were immunized
on days 0 and 10and then challenged with 3x10° B16-F10 cells subcutaneously on day
20. Mice were deemed positive for a tumour if a nodule equal or larger than 4mm?’
could be palpated.
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Appendix IV — Effect of MS-275 on lymphocyte recruitment

One group of mice was tumour and vaccination naive and the other was given B16-F10
intracranial tumours followed by Ad-hDCT on day 1 and VSV-hDCT on day 15. All
mice got either vehicle or MS-275 IP on days 15 to 19 and were euthanized on day 22.
The same area of each brain was dissected, dissagregated, and examined by flow
cytometry for the infiltration of (a) CD3+ cells or (b) NK1.1+ cells. (a,b) Percent of
all cells that are positive for indicated marker, grey bar denotes mean. No statistical
significant achieved.
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Appendix V - Combination of an oncolytic vaccine with an immunosuppressive HDACi
leads to enhanced tumor destruction and mitigated autoimmunity

Contribution of author: CG Lemay was an ongoing collaborator on this project, contributing
to discussions and experiment design. In addition, CG Lemay performed the mouse
experiment in Figure 2d, however JS Diallo performed the neutralizing antibody assay. CG
Lemay performed the experiment and analysis in supplemental Figure 1.

Submitted: Nature Medicine, May 2012
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Abstract

Histone deacetylase inhibitors (HDACi) can modulate innate antiviral responses and render
tumors more susceptible to oncolytic viruses; however, their effects on adaptive immunity in
this context are largely unknown. Our present study reveals an unexpected property of the
HDACi MS-275 that enhances viral vector-induced lymphopenia leading to selective
depletion of bystander lymphocytes and Treg while allowing expansion of antigen-specific
secondary responses. The net effect of vaccine plus drug co-administration during the
boosting phase is a differential suppression of the primary response and enhancement of the
desired boosted response thereby focusing the immune response on the tumor. Furthermore,
improvement of T cell functionality was evident suggesting that MS-275 can orchestrate a
complex array of effects that synergize immunotherapy and viral oncolysis. Surprisingly,
while MS-275 dramatically enhanced efficacy, it suppressed autoimmune pathology,
profoundly improving the therapeutic index.

Introduction

Oncolytic viruses are promising therapeutics applicable to a variety of malignancies. One of
the mechanisms defining the tumor-selectivity of oncolytic viruses is the fact that cancer
cells frequently acquire defects in cellular innate antiviral responses, such as the type-I
interferon (IFN) pathway 2. As a result, it has been shown that IFN sensitive viruses such
as vesicular stomatitis virus (VSV) are highly effective in targeting and killing tumor cells
while sparing normal tissues * °. However, the extent of IFN non-responsiveness is variable
in cancer cell lines and patient tumors, which represents an obstacle to effective OV therapy®
7. Histone deacetylase inhibitors (HDACi) are small molecules that are currently being
evaluated clinically for the treatment of cancer but are also known to prevent the
transcriptional activation of antiviral genes after IFN stimulation or virus infection®'’. We
have recently demonstrated that several HDACi can markedly enhance the susceptibility of
tumor cells to VSV killing, providing a pharmacological strategy to potentially increase the
spectrum of malignancies amenable to oncolytic virus therapy''.

However, HDACi are also under investigation as anti-inflammatory and immunosuppressive
drugs. Evidence from different animal models indicates that HDACi therapy ameliorates
inflammatory/autoimmune diseases, enhances allograft survival and induces immune
tolerance in GVHD '*'°. Thus, although HDACi may enhance viral oncolysis, it is unclear
whether such a benefit would be at the expense of the optimal development of anti-tumor
immunity that may be required to synergize and/or sustain virus-induced tumor regression.

We have recently demonstrated that oncolytic viruses can be engineered to express tumor-
associated antigens and used as oncolytic vaccines in tumor-bearing hosts '°. In particular,
when combined with a priming vaccine that expresses the same tumor antigen, oncolytic
vaccines can lead to both tumor debulking by the virus and a large boost of tumor-specific
cytotoxic T lymphocytes (CTL) in primed animals. Furthermore, the replicating oncolytic
vector is amplified in the tumor leading to a larger boost in tumor-bearing animals leading to
significantly enhanced numbers of antigen-specific tumor-infiltrating lymphocytes (TILs).
We reasoned that the combination of HDACi and oncolytic vaccines would allow
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simultaneous investigation of the impact of HDACi on viral oncolysis and adaptive
immunity against the virus and the tumor.

In the current study, we confirmed that MS-275, an inhibitor of class I HDACs, led to
modestly prolonged viral replication in the tumor but dramatically enhanced tumor-free
survival. Surprisingly this drug was able to impair primary immune responses directed at the
oncolytic vaccine vector while allowing for potent secondary immune responses focused on
the tumor antigen transgene. In fact co-administration of MS-275 with an oncolytic VSV
booster vaccine led to a severe but selective lymphopenia leaving the boosted anti-tumor
lymphocytes intact while depleting both conventional lymphocytes and regulatory T cells
(Treg). More strikingly, this combination therapy not only led to enhanced therapeutic
efficacy but also suppressed vaccine-associated autoimmune pathology, yielding a profound
improvement of the therapeutic index. Our data indicate that immunomodulation by HDACi
occurs at multiple levels and their therapeutic benefit depends on the context and timing.

Results
MS-275 extends oncolytic VSV activity in tumors

We have previously demonstrated that MS-275 can facilitate VSV replication in different
types of tumors by modifying IFN-responsiveness both in vitro and in vivo''. To test for
such an activity in our current tumor model, we treated mice bearing 5-day-old intracranial
B16-F10 melanomas with intravenous (i.v.) injection of an oncolytic VSV expressing the
Firefly luciferase (VSV-Luc). MS-275 or vehicle was given intraperitoneally (i.p.) on a
daily basis for 5 days as described previously''. This confirmed that MS-275 co-
administration extended VSV-luc activity in these tumors (Fig S1).

MS-275 dramatically improves the therapeutic outcome in combination with an oncolytic
booster vaccine

We have recently demonstrated that by engineering VSV to express human dopachrome
tautomerase (VSV-hDCT) we could turn it into a very potent booster vaccine while retaining
its oncolytic properties in vivo'®. Combining a recombinant adenoviral vector (Ad)
expressing hDCT (Ad-hDCT) and VSV-hDCT in a prime-boost manner dramatically
enhanced therapeutic efficacy. The potency of this combination strategy prompted us to
investigate whether co-administration of MS-275 with the oncolytic vaccine could further
enhance this therapeutic strategy. Five days after intracranial inoculation of B16-F10 cells,
mice were treated sequentially with Ad-hDCT and VSV-hDCT at a 14-day interval as
described previously'®. MS-275 was administered 2 h before the VSV-hDCT oncolytic
vaccine and then given once daily for 5 consecutive days, which coincided with the
persistence of VSV and the peak of the boosted CTL response ' '’. Vaccination with the
Ad-hDCT vaccine alone prolonged animal survival to a median of 25 days and this
therapeutic effect was further enhanced by VSV-hDCT boosting (Fig 1). Despite the
improvement of the survival rate, however, most animals treated with the prime-boost
regimen ultimately succumbed to tumor progression. MS-275 alone had no therapeutic
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effect in this cancer model. Remarkably, concomitant treatment with MS-275 at the time of
VSV-hDCT delivery dramatically enhanced the efficacy of the combination treatment and
cured 64% (n=11) of the mice.

MS-275 preserves secondary tumor-specific CTL and antibody responses but attenuates
primary adaptive immunity against VSV

As MS-275 co-administration provided a rather mild extension of VSV-luc activity in these
tumors we hypothesized that the drug might be serving to enhance the vaccine effects of our
treatments which are key to efficacy in this model'®. We first examined the secondary
immune response boosted by VSV by quantifying DCT-specific, IFN-y-producing CD8" T
cells in the circulation at days 5 and 12 post-VSV-hDCT booster vaccination. These time
points were chosen based on our previous observation where the secondary T cell response
induced by VSV-hDCT reached its peak at day 5 and declined after 12 days '°. Surprisingly,
the magnitude of the DCT-specific CD8" T cell response boosted by VSV vaccine was not
further increased in the presence of MS-275 (Fig. 2a). Similarly, DCT-specific IgG
antibodies in plasma were significantly boosted regardless of MS-275 treatment (Fig. 2b).
Thus MS-275 co-administration did not increase the secondary immune response to the
tumour antigen transgene boosted by our oncolytic vaccine.

However, in the course of our immune analysis we discovered that primary responses against
the oncolytic vaccine vector were largely disabled by co-administration of drug. To evaluate
this, we first measured CD8" T cell responses against an immunodominant epitope from the
N-protein of VSV at day 7 post-VSV-hDCT inoculation. Consistent with our previous
report, pre-immunization with Ad-hDCT allowed a dramatic boost of DCT-specific
secondary T cell response while decreasing the primary response against VSV (Fig. 2c).
VSV-reactive CD8" T cells were further reduced in the presence of MS-275 confirming that
MS-275 differentially influences expansion of memory and naive CD8" T cells. Importantly
neutralizing antibodies against VSV were strongly inhibited by MS-275 co-administration
where induction of antibodies against the virus was delayed until after drug administration
was halted (Fig 2d).

Altogether these results highlight a very curious property of this drug as it is able to impede
the generation of primary immune responses while leaving secondary responses entirely
intact. This differential immunosuppression appears to allow for an immune response
following oncolytic vaccine administration largely focused on the tumour antigen transgene.

To further assess the impact of MS-275 on primary immune responses we co-administered
the drug with our Ad-hDCT vector to measure any immunosuppressive properties apparent
during a standard vaccination. When co-administered with our Ad-based vaccine vector MS-
275 significantly reduced the T cell response against DCT (Fig 3a) leading to loss of
therapeutic effect in the B16F10 melanoma model (Fig 3b). Thus the drug displays clear
immunosuppressive properties that impair the induction of a primary immune response to
vaccination.
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MS-275 enhances and sustains lymphopenia induced by VSV booster vaccination

It is well known that intravenous administration of VSV induces a transient lymphopenia '*
' We have also noted that intravenous injection with VSV induced a rapid and severe
lymphopenia with cell counts hitting a minimum at 24 h (Fig. 4a) as reported by others '°.
The lymphocyte counts recovered in 3-5 days and often led to a transient increase over the
normal level. Surprisingly, although MS-275 alone had a moderate effect on lymphocyte
numbers, it dramatically delayed the reconstitution when concomitantly administered with
VSV (Fig. 4a). Using an inactive analogue of MS-275%" (Fig. S2) we confirmed that the
exacerbation of VSV-induced lymphopenia required HDAC inhibition. As VSV-induced
lymphopenia has been shown to depend on type I IFN signalling in lymphocytes '® ', and
we have shown that this HDACi skews this signalling pathway we hypothesized that polyIC,
a classic inducer of type I IFN, would also generate this effect when combined with MS-275
and indeed polylC + MS-275 yielded an identical, extended lymphopenia (Fig S3).

A closer examination indicated that both CD4 and CD8 T cell subsets and the B cell
population were profoundly affected by addition of MS-275 (Fig. 4b-d). T cells largely
recovered in 2 weeks, but B cell recovery was much slower suggesting that B cells are more
sensitive to the combination therapy. This treatment significantly reduced CD4+CD8+
double positive T cells in the thymus (Fig S4a). Further analysis in the bone marrow
indicated that pre-B and immature B cells were almost completely eliminated by the
combination treatment as early as day 3 (Fig S4b). These results suggest that MS-275 and
VSV may have a synergistic effect on the survival of precursors leading to the delayed
reconstitution of the peripheral T cells and B cells and a significantly extended lymphopenia
in response to IFN.

MS-275 improves CTL quality

We next sought to determine whether lymphopenia might actually provide a favourable
environment (e.g., more cytokines) which would be predicted to promote the functionality of
boosted CTL. Indeed, compared to Ad:VSV prime:boost alone, the addition of MS-275
significantly increased the frequency of CDS8" T cells that co-expressed TNF-a and IFN-y
(Fig. 5a) and the increased intensity of their production (Fig. 5b and c), indicating a
heightened response to stimulatory peptide. To further determine the impact of MS-275 on
CTL functionality, we tested the avidity of CD8" T cells from mice boosted with or without
MS-275. Figure 5d shows that approximately six-fold more CD8" T cells could respond to
the lowest concentration of the immunodominant peptide from DCT when mice had received
MS-275 treatment, confirming that CTL developed in this environment displayed an
enhanced functionality.

MS-275 reduces Tregs, especially those that express a high level of Foxp3

The lymphopenia, especially the reduction of total CD4" T cells, induced by MS-275 plus
virus led us to assess its direct impact on CD4 Foxp3" Tregs. The number of Tregs was
significantly decreased during booster immunization and it took 2 weeks for them to recover
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(Fig S5a). Notably, the intensity of Foxp3 expression by Tregs was significantly lower in
mice co-administered MS-275 (Fig S5b) suggesting the drug may selectively remove Foxp3
high Tregs thought to have a stronger suppressive function > *. Down-regulation of Treg in
the context of an oncolytic booster vaccine increases the ratio of effectors to Tregs (Fig S5¢)
and may allow the secondary CD8" T cell responses induced to function in a less stringently
regulated environment.

MS-275 prevents vaccine-induced autoimmune vitiligo

We have noted that mice treated with the our oncolytic vaccine prime:boost regimen
targeting DCT developed severe systemic vitiligo (depigmentation), an indication of
autoimmune destruction of normal melanocytes expressing DCT. Remarkably, however, the
induction of systemic vitiligo was almost completely abolished by concomitant treatment
with MS-275, in contrast to its effect on the enhancement of anti-tumor efficacy (Fig. 6).

Discussion

We have previously reported that HDACi can modulate IFN signalling pathways to enhance
the susceptibility of tumor cells to oncolytic virus killing but their effect on the systemic
immune responses in this context is unknown (Nguyen PNAS 2008; MacTavish PLoS ONE
2010). Our current study demonstrates that co-administration of MS-275, a class [ HDACi
that is currently in clinical trials as anticancer agent, inhibits both the cellular and humoral
immune responses against the viral vector further supporting the combination strategy of
HDAC:I and oncolytic therapy. However, MS-275 also down-regulates the primary response
against tumor antigens compromising the induction of anti-tumor immunity. This
compromising effect can be avoided if co-administration of HDACi and oncolytic vaccine is
carefully timed, namely at boosting phase, leading to synergy between oncolysis and T cell
responses. Such a combination results in a selective lymphopenia that selectively reduces
Tregs and naive lymphocytes providing a favourable environment allowing a focused
expansion of highly functional anti-tumor CTLs. As a consequence, enhanced oncolytic
activity and anti-tumor immunity lead to a more than 60% durable cure rate in a very
challenging cancer model. Most strikingly, while MS-275 dramatically enhanced efficacy, it
suppressed autoimmune pathology, profoundly improving the therapeutic index.

It is well known that intravenous delivery of VSV induces a transient lymphopenia that has
been attributed to the coincident induction of type I IFNs (Schattner Cell Immunol 1983;
Kamphuis Blood 2006). Some studies suggest that memory CD8" T cells are more sensitive
to IFN-dependent early attrition than naive CD8" T cells but others have argued that memory
T cells have lowered expression of IFN receptor and STAT1, leading to reduced sensitivity
to IFN-mediated depletion (Marshall JV 2011; Peacock JI 2003; JV 2010; Gil Blood 2006;
Dondi JI 2003). Another group reported that both naive and memory CD8" T cells could be
sensitized by IFN at the early stage of viral infection but antigen-specific T cells were
rescued by subsequent antigenic stimulation while bystander T cells died after initial non-
specific activation (Jiang JI 2003; 171: 4352-4358). Our demonstration that pre-existing
tumor antigen-specific T cells could be dramatically boosted by oncolytic vaccine during
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lymphopenia appears to support the latter two possibilities. Interestingly, co-administration
of MS-275 prolonged the lymphopenia without affecting the expansion of secondary T cell
responses, further extending a favourable environment for the development of anti-tumor
immunity while reducing/delaying antiviral responses. The drug alone did not significantly
affect circulating lymphocytes suggesting that its effect may lie in the delay of reconstitution.
This speculation is supported by the observations that the virus:drug combo selectively
eliminated lymphocyte precursors in the bone marrow and thymus, consistent with an
important role for HDACI/2 in lymphocyte development (Yamaguchi Genes Dev.
2010;24:455-69).

It has been demonstrated in other cancer immunotherapeutic settings that elimination of
unwanted immune cells can provide supportive cytokines for the functional development of
tumor antigen-specific CD8" T cells particularly during adoptive cell therapy (ACT) **°,
The fact that a higher frequency of CD8" T cells that can produce more IFN-y and TNF-o,
was found in animals co-treated with MS-275 supports this notion *'. It is notable that these
T cells with enhanced cytokine profiles performed better in the functional avidity assay.
Having CTL that respond more strongly to cognate antigen should lead to a more potent anti-
tumor immune response. Our finding may also have important implications for adoptive
cellular therapy because this interferon:drug combo is able to generate a transient

lymphopenia while preserving the desired immune responses .

Treg play an important role in maintaining immunological tolerance to self/tumor antigens
and depletion of Treg is a key mechanism underlying the effectiveness of cancer
immunotherapy ** . In contrast to SAHA and VPA, which expand Tregs, MS-275 can
down-regulate Treg function (PLoS One. 2012;7(1):e30815). We demonstrate that in the
context of VSV infection, MS-275 reduces the number of Treg, especially those that express
high levels of Foxp3****, revealing a novel aspect of MS-275 as a strong immunomodulator.
It is likely that the removal of Treg-mediated immune suppression contributes to the
enhanced anti-tumor efficacy following the combination therapy. Among all cell
populations, B cell depletion appeared to be most profound. This correlated with a reduction
of neutralizing antibodies against the oncolytic vector, likely contributing to the enhanced
viral replication that was observed in the tumor by in vivo imaging on days 4 and 5 post-
infection when neutralizing antibodies have begun to appear in the absence of drug.
Interestingly, tumor-specific antibodies could still be boosted in the presence of the HDACi,
suggesting that memory B cells must be resistant to elimination. Several recent studies
suggest that naive B cells or certain subsets of B cells negatively regulate anti-tumor
immunity and depletion of B cells increases the efficacy of cancer vaccination *” **. We
speculate that removal of B cells together with Treg reduction may further antagonize
inhibitory networks .

Another novel and very important finding in this study is the prevention of vaccine-induced
vitiligo by MS-275. Autoimmune pathology has been observed in both pre-clinical and
clinical studies and has been considered an unavoidable outcome following cancer
immunotherapy against a self/tumor antigen****. In fact the association of autoimmune
pathology with enhanced clinical responses has even led to it being identified as a positive
prognostic factor' **. Using vitiligo as a read-out we have previously demonstrated that

inflammatory signals in the skin are essential to the recruitment of these DCT-specific T
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cells and to render normal melanocytes more susceptible to destruction (up-regulation of
MHC/self antigens or stress molecules)™ *.  Strikingly, disseminated vitiligo was
dramatically diminished when MS-275 was co-delivered with virus. To the best of our
knowledge, this represents the first time that anti-melanoma efficacy was dramatically
enhanced with a simultaneous reduction in vitiligo. Type I IFN has been implicated as a key
factor in triggering autoimmune tissue damage®’ and the ability of MS-275 to modify IFN
signalling may contribute to reduced autoimmunity. MS-275 also has known anti-
inflammatory properties > *** and we speculate that MS-275 administration may suppress
these inflammatory signals and thus reduce the recruitment of effector cells into the skin.
This notion is supported by other observations where MS-275 has a strong anti-inflammatory
effect in ameliorating arthritis through inhibition of pro-inflammatory cytokines and immune
cell recruitment®®. Our finding may offer a pharmacological strategy to enhance anti-tumoral
immunity while preventing unwanted autoimmune sequelae.

In summary, we sought to combine an oncolytic vaccine therapy with an HDACi previously
demonstrated to enhance viral oncolysis by modifying IFN signalling and found that this
combination also mediated significant modification of both anti-viral and anti-tumoral
acquired immunity. By reducing anti-viral responses while focusing the immune response
on the tumor we were able to extend viral oncolysis, enhance anti-tumor destruction and
even reduce autoimmune sequelae. The selective immunosuppressive actions of this drug
imply that it should not be combined with therapies aimed at generating primary immune
responses including not only vaccination but potentially also viral oncolysis as the drug may
impair in situ vaccine effects even while enhancing viral replication. Our results provide
evidence that MS-275 can function as a selectively immunosuppressive drug that can
enhance the potency of an oncolytic vaccine booster. Importantly, this differential
immunosuppression can be induced in combination with non-viral IFN inducers such as Poly
I:C. This study highlights the importance of monitoring immunity while combining
chemotherapy and biologics as unexpected interactions may occur.
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Figure 1. MS-275 dramatically enhances the efficacy of oncolytic booster vaccination in
a very stringent therapeutic intracranial melanoma model. C57BL/6 mice were injected
intracranially with 1,000 B16-F10 cells. Five days later, they were vaccinated with 1x10® pfu
of Ad-hDCT i.m. Following a 14-day interval, mice were boosted with 1x10° pfu of VSV-
hDCT i.v., with or without 5 consecutive daily treatments with 100 ug of MS-275 or
vehicle i.p. beginning 6 hrs prior to injection of VSV. Controls either received Ad-BHG
(empty vector) or Ad-hDCT alone on day 5. An additional control group received 5
consecutive daily treatments with MS-275 alone beginning on day 5.

Figure 2. MS-275 inhibits primary immune responses while leaving secondary immune
responses intact. B16-F10 tumor-bearing C57BL/6 mice were primed with 1x10° pfu of
Ad-hDCT i.m. and boosted 14 days later with 1x10° pfu of VSV-hDCT i.v. with or without 5
consecutive daily treatments with 100 (g of MS-275 i.p. beginning 6 hrs prior to injection
of VSV. (a) On indicated days, tumor-specific CD8" T cell responses were quantified in
blood by flow cytometry after in vitro re-stimulation with the immunodominant epitope
DCTg0-188 and intracellular cytokine staining for IFN-7. (b) Using an in-cell Western
assay, IgG anti-hDCT antibodies were quantified in plasma. (c) CD8" T cell responses
against the immunodominant viral epitope were compared to the immunodominant DCT
epitope and (d) anti-VSV neutralizing antibodies were monitored.

Figure 3. MS-275 impairs induction of primary immune responses via vaccination.
C57BL/6 mice were intracranially with 1,000 B16-F10. Five days later, they were vaccinated
with 1x10® pfu of Ad-hDCT i.m., with or without 5 consecutive daily treatments with 100 pg
of MS-275 or vehicle i.p. beginning 6 hrs prior to injection of the adenoviral vaccine. (a) The
impact of drug on induction of primary CD8" T cell responses against DCT was measured by
ICS. (b) Survival data was collected.

Figure 4. VSV induces a transient lymphopenia that is significantly extended by MS-
275 co-administration. C57BL/6 mice were exposed to VSV, MS-275, MS-275 analogue
or MS-275:VSV combo. (a) Numbers of cells per ul of blood are displayed over a 30-day
period post-treatment. Horizontal dotted line represents average count for untreated mice.
CD4" (b), CD8" T cell and B cell (d) counts are also indicated.

Figure 5. Co-administration of MS-275 with oncolytic vaccine booster generates more
functional tumor antigen-specific T cells. Blood-derived DCT;g. s3-specific CD8" T cells
were obtained 5 days post-VSV boosting and their cytokine production and avidity were
assessed. (a) The frequency capable of simultaneous production of IFN-y and TNF-a and the
amount of (b) IFN-y and (c) TNF-a produced per cell (measured as mean fluorescence
intensity). (d) The functional avidity of DCT}go.1ss-specific CD8" splenocytes was assessed
by flow cytometric detection of intracellular IFN-y after in vitro re-stimulation with different
dilutions of cognate peptide.
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Figure 6. Co-administration of MS-275 during boosting dramatically reduces
autoimmunity. Tumor-bearing C57BL/6 mice were treated with Ad-hDCT + VSV-hDCT
in the presence or absence of MS-275 and their vitiligo development was recorded. The left
panel displays five mice two months post Ad-hDCT + VSV-hDCT vaccination. The right
panel displays five mice having been treated with Ad-hDCT + VSV-hDCT + MS-275 also
two months post-boosting. Note that MS-275 was administered during boosting and
therefore failed to prevent vitiligo at surgical site on the head where Ad-hDCT priming alone
was able to induce vitiligo localized to the site of surgical.

Methods

Mice

Female, age-matched (8-10 weeks old at initiation of experiments) C57BL/6 were purchased
from Charles River Laboratories (Wilmington, MA) and housed in a controlled environment
in the Central Animal Facility at McMaster University with food and water provided ad
libitum. All animal experimentation was approved by McMaster University’s Animal
Research Ethics Board and complied with the Canadian Council on Animal Care guidelines.

Viral vectors

Ad-hDCT is a replication-deficient, E1/E3-deleted adenoviral vector containing the full-
length hDCT transgene™®.  Replication-competent VSV-hDCT and VSV-Luc carry
transgenes encoding hDCT and firefly luciferase, respectively, and have been described '*>’,
The Ad-BHG and VSV-MT were control vectors, lacking a transgene.

Cells and culture conditions

B16-F10 cells were grown at 37°C in a humidified atmosphere with 5% CO; in F11-MEM
containing 10% FBS, 2mM L-glutamine, 5 ml sodium pyruvate, 5 ml MEM non-essential
amino acids, 5 ml vitamin solution, 55uM 2-mercaptoethanol and antibiotics (all cell culture
reagents from Invitrogen, Grand Island, NY, USA).

Prime-boost protocol

Mice were primed by intramuscular injection of 1x10® pfu of Ad. For boosting, 1x10° pfu of
VSV was injected intravenously 14 days later.

Cancer Model

To establish intracranial tumors, mice received intracranial injections of 1x10° B16-F10 cells
in 1 pl of PBS. Under anesthetic, mice were placed in a stereotactic instrument (Xymotech
Biosystems Inc, Quebec, Canada) and an incision made in the scalp to expose the skull. A
small burr hole was drilled through the skull at the injection site. Cells were injected with a
26-gauge needle mounted on a 10 pl Hamilton syringe (Hamilton Company, Reno, NV) at
the following site in the right hemisphere of the brain (relative to bregma): 0.62 mm anterior,
2.25 mm lateral and 4.0 mm deep. Cells were injected over a period of 1 minute and the
needle was left in place for 2 minutes prior to withdrawal to minimize reflux along the
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injection tract. The scalp incision was closed with stainless steel clips that were removed 7-
10 days later.

Peptides

The immunodominant peptide from DCT that binds to H-2K” (DCTso.13, SVYDFFVWL)
was synthesized by PepScan Systems (Lelystad, The Netherlands). The H-2K’-restricted
epitope from the N protein of VSV (RGYVYQGL) was purchased from Biomer
Technologies (Hayward, CA).

Antibodies/Tetramers

Monoclonal antibodies recognizing the following targets were used for flow cytometry
assays: CD16/CD32 (Fc Block), CD3 (clone 145-2C11), CD4 (RM4-5), CDS8 (53-6.7), IFN-y
(XMG1.2), TNF-a (MP6-XT22), CD19 (1D3), B220 (RA3-6B2) (BD Biosciences,
Mississauga, ON, Canada) and Foxp3 (FJK-16s) (eBioscience, San Diego, CA).

Detection of antigen-specific T cell responses

Peripheral lymphocytes were re-stimulated with peptides (1pg/ml) at 37°C for 5 h with
brefeldin A (Golgi Plug, 1pg/ml; BD Biosciences) added after 1 h. Cells were treated with
Fc block, stained for surface expression of CD3 and CDS8 and then fixed, permeabilized
(Cytofix/Cytoperm, BD Biosciences) and stained for intracellular IFN-y and TNF-a. Data
were acquired using a FACSCanto with FACSDiva software (BD Biosciences) and analyzed
with FlowJo software (Tree Star, Ashland, OR).

T cell functional avidity assay

The functional avidity of T cells was determined with the same method used to assess
antigen-specific responses (above) with modifications. Specifically, lymphocytes were
stimulated in vitro with 10-fold serial peptide dilutions ranging from 1 4 g/ml to 10 pg/ml.
The frequency of CD8" T cells that produced IFN- 7 at each peptide concentration was
determined. These results were then plotted as the proportion of cell responding relative to
the response induced by the highest concentration (i.e. 1 ¢ g/ml) of peptide.

Detection of VSV-neutralizing antibodies

Serum or plasma samples were acquired from blood. Vero cells were seeded into a flat-
bottom 96-well culture plate (BD Biosciences) at a density of 12,500 cells/well. Twenty-
four hours later, serum or plasma samples were diluted 1/50 in serum-free medium. This,
plus subsequent 1:2 serial dilutions were made in a separate 96-well plate (50 pl per well).
To each well, 2x10° pfu of VSV in 50 mpfu of VSV in 50 uted 1/50 in serum-free medium.
This, plus subseq 37°C. Each aliquot of serum/plasma + VSV was then transferred to a well
of confluent Vero cells and incubated for 48 h at 37°C. Cell viability was assessed by alamar
blue staining (Invitrogen) and detection using a fluoroskan reader (Thermo). The
neutralizing antibody titer was defined as the serum/plasma dilution at which cell viability
remained 50% of the cells-only positive control.
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Quantification of DCT-specific antibodies

DCT-specific antibodies were detected using an in-cell Western blotting assay. U-20S cells
were seeded into a 96-well flat-bottom culture plate and cultured at 37°C. Once confluent,
they were infected with a vaccinia vector expressing hDCT at a multiplicity of infection of 5
for 6 h. Infected cells were fixed in the plates with 100 pl of 4% paraformaldehyde for 15
min at 37°C, followed by the addition of 100 pl of ice-cold acetone:methanol (1:1) for 5 min
at room temperature. Cells were rehydrated with PBS. Plates were blocked with 1% BSA
(w/v) in PBS overnight at 4°C or for 1 h at room temperature. Blocking solution was
removed and the plates washed three times with 0.1% Tween-20 (v/v) in PBS.
Serum/plasma samples were diluted (6 serial dilutions per sample, done in duplicate) in a
separate 96-well plate and then transferred onto the fixed cells for 1 h at room temperature
on a shaker or overnight at 4°C. Plates were washed 3 times and Alexa Fluor 680-conjugated
goat anti-mouse secondary antibody diluted 1:2000 in PBS was added to each well for 1 h at
room temperature on a shaker. Plates were washed 3 times and fluorescence detected using
an Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Average
background fluorescence (cells + secondary antibody only) was subtracted from values
obtained from samples. The adjusted optical density values were then plotted for all
dilutions for each sample. The area under the curve was determined for each sample and
used to plot the magnitude of the antibody response.

In vivo imaging of VSV infection

Mice bearing 5-day-old B16-F10 intracranial melanomas received i.v. injections of 4x10° pfu
of VSV-Luc with or without co-treatment with MS-275. Each of the 4 days following
treatment with VSV, mice were injected with 3 mg of d-luciferin (Molecular Imaging
Products Company, Ann Arbor, MI) intraperitoneally. Under anesthetic, VSV infection was
visualized with a 200 Series Imaging System (Xenogen Corporation, Hopkinton, MA). Data
acquisition and analysis were performed using Living Image v2.5 software. Images were
captured under identical exposure, aperture and pixel binning settings.

Statistical analyses

GraphPad Prism for Windows (GraphPad Software, San Diego, CA) was used for graphing.
For statistical analyses, GraphPad Prism and Minitab Statistical Software (Minitab Inc., State
College, PA) were used. If required, data were normalized by log transformation. Student’s
two-tailed t-test, one- or two-way ANOVA or general linear modeling was used to query
immune response data. Differences between means were considered significant at p<0.05.
Means plus standard error bars are shown. Survival data were analyzed using the Kaplan-
Meier method and the logrank test.
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Fig 4
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Fig 5
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Supplemental Figure Legends

Figure S1 Co-administration of MS-275 extends VSV-luc activity
in B16F10 tumours.Mice bearing 5-day-old B16-F10 intracranial

melanomas received 1.v. injections of 4x10° pfu of VSV-Luc with or
without co-treatment with MS-275. Each of the 4 days following
treatment with VSV, mice were injected with 3 mg of d-luciferin
(Molecular Imaging Products Company, Ann Arbor, MI)
intraperitoneally. Under anesthetic, VSV infection was visualized
with a 200 Series Imaging System (Xenogen Corporation, Hopkinton,
MA). Data acquisition and analysis were performed using Living
Image v2.5 software. Images were captured under identical exposure,
aperture and pixel binning settings.

Figure S2 Structure of MS-275 and inactive analogue.

The active compound is displayed on the left, while the structure of a
highly similar compound lacking HDAC inhibitory activity used in
these studies is shown on the right.

Figure S3 Polyl:C induces a lymphopenia that is extended by
MS-275 co- administration.8-10 weeks old C57BL/6 female mice
were treated with a single dose of Polyl:C (200 pg in 100 pl of
phosphate-buffered saline, Sigma) and were treated with 0.1 mg of
MS-275 once a day for 5 days via intraperitoneal injection as Polyl:C
combination MS-275 treatment group. Mice treated with a single
dose of Polyl:C only were regarded as Polyl:C treatment group,
whereas mice treated with five doses of MS-275 for 5 days represent
the drug only treatment group. Blood was taken from the periorbital
sinus and red blood cells were lysed with ACK lysis buffer.
Peripheral blood lymphocyte counts were assessed at 2h, 6h, 24h,
48h, 72h and 120h after Polyl:C injection (N=3). Data were collected
by a FACSCanto flow cytometer with FACSDiva 5.0.2 software (BD
Pharmingen) and analyzed with FlowJo Mac (Treestar, Ashland,
OR).
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Figure S4 Co-administration of VSV and MS-275 depleted
immature lymphocyte precursors in bone marrow and thymus.8-
10 weeks old C57BL/6 female mice were infected with a single tail-

vein injection (1.v.) dose of VSV (2 x 10’ PFU VSV in 200 ul of
phosphate-buffered saline) and were treated with 0.1mg of MS-275
via intraperitoneal injection once a day for 3 days as VSV
combination MS-275 treatment group. Mice infected with a single
dose of VSV only were regarded as VSV treatment group, whereas
mice treated with three doses MS-275 or MS-275 analogue for 3 days
were drug only or analogue only treatment groups respectively, naive
mice were not treated with virus or drug. (N=3) Lymphocytes from
thymus or bone marrow (femur and tibia) were harvested 3 days after
VSV injection. Cells were then treated with anti-CD16/32 and surface
markers fluorescently labelled by antibodies for (A) CD4/CDS or (B)
B220/IgM (BD Pharmingen). Representative plots are shown. (C)
Diagram indicating the location on the B cell plots occupied by B cell
precursors.

Figure S5 Co-administration of VSV and MS-275 depleted Treg
numbers leaving residual Tregs with lower FoxP3 expression
levels.8-10 weeks old C57BL/6 female mice were treated with a
single dose of VSV-hDCT (2x109 PFU given i.v.) and were treated
with 0.1 mg of MS-275 once a day for 5 days via intraperitoneal
injection. Blood was taken from the periorbital sinus and red blood
cells were lysed with ACK lysis buffer. Cells were surface stained for
CD4 (RM4-5, BD Biosciences, Mississauga, ON, Canada), fixed and
permeabilized and stained for Foxp3 (FJK-16s, eBioscience, San
Diego, CA). (A) The number of CD4+/FoxP3+ Tregs in blood
following treatment. (B) The level of Treg expression of FoxP3 as
measured by mean fluorescence intensity. (C) The ratio of DCT-
specific CD8+ T cells to CD4+/FoxP3+ Tregs in vaccinated animals
plus/minus MS-275.
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Fig S1
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Appendix VI — Harnessing oncolytic virus-mediated anti-tumour immunity in an
infected cell vaccine

Contribution of author:

KA Parato undertook the splenocyte transfer experiment from figure le in addition to
the experiment comparing the various VSV recombinants in supplental figure S1b. The IHC
in figure 1f and 2a are from experiments performed by JM Paterson. Figure 3c is a weighted
average of many experiments, one of which was performed by KA Parato, two were
performed by L Ferreira, and one was performed by A Kus. The three other experiments
included in figure 3¢ were performed by CG Lemay. V Garcia did the MOI of 10 infection
in supplemental figure Sla. JL Rintoul provided technical with large flow cytometry
experiments.

TJ Falls and L Ferreira did the intravenous animal injections and helped with large
animal experiments. K Garson and BC Vanderhyden provided the transgenic MISIIRTAg
mice and the 6048R cell line.

KA Parato, VA Tang, JS Diallo, R Arulanandam, and F LeBoeuf read over the
manuscript and provided revisions. All other authors provided guidance and feedback over
the course of the work.

All other experiments were performed by CG Lemay in addition to making the
figures and writing the paper.

Mol Ther. 2012 Sep;20(9):1791-9. doi: 10.1038/mt.2012.128. Epub 2012 Jul 3.

PMID: 22760544
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Treatment of permissive tumors with the oncolytic virus
(OV) VSV-A51 leads to a robust antitumor T-cell response,
which contributes to efficacy; however, many tumors are
not permissive to in vivo treatment with VSV-A51. In an
attempt to channel the immune stimulatory properties of
VSV-A51 and broaden the scope of tumors that can be
treated by an OV, we have developed a potent oncolytic
vaccine platform, consisting of tumor cells infected with
VSV-A51. We demonstrate that prophylactic immunization
with this infected cell vaccine (ICV) protected mice from
subsequent tumor challenge, and expression of gran-
ulocyte-monocyte colony stimulating factor (GM-CSF)
by the virus (VSVgm-ICV) increased efficacy. Immuniza-
tion with VSVgm-ICV in the VSV-resistant B16-F10 model
induced maturation of dendritic and natural killer (NK) cell
populations. The challenge tumor is rapidly infiltrated by
a large number of interferon y (IFNy)-producing T and NK
cells. Finally, we demonstrate that this approach is robust
enough to control the growth of established tumors. This
strategy is broadly applicable because of VSV’s extremely
broad tropism, allowing nearly all cell types to be infected
at high muiltiplicities of infection in vitro, where the virus
replication kinetics outpace the cellular IFN response. It is
also personalized to the unique tumor antigen(s) displayed
by the cancer cell.

Received 14 February 2012; accepted 1 June 2012; advance online
publication 3 July 2012. doi:10.1038/mt.2012.128

INTRODUCTION

The current standard of care for cancer treatment is associated
with severe off-target effects due to poor selectivity of the agent
for cancer cells. New targeted therapeutics often target only one
gene or pathway in a cell, allowing for resistance to easily evolve.!
Likewise, cancer immunotherapies, though making great strides
in recent years, are still focused on identifying one or very few
tumor-associated antigens that can be targeted. However, tumors

can rapidly evolve immune evasion and immune suppression
mechanisms countering these therapies, leading to treatment
failure.>® As well, tumors are antigenically heterogeneous®® as a
result of high genetic instability.® In theory, a vaccine presenting
the spectrum of tumor antigens could allow for the in vivo selec-
tion of the optimum epitope(s) to target.

Oncolytic viruses (OV's) have emerged as a promising antican-
cer treatment platform, able to specifically replicate in and kill can-
cer cells while leaving normal cells unharmed. Though engineered
for tumor-specific lysis, the multimodal nature of this platform is
currently being revealed. Many of these viruses can be delivered
systemically to reach distant tumor beds,” be targeted to tumor
vasculature to induce tumor vascular shutdown,*’ and be engi-
neered to carry genetic payloads. Importantly, preclinical and clin-
ical evidence for OV-mediated antitumor immunity is emerging."’
Recent results from a phase II clinical trial with OncoVex® ¥, an
oncolytic HSV expressing granulocyte-monocyte colony stimu-
lating factor (GM-CSF), have demonstrated that patients treated
with this platform have a very different tumor immune landscape.
These tumors had significantly lower regulatory T cells and higher
CD8™ effector T cells in the tumor.!!

Previous research by our lab has demonstrated that a vesicu-
lar stomatitis virus (VSV) harboring a deletion in the M protein
at position 51 (VSV-A51) is very sensitive to interferon (IFN)'
and neutralizing antibody,"” which act to clear virus from the host.
Antitumor immune stimulation may be important for the ongoing
tumor destruction once the virus is cleared, and offers the poten-
tial to restore immune surveillance mechanisms that can lead to
complete responses and prevent recurrence. Wild-type VSV has
been observed to induce antitumor immune responses in models
expressing exogenous antigens'! and has now been demonstrated
to be a potent boost in an elegant prime/boost oncolytic vaccina-
tion model.’!® Strategies that allow us to exploit the antitumor
immunity induced through virus replication and lysis will be vital
to using the full potential of these viruses. Herein we describe
an infected cell vaccine (ICV) platform that presents a multi-
tude of tumor antigens in the context of a robust OV infection.

The last two authors contributed equally to this work.
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‘We demonstrate that this leads to potent immune stimulation and
ultimately activates both natural killer (NK) cells and T cells for
tumor debulking and long-term cancer surveillance. In addition,
no prior knowledge on the tumor antigens is required to make
this vaccine.

RESULTS

T cells are required for VSV-mediated long-term
tumor regression

Many OV platforms have been observed to induce antitumor
immune responses.”’** We examined the role of the T cell compart-
ment in oncolytic VSV-A51 treatment of cancer. A VSV-sensitive
clone of colon carcinoma tumors (CT26.LacZ) was established in
immunocompetent and athymic nude mice. When tumors were
palpable, mice were treated with six intravenous (i.v.) doses of
VSV-A51-GFP, UV-inactivated VSV, or phosphate-buffered saline
(PBS). In the immune-competent mice, only those treated with
VSV-A51-GFP had measurable responses, with 60% of the mice
demonstrating complete tumor clearance (Figure 1a,b). The athy-
mic nude mice initially responded to VSV treatment, demonstrat-
ing stable tumor sizes, but showed marginal long-term efficacy,
with only 1 out of 10 mice having a durable response (Figure 1c,d).
This suggests that the T-cell compartment is required for long-
term tumor eradication following systemic VSV therapy in this
model.

Subsequently, immune-competent mice demonstrating
long-term complete responses were used as splenocyte donors
in an adoptive cell transfer. Naive immune-competent mice that
received splenocytes from VSV-treated and cured mice were not
susceptible to CT26.LacZ tumor growth, but were susceptible to
syngeneic 4T1 growth (Figure 1e). Splenocytes from naive mice
and CT26.LacZ tumor-bearing untreated mice were not able to
protect against subsequent tumor challenge. Therefore, a specific
and long-lived antitumor immune response is generated through
treatment with oncolytic VSV.

UV-inactivated VSV was not able to induce any efficacy in the
CT26 subcutaneous model (Figure 1a). This leads us to reason
that VSV replication in the tumor cells is required for immune
stimulation. CT26.LacZ tumors are very sensitive to VSV and
demonstrate robust infection by immunohistochemistry at 24
hours following i.v. administration (Figure 1f). Conversely, B16-
F10 cells do not demonstrate any VSV replication in i.v.-treated
tumors (Figure 2a) and B16-F10 tumor-bearing mice have no
response to VSV-treatment (Figure 2b,c), further demonstrat-
ing the importance of replication in efficacy. Previous research
by Breitbach ef al.® demonstrates that after i.v. administration,
UV-inactivated VSV is undetectable in tumor sections using the
methods described in the current manuscript. The viral proteins
found in the tumor sections in Figures 1 and 2 must result from
productive virus replication and spread and not simply tumor-
specific accumulation of viral particles.

VSV infection is a potent immune stimulator in a
prophylactic ICV

We have so far demonstrated that VSV replication in a permis-
sive tumor can elicit a therapeutic antitumor T-cell response.
We postulated whether we could generate a sufficiently robust
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Figure 1 Vesicular stomatitis virus (VSV) treatment induces a potent
antitumor immune response, on which treatment is dependent.
(a,b) Balb/C or (c,d) athymic nude mice were injected subcutaneously
with CT26.LacZ cells. Immune-competent Balb/C mice were treated
starting on day 14 post-tumor implantation and nude mice were treated
on day 10 to reflect a slightly faster onset of tumor development. Mice
were injected six times with 5 x 10® plaque-forming unit (pfu) of VSV-
A51-GFP intravenous (i.v.) or equivalent amount of UV-inactivated
VSV-A51 or phosphate-buffered saline (PBS). (a) Kaplan-Meier survival
analysis of VSV-A51-GFP treatment in Balb/C mice. N = 8 per group.
Statistical significance verified by the log rank test, where P < 0.0001.
(b) Tumor area growth over time plotted only for VSV-A51-GFP-treated
mice. (c) Kaplan-Meier survival analysis of VSV-A51-GFP treatment in
nude mice. N = 10 for each group. Statistical significance verified by the
log rank test, where P < 0.0001. (d) Tumor area growth over time plot-
ted only for VSV-A51-GFP-treated mice. (e) Splenocytes were harvested
from either naive mice, CT26.LacZ tumor-bearing mice, or CT26.LacZ
tumor-bearing mice cured with six doses of VSV-A51-GFP. These spleno-
cytes were injected i.v. into naive Balb/C mice, which were challenged
subcutaneously 48 hours later with CT26.LacZ cells and 4T1 cells on
the contralateral flank. (f) Balb/C mice-bearing CT26.LacZ subcutaneous
tumors were injected i.v. with 5 x 10 plaque-forming unit (pfu) of VSV-
A51. Two days later, mice were euthanized; tumors were harvested, and
frozen. Sections were stained by immunohistochemistry (IHC) for VSV.

therapeutic response in VSV-resistant B16-F10 cells by infecting
them ex vivo and presenting this cocktail as an ICV. This would
bypass the necessity for in vivo replication to mount an antitumor
immune response. Though B16-F10 cells are not readily permis-
sive to VSV following i.v. delivery, we can achieve complete infec-
tion by infecting the cells in vitro at a high multiplicity of infection
(Supplementary Figure Sla).

As a means of determining the immunogenicity of such a
vaccine, y-irradiated tumor cells were infected and assessed for
their ability to provide protection against a future tumor challenge
(Figure 3a). This VSV-ICV was administered intraperitoneally
(i.p.) to mice on days 0 and 7, with a tumor challenge on day 14
(Figure 3b).
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Figure 2 Vesicular stomatitis virus (VSV) replication is poor in B16-
F10 tumors and leads to no efficacy. (a) C57BL/6 mice-bearing B16-
F10 subcutaneous tumors were injected intravenously (i.v.) with 5 x 108
plaque-forming unit (pfu) of VSV-A51. Two days later, mice were eutha-
nized, and tumors were harvested and frozen. Sections were stained by
immunohistochemistry (IHC) for VSV. (b) C57BL/6 mice-bearing B16-
F10 subcutaneous tumors were injected three times a week starting on
day 6 for a total of six doses of VSV-A51 i.v. Tumor area growth over time
plotted for PBS (in black) and VSV-A51 treated (in red). N = 6 per group.
(c) Kaplan-Meier survival analysis with statistics examined by log rank
test where P> 0.2.

The immunization of mice with y-irradiated B16-F10 cells
infected with VSV-A51-GFP was able to completely protect
30% of mice tested (9 protected/29) from later live cell challenge
(Figure 3c). Control groups immunized with PBS or y-irradiated
B16-F10 cells demonstrate complete susceptibility to the tumor
challenge. These results were also verified in a different mouse
strain with the parental CT26.wt cell line (Supplementary
Figure S2). Like the B16-F10 cells, and unlike the clone CT26.
LacZ, the parental CT26.wt cells are not permissive to in vivo VSV
infection.

GM-CSF expression by VSV enhances immune
activation by the VSV-ICV

GM-CSF is a potent immunostimulating cytokine able to increase
monocyte and macrophage migration and activation.?' To increase
the immune stimulation properties of our vaccine, GM-CSF was
cloned into the VSV-A51 genome and expression was confirmed
by western blot (data not shown). The ICV made with VSV-A51-
GMCSF (VSVgm-ICV) prevented B16-F10 tumor engraftment
in over 95% of mice tested (21 protected/22) (Figure 3c). Due to
the heightened efficacy of this approach, we chose the VSV-A51-
GMCSEF virus for further characterization. The VSV-A51-GMCSF
virus was tested as a direct oncolytic alongside VSV-A51-GFP
in the B16-F10 subcutaneous model and it demonstrated no
increased efficacy (Supplementary Figure S1b).

Replication beyond the infected cells of the vaccine is
not required for full ICV efficacy

We examined whether virus replication and spread or tumor cell
integrity were important for ICV efficacy. UV-inactivated VSV
lacks the ability to express gene products and was unable to con-
fer any protection (Figure 3d). G-Less VSV is a recombinant that
lacks the gene encoding the glycoprotein, but is grown in cells
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Figure 3 Vesicular stomatitis virus (VSV) acts as a potent adjuvant
in a prophylactic B16-F10 infected cell vaccine. (a) Schematic rep-
resenting preparation of infected cell vaccine (ICV). (b) Prophylactic
ICV treatment timeline in days. (c—d) C57BL/6 mice were immunized
with various control or vaccine preparations according to the time-
line in (b). They were then challenged with 1 x 10° B16-F10 cells
subcutaneously and tumor outgrowth was monitored. (c) Shown is
the weighted mean + weighted standard deviation of final tumor out-
growth for each group, averaged from results from multiple experi-
ments. The total number of mice tested, with the fraction exhibiting
tumor growth is listed below the graph. (d) Shown is the percent
outgrowth from the one experiment in which that condition was
tested.

expressing VSV G. This virus infects cells and expresses N, M,
L, and P genes. It can package new virions, though these are not
infectious.” This virus was able to protect the same proportion of
mice as the VSV-ICV in this experiment (Supplementary Figure
$3). These viruses are compared to VSV-A51-GFP because neither
UV-inactivated nor G-Less virus expresses GM-CSE. To deter-
mine the importance of cellular integrity to the efficacy of the vac-
cine, vaccine preparations were attempted in two other methods.
Y-Irradiated B16-F10 cells were first freeze/thawed multiple times
before being mixed with VSV-A51-GMCSF (irrB16 —> F/T +
VSVgm). Compared to the regular VSVgm-ICV, this preparation
was not able to protect any of the six mice treated. Alternatively,
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the VSVgm-ICV was made as per usual but freeze/thawed multi-
ple times before injection (VSVgm-ICV -> F/T). This preparation
protected only four out of seven mice.

Taken together, these results indicate that in two VSV-resistant
cancer models tumor cells infected with VSV-A51 can stimu-
late an antitumor immune response that is capable of protecting
mice from a later tumor challenge. In addition, the expression
of GM-CSF from infected cells greatly increased the immuniza-
tion capabilities of the ICV in the B16-F10 model. Interestingly,
it seems that cellular integrity is important in conferring immu-
nological protection from this vaccine but virus only needs basal
replication within the cells constituting the vaccine, as demon-
strated by the VSV -ICV. Whether it is simply transcription or

Gless

genome replication that is required is not presently clear.

VSVgm-ICV induces rapid innate immune activation
We next examined the activation of early innate cells following
VSVgm-ICV treatment. Splenocytes were harvested at 24 hours
post-treatment and dendritic cells (DCs) evaluated for markers of
activation. Mice treated with either VSVgm alone or VSVgm-ICV
had a higher proportion of activated DCs. This is demonstrated
by a higher frequency of cells expressing MHC II and CD86,
as well as higher expression levels of these activation markers
(Figure 4a—c).

In addition, splenic lymphocytes were examined for early
activation through CD69 expression early after treatment with the
VSVgm-ICV. CD69 is a marker of early lymphocyte activation and
is not found on naive lymphocyte populations.”?* Lymphocytes
from VSVgm-ICV-treated mice demonstrate dramatically higher
degrees of early activation than control animals (Figure 4d). In
keeping with this finding, at 24 hours post-treatment, a higher
frequency of blood NK cells from VSVgm or VSVgm-ICV-treated
mice express IFNy and more of the cytokine is expressed per cell
(Supplementary Figure S4a,b). However, not surprisingly, NK
cells are no longer expressing IFNY in the blood on the day of
tumor challenge (Supplementary Figure S4c,d).

VSVgm-ICV increases tumor infiltration by activated
T and NK cells
To understand what cell types are responsible for tumor rejection in
the B16-F10 model following VSVgm-ICV treatment, we implanted
the challenge flank tumor in matrigel, thereby allowing us to easily
resect and disaggregate the tumor (Figure 5a). Mice were injected
with Brefeldin A 6 hours before tumor harvest. This allows us to
determine the expression profiles of tumor infiltrating cells while
they are in the tumor environment. We determined that T cells
are 10 times more numerous in the tumor following vaccination
with the VSVgm-ICV than with irradiated cells alone or VSVgm
(Figure 5¢). This difference is even larger when compared to the
PBS-treated mice, with 30 times more T cells in the treated tumor.
Indeed, over 8% of the tumor cellular content is T cells, equal to
a ratio of one T cell for every 12.5 tumor cells (Supplementary
Figure S5a). Importantly, there is also a much greater number of
CD3* IFNY* cells in the tumor following VSVgm-ICV than in any
control group (Figure 5b,d and Supplementary Figure S5b).

In addition to a significant increase in T cells in the challenge
tumor, VSVgm-ICV-immunized mice have 4-13-fold more NK
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Figure 4 The VSVgm-infected cell vaccine (ICV) leads to dendritic
cell and lymphocyte early activation in the spleen within 24 hours
of vaccination. C57BL/6 mice were immunized with the VSVgm-ICV
or relevant controls i.p. and euthanized 24 hours later. Splenocytes
were stained and examined by flow cytometry for dendritic cell mark-
ers of activation. (a) Percent of CD11c* cells that express MHC I
and/or CD86. (b) Mean fluorescence intensity of MHC Il staining on
CD11c* cells. (c) Mean fluorescence intensity of CD86 staining on
CD11c* cells normalized to phosphate-buffered saline (PBS) levels.
N = 3 mice per group, except for VSVgm-ICV that had four mice.
(d) C57BL/6 mice were immunized with the VSVgm-ICV or relevant
controls i.p. and euthanized 15 hours later. Splenocytes were stained
and examined by flow cytometry for NK and T cells markers in addi-
tion to CD69. Percent of indicated cells that express CD69. All data
presented as mean + SEM with three mice per group. P values, *P <
0.05, **P < 0.005, *** P < 0.0001.

cells (Figure 5e). Importantly, there are more NK cells producing
either IFNYy or Granzyme B (Figure 5g), and there are more NK
cells expressing both IFNy and Granzyme B (Figure 5f).

A VSVgm-ICV reduces tumor burden

in the therapeutic setting

Having demonstrated thata VSVgm-ICV can protect mice from
a tumor challenge, we sought to examine the vaccine’s potency
in more relevant therapeutic models, through the treatment of
mice that have already been inoculated with tumors. C57BL/6
mice bearing B16-F10 subcutaneous tumors were treated i.p.
with VSVgm-ICV, irrB16, VSVgm, or PBS control (Figure 6a).
Animals treated with the VSVgm-ICV had a dramatic delay in
tumor growth (Figure 6b). In contrast, treatment with onco-
lytic VSV-A51-GMCSF had similar tumor growth to PBS-
treated animals. Treatment with y-irradiated B16-F10 cells led
to marginally delayed tumor growth compared to the other
control groups, though this is not statistically significant.

A systemic dissemination model was also undertaken to
examine the effectiveness of this vaccine. Mice were given B16-
F10 cells i.v,, leading to tumor seeding mostly in the lung, though
macroscopic tumors can also occur in the thymus, kidneys,
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Figure 5 Prophylactic immunization with the VSVgm-infected cell vaccine (ICV) leads to robust activated T cell and NK cell infiltration of the
challenge tumor. (@) C57BL/6 mice were prophylactically immunized as described earlier with VSVgm-ICV or controls. B16-F10 cells in matrigel were

subcutaneously injected on day 0. On day 3, mice were injected intraveno

usly (i.v.) with brefeldin A, then 6 hours later were euthanized. Tumors were

resected on day 3 for enzymatic disaggregation and flow cytometric analysis. (b) Representative dot plots demonstrating CD3™ cells expressing IFNy.
(c) The average total number of CD3™ cells per tumor in each group. (d) The average total number of CD3* IFNy" cells per tumor in each group.
(e) The average total number of NK1.1% cells per tumor in each group. (f) The average total number of NK1.11IFNy*GranzymeB™ cells per tumor in
each group. (g) The total number of NK1.1FIFNy" cells and NK1.17GranzymeB™ cells per tumor in each group. P values, £, ¥, £, ], §, and € are all P

<0.005. All data are presented as mean + SEM with five mice per group.

and ovaries. Treatments were initiated the following day and
all mice were euthanized on day 22 to examine tumor burden
(Figure 6¢). Treatment with VSVgm-ICV demonstrated unde-
tectable tumor burden at the time of sacrifice in 80% of mice and
no other tumors were found in any of the animals (Figure 6e,d).
In contrast, control-treated mice demonstrated heavy tumor
burden: 3 PBS-treated mice, 1 VSVgm-treated mouse, and 1
irrB16-treated mouse had large growths in locations other than
the lung. Another PBS-treated mouse was found dead before
scheduled euthanizing. Lung weights demonstrated that the
VSVgm-ICV-treated mice had a much lower tumor burden than
controls, identical to non-tumor-bearing mouse lungs. As a
more stringent test of the VSVgm-ICV’s therapeutic potential,
treatments were started on days 3 or 4 after tumor seeding. In

Molecular Therapy vol. 20 no. 9 sep. 2012

P values, * P < 0.05, ** P < 0.005, *** P<0.0005.

both cases two of four VSVgm-ICV-treated mice had no visible
lung tumors at the time of sacrifice, whereas all irrB16-treated
mice had significant tumor burden (Supplementary Figure S6).
Treatments beginning later than day 4 were not attempted and
50 it remains to be seen if efficacy can be achieved while delaying
treatments further.

A spontaneous model of ovarian canceralso demonstrated ther-
apeutic benefit from the VSVgm-ICV (Supplementary Figure S7).
These transgenic mice develop spontaneous bilateral ovarian
tumors driven by the SV40 TAg.”® The vaccine was made with
the 6048R cell line that had been previously established from one
such tumor. Though normal ovary weights were not quantified,
one VSVgm-ICV-treated mouse had normal appearing ovaries
and these weighed 0.05g in total.
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Figure 6 Treatment with the VSVgm-infected cell vaccine (ICV) can significantly impact tumor growth in subcutaneous and systemic models.
(a) C57BL/6 mice were implanted with B16-F10 subcutaneous tumors and treated according to the presented timeline. (b) Tumor area was moni-
tored and is shown in days following tumor implantation as mean + SEM with five mice per group, except for the VSVgm only group that had four.
(c) C57BL/6 mice were injected intravenously (i.v.) with B16-F10 cells and treated according to presented timeline with the VSVgm-ICV or controls.
Mice were euthanized on day 22, and their lungs were weighed and fixed in 10% formalin. Lungs were then sliced and analyzed by hematoxylin
and eosin (H&E) staining. (d) Lung weights shown are pooled from two separate experiments and presented as mean + SEM with variance analysis
by Mann-Whitney test. Normal lungs are those from mice that have not received any lung tumors or treatments. (e) Hematoxylin and eosin (H&E)
staining of all mice in one experiment with representative sections demonstrating tumor burden at endpoint. All lungs are on the same scale, with
black bar indicating 2mm. A higher magpnification of a representative vaccine and control-treated lung are presented on the right. One phosphate-
buffered saline (PBS) mouse had the heart buried in tumor, and so the organ could not be removed. A few control mice had tumors in their thymus

and so these organs were kept in the H&Es and weights. P values, * P < 0.05, ** P < 0.005, ***P < 0.0001.

These results highlight the potency of this vaccine platform; able
to initiate antitumor immune responses that can single-handedly
slow the progression of highly aggressive and VSV-resistant tumors.

DISCUSSION

Several recent studies have reported the very important role the
immune system plays in tumor clearance. Indeed the quantity and
quality of CD8™ T cells found in the tumor is one of the strongest
favorable prognostic markers in many cancer types.” Not surpris-
ingly, cancers evolve multiple mechanisms of immune evasion
and suppression.”

OV are emerging as promising clinical candidates that target
tumors at multiple fronts. Importantly, many have been observed
to stimulate antitumor immune responses when replicating in
permissive tumors.!” However, not all tumors are permissive to
these viruses. We sought to optimize and test an OV vaccine that
could be used with all tumor types, regardless of in vivo permissiv-
ity; harnessing the antitumor immune response generated when
an immunogenic virus replicates in tumor cells.

We observed that the efficacy obtained with VSV-A51 in the
permissive CT26.LacZ colon cancer model is largely dependent
on an intact T-cell compartment and that mice cured with this
OV treatment generate a robust antitumor immune response
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(Figure 1). However, this efficacy does not translate to tumor
models that are resistant to the viral doses achieved in systemic
delivery of VSV (Figure 2). We propose that the deficit in effi-
cacy due to the lack of in vivo replication could be overcome by
infecting y-irradiated tumor cells in vitro, and then injecting this
ICV into the mouse. Indeed an ICV using VSV-A51-GFP was
able to protect 30% of mice from future B16-F10 tumor chal-
lenge in a prophylactic setting (Figure 3c). Interestingly, cloning
the cytokine GM-CSF into the viral genome greatly increased the
potency of the ICV. The VSVgm-ICV protects 95% of mice from
future tumor challenge. GM-CSF enhances the recruitement and
activation of antigen presenting cells.” However, further studies
are required to fully elucidate the role of GM-CSF in this vaccine.

Though UV-inactivated VSV does not lead to sufficient
immune stimulation, a G-Less VSV was able to recapitulate the
tumor protection achieved with fully replication competent virus
(Figure 3d). Therefore a basal level of viral transcription/repli-
cation is required, though it need not replicate beyond the ini-
tially infected cells that constitute the vaccine. We also observed a
requirement for cellular integrity, thus, it is reasonable to hypoth-
esize that this vaccine does not simply present viral danger signals
in the context of tumor antigens. Instead, we speculate that viral
infection of cells initiates critical immunogenic processes that,
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coupled with tumor-associated antigens, lead to robust immune
activation. In addition, viral infection of an intact cell is quite
immunogically relevant, offering persistent toll-like receptor liga-
tion required for a robust immune response.”

Treatment with the VSVgm-ICV leads to rapid innate
immune activation seen in the spleen and blood (Figure 4, and
Supplementary Figure S4). In many cases, VSVgm leads to the
same level of early immune activation as does the vaccine. VSV
injected i.p. will productively infect the first cells it encounters,
thereby initiating similar immune activation due to viral infec-
tion. However, no antitumor immune responses were detected at
late timepoints with VSVgm alone (Figures 5 and 6) and impor-
tantly no auto-immune sequelae have ever been observed with
VSVgm treatment, whether i.p. or i.v. (data not shown).

Though the VSVgm-ICV is demonstrated to activate NK cells
24 hours after prophylactic vaccination, they do not likely play a
role in challenge tumor rejection as tumor implantation occurs
after NK cells have returned to baseline (Supplementary Figure
$4). Importantly, NK cell activation following VSVgm-ICV should
have a significant role in a therapeutic setting, through the early
debulking of the existing tumor and through the induction of
inflammation at the tumor site. Though seemingly related to the
vaccination, we believe that the NK cell infiltration and activation
observed in the challenge tumor following VSVgm-ICV is in fact
a consequence of activated T cell infiltration (Figure 5). Previous
research indicates that T cells can activate NK cells in this man-
ner.® NK cells have been demonstrated to be important mediators
of early tumor debulking and in cytokine secretion, which fur-
ther amplifies Th1 responses.”*! Certainly, the large quantity and
activated nature of the T cells observed infiltrating the B16-F10
challenge tumor only 3 days after implantation indicates that the
VSVgm-ICV initiates an effective Th1 T cell response.

The activity of this vaccine is highlighted by its impact in ther-
apeutic models of cancer (Figure 6 and Supplementary Figures
$6 and S7). Importantly, therapy could be delayed to 4 days after
systemic dissemination, while still providing a therapeutic benefit.
In some cases, the vaccine is delivered in a completely separate
anatomical compartment and yet leads to significant tumor clear-
ance. Further studies will focus on better understanding the criti-
cal immunological components that lead to this efficacy.

The concept of using virally infected cells as a cancer vac-
cine has been previously investigated in both mouse models and
human patients™* with some success, though few have inves-
tigated the immunological basis for this efficacy. Clinical tri-
als using NDV-infected autologous and allogeneic melanoma
cells demonstrated impressive 10 and 15-year survival data.’*
However, many of these approaches used inactivated virus, rep-
lication-defective, or non-lytic strains. Of note, Livingston et al.
used wild-type VSV to infect melanoma cell lines to create a vac-
cine, though observed very limited responses. However, in this
case the infected cells were swelled, homogenized, enucleated,
and the virus UV-inactivated before treatment.”® The results we
have presented in this manuscript suggest that intact cells and
replication competent lytic virus is much more immunogenic. We
used an oncolytic strain of VSV so as to minimize toxicity, while
allowing us to keep actively, yet locally, replicating virus as part of
the vaccine. In addition, in virus-permissive tumor models, there
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might be an added benefit of tumor debulking and local inflam-
mation in the tumor microenvironment provided by the OV.

Though other immunotherapies have also achieved thera-
peutic efficacy in the B16-F10 tumor model, the VSVgm-ICV
achieves this while requiring no previous knowledge about the
relevant tumor antigens'” or the immunosuppressive mechanisms
employed by the tumor. Importantly, the ICV is relatively simple
to prepare, requiring no long-term ex vivo manipulations.**

The ICV platform would be best coupled to a debulking treat-
ment that might also stimulate the immune system. Local tumor
irradiation may help with tumor debulking and has been dem-
onstrated to increase inflammation in the tumor environment,*
leading to enhanced immunotherapeutic responses.*>** An ideal
scenario might include first surgically removing the tumor, using
this tumor bulk to create the VSV-ICV, and then treating the
patient to reduce metastatic recurrence.

The ICV is a promising immunotherapeutic platform that
achieves the stimulation of both innate and adaptive immune cells.
The potency of the ICV is highlighted by the significant impact it
has on the progression of an aggressive and immunosuppressive
tumor. In addition, the use of autologous tumor leads to a personal-
ized vaccine that can potentially present the full range of a patient’s
unique tumor antigens. Recently, Castle et al.** have shown that the
B16-F10 tumor cell line has acquired over 500 somatic mutations
that could, in principle, encode numerous novel immunogenic
epitopes. Despite this, y-irradiated B16-F10 cells, on their own, are
ineffective in stimulating antitumor immunity, probably due to the
lack of danger signals. Here, we show that infection of B16-F10 cells
makes them a very potent vaccine platform that has the capacity to
induce both a protective and therapeutic immune response. Since
the B16-F10 cell line expresses a vast array of potential neo-antigens,
perhaps many of these could now be made visible to the immune
system when presented as an ICV. It is possible that because of this,
the ICV has the potential to induce a broadly active T-cell response
against a spectrum of neo-antigens. Currently, we have no data to
support this notion, however studies are underway to determine
the number and nature of mutant epitopes that the cellular immune
system recognizes in B16-F10 cells following infected cell vaccina-
tion. It remains possible that our ICV approach simply focuses a
robust response on a single or limited number of tumor antigens.

MATERIALS AND METHODS
Cell lines and mice. CT26.WT and CT26.LacZ (also known as CT26.CL25)
colon carcinoma, 4T1 breast cancer, and B16-F10 melanoma cells were pur-
chased from the American Type Culture Collection (Manassas, VA) and
the B16-F10.LacZ were a gift from Dr Ann F Chambers. All were cultured
in HyQ Dulbecco’s modified Eagles medium (high glucose) (HyClone,
Logan, UT) supplemented with 10% fetal calf serum (CanSera, Etobicoke,
Ontario, Canada). 6048R cells (gift from Dr Vanderhyden) were grown in
oMEM with 10% fetal bovine serum, 2.08 ug/ml epidermal growth fac-
tor (R&D Systems, Minneapolis, MN), 1x of ITSS (Roche, Montreal, CA),
gentamicin, and penicillin/streptomycin (Invitrogen, Burlington, CA).
Female 6-week-old Balb/C, C57BL/6, and CD1 nude mice were
purchased from Charles River Laboratories (Wilmington, MA). Female
8-week-old FVB/N MISIIRTAg transgenic mice (line tg4568—a gift
from Dr Vanderhyden) were generated using the transgene described by
Connolly et al.** These mice develop bilateral ovarian tumors of epithelial
origin with full penetrance and typically endpoint at 14 weeks of age.
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All experiments were conducted with the approval of the University of
Ottawa Animal Care and Veterinary Service. Tumor Area is calculated by
multiplying the width by the length of the tumor.

Virus. VSV-A51-GFP and VSV-A51-GMCSF were grown in Vero cells and
purified by centrifugation or sucrose gradient banding and centrifuga-
tion. VSV-GLess was grown on 293G cells. Virus stocks were aliquoted
in PBS, kept at -80°C, used once, and then discarded. VSV-A51-GMCSF
was cloned using PCR primers to murine GM-CSF and amplified off the
pcDNA4.1-GMCSF vector. GM-CSF was cloned into the VSV-A51 vector
at the Xhol and Nhel sites between the G and L genes.

Direct treatment model and immunohistochemistry. Subcutaneous
tumors were established by injecting 3 x 10° CT26.LacZ or B16-F10 cells
in PBS on the hind flank of the mouse. Tumors were allowed to grow until
palpable, six treatments were then administered i.v. for 2 weeks, every
monday, wednesday, and friday, unless otherwise stated. VSV-A51 was
used at 5 x 10° plaque-forming unit (pfu)/100 ul. To analyze VSV replica-
tion in CT26.LacZ and B16-F10 tumors following i.v. delivery, Balb/c or
C57BL/6 mice were implanted with tumors subcutaneously and tumors
were allowed to grow until reaching a sufficient size to dissect. Mice were
then injected i.v. with 5 x 10°* pfu/100ul. Forty eight hours after injec-
tion, mice were euthanized, tumors were excised, and frozen in Shandon
Cryomatrix freezing medium (TermoElectron, Waltham, MA) in liquid
nitrogen. Five microgram sections were stained by immunohistochemis-
try with rabbit anti-serum raised against VSV (gift of Dr Earl Brown) at a
1/5,000 dilution for 30 min. Secondary antibody and ABC reagents were
used as directed from the Vectastain ABC kit and Horseradish peroxidase
activity was assessed using a Diaminobenzene-HRP kit (KPL Biosciences,
Guelph, Ontario, Canada). Nuclei were counterstained with hematoxylin.
Images were obtained using an Epson Perfection 2450 Photo Scanner.

Rechallenge and splenocyte transfer. Mice were treated as in the direct
oncolysis model with six doses of VSV at 5 x 10° pfu/100 ul i.v. Once tumors
were palpable. Mice that had complete responses were kept for at least 3
months to ensure long-term responses. Splenocytes were harvested and
purified by Lympholyte-M gradient from mice that were naive, had a tumor
but received no treatment, or cured by VSV treatment. 5 x 10 of these iso-
lated splenocytes were transferred to naive mice i.v., and these mice were
then challenged 48 hours later with 3 x 10° CT26.LacZ cells on the right
hind flank or 4T1 cells on the left flank. Tumor outgrowth was monitored.

ICV. Tumor cells were harvested from tissue culture and aliquoted in
Eppendorf tubes at 2 x 107 cells/200 ul in PBS. These were y-irradiated for
30Gy (CT26.wt), 45Gy (6048R), or 60Gy (B16-F10) in a Pantak HF320
X-Ray machine. Virus or PBS was added to the tubes at 2 x 10° pfu in 200 ul
of PBS and incubated at 37°C for 2 hours. The mixture was then injected
in mice, 100l i.p.; therefore giving each mouse 5 x 10° y-irradiated cells
and 5 x 107 pfu of virus per dose. For Figure 3f, the “irrB16 — F/T +
VSVgm” sample was y-irradiated, then subjected to 3 freeze/thaw cycles
in a dry ice bath and 42 °C water bath. Cells were then mixed with VSVgm
before injection into the animal. Conversely, for the “VSVgm-ICV — F/T”
sample, the ICV was made as usual and following the 2 hour infection the
mixture was subjected to 3 freeze/thaw cycles before injection as detailed
above. In the prophylactic model, mice were immunized on days -14 and
-7, and then challenged with 1 x 10° live tumor cells subcutaneously on
day 0. For the therapeutic model, mice were given 1 x 10° B16-F10 cells
subcutaneously on day 0 or 7 x 10* B16-F10 cells i.v., and then vaccinated
on days 1, 8, and 20 i.p. For the 3 and 4 day B16-F10 i.v. model, mice were
treated on days 3, 10, and 22 or 4, 11, and 23, and then euthanized on day
28 to determine lung tumor burden.

In subcutaneous models, tumor measurements were determined
with callipers until end point was reached. In i.v. model, endpoint was
reached when mouse demonstrated severe respiratory distress, had a mass
larger than 15 mm, or predetermined experimental endpoint was reached.
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Lungs were removed and fixed in 10% formalin for at least 3 days. These
were then blotted dry and weighed. Lungs were then paraffin embedded
and slices were analyzed by hematoxylin and eosin staining. Pictures
were taken on the Aperio ScanScope (Axiovision Technologies, Toronto,
Ontario, Canada) and analyzed using Aperio ImageScope software
(Axiovision Technologies, Toronto, Ontario, Canada).

Flow cytometry. Spleens and blood were harvested from mice at indi-
cated timepoints, red blood cells were lysed using ACK lysis buffer, and
resuspended in RPMI + 10% fetal bovine serum. For examination of DC
maturation, cells were stained with cell surface antibodies for CD11¢c-PE-
Cy7 (clone N418; eBioscience), CD86/B7-1 (clone GL1; eBioscience, San
Diego, CA), and MHC class II-FITC (clone M5/114.15.2] eBioscience). For
early lymphocyte activation, splenocytes were stained with CD3-PerCP
(clone 17A2; R&D Systems), DX5-PE (BD Bioscience), and CD69-FITC
(clone H1.2F3; BD Biosciences). All flow cytometry was performed on a
Beckman Coulter CyAn and data analyzed with Kaluza v1.1 software. For
the examination of NK cell activation splenocytes were restimulated for
1.5 hours with PMA and ionomycin, during the last hour GolgiPlug (BD
Biosciences) was added. These cells were then stained with CD3-PerCP
(clone 17A2; R&D Systems), DX5-PE, Granzyme-B-PE-Cy7 (clone 16G6;
eBioscience), and IFNY-FITC (clone XMG1.2; eBiosciences) and examined
by flow cytometry.

Examination of cellular infiltrate of matrigel challenge tumor. Following
the regular prophylacticimmunization schedule mice were challenged with
3 x 10° B16-F10 cells resuspended in 300 ul of matrigel (BD Biosciences).
6 hours before euthanasia, mice were treated i.v. with 0.25mg Brefeldin
A (Sigma, Oakville, Canada) as previously published.* Mice were eutha-
nized and matrigel plugs were excised from the flank and disaggregated
using a cocktail of collagenase type IV (Cooper Biomedical, Malvern, PA),
Dispase, and DNase I (Invitrogen) resuspended in HBSS. This mixture
was then washed and stained with surface antibodies: anti-CD3-PE (clone
17A2; BD Biosciences) or anti-NK1.1-PE (clone PK136; BD Biosciences).
Cells were then permeabilized and fixed (BD Cytofix/Cytoperm; BD
Biosciences) and stained with intracellular antibodies: IFNY-FITC (clone
XMG1.2; eBiosciences) and Granzyme B-PE-Cy7 (16G6; eBioscience).

Statistical analysis. All statistical analyses were determined using
GraphPad Prism 5.0 software. Where applicable, data are presented as
mean + SEM and significance of variance was determined by T-test with
Welch's correction, unless otherwise stated.

SUPPLEMENTARY MATERIAL

Figure $1 . VSV infection of B16-F10 cells at a high MOI can over-
come replication issues.

Figure $2. VSV acts as a potent adjuvant in a prophylactic CT26.wt-
infected cell vaccine.

Figure $3. The VSV, _ -ICV performs identically as the VSV-ICV.
Figure $4. Prophylactic immunization with the VSVgm-ICV leads to
early NK cell activation; however activation is not maintained until tu-
mor challenge.

Figure $5. A significant increase in the proportion of T and NK cells is
observed within the challenge tumor.

Figure $6. Treatment with the VSVgm-ICV reduces tumor burden
even when treatment is delayed to day 3 or 4 after tumor inoculation.
Figure $7. The VSVgm-ICV has therapeutic efficacy in the MISIIRTAg
spontaneous ovarian cancer model.
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Appendix VII — Oncolytic viruses: the best is yet to come

Contribution of author: CG Lemay researched and wrote the manuscript with guidance from
JC Bell. M Abei wrote the last section on “eradicating the root of cancer, the cancer stem
cells”.

Review was requested by the journal Current Cancer Drug Targets for a special issue on
OVs. It has been accepted.
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Introduction

The oncolytic virus field developed in fits and starts since the early 1950s but the last 10-15 years has seen a
concerted effort from the scientific and medical communities to really test the efficacy and potential of this class of
therapeutics. We now know that OVs are very safe therapeutics and there have been tantalizing signs of efficacy in the
clinic. These early studies have taught us a lot about the platform and perhaps most importantly that our initial concept of
creating a virus machine that would eat through tumours like the videogame hero “Pac-Man” are probably incorrect. It’s
becoming clear from both pre-clinical and clinical studies that viruses have important hurdles to overcome within the
tumour and the patient. But just as important we are beginning to realize that viruses are attacking cancers in multiple
different ways. This new understanding of virus.patient interactions is opening our eyes to novel ways to arm viruses or
combine therapies to safely enhance virus spread and tumour killing.

Herein we discuss the recent progress in pre-clinical and clinical virotherapy research, with special focus on innovative
strategies that seek to complement the current strengths of virotherapy, ensuring an optimal multi-faceted attack on cancer.
We highlight the research areas that we believe provide the most potential to increase the efficacy of this exciting
biotherapy platform. The last five decades of cancer research and treatment has clearly shown that monotherapy approaches
will never be successful for the treatment of metastatic cancers and so a multi-faceted therapeutic(s) is necessary if
significant improvements in patient outcomes are to be achieved. Combination therapies incorporating oncolytic viruses
have potential to deal with rapidly evolving and heterogeneous human cancers.
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A. Riding the Trojan Horse to Maximize Intravenous Delivery

Systemic delivery of oncolytic viruses (OVs) offers the prospect of targeting distant tumour beds and undiscovered
micrometastasis. However, the blood stream is a very hostile environment where innate and adaptive components can
neutralize virus particles and significantly decrease the effective dose. Carrier cells offer a “Trojan Horse” approach to OV
delivery, cloaking the virus from blood components and potentially allowing for tumour homing. It has been clearly
demonstrated that they enhance efficacy in immune hosts, thereby allowing for dosing in pre-immune patients and for
repeat dosing [/-4]. Interestingly, in a study using adenovirus in osteosarcoma, carrier cells were demonstrated to abolish
virus uptake by the liver [5]. Therefore, these carrier cells not only offer the prospect of protection from neutralising blood
components, but might also reduce virus uptake by the reticulo-endothelial system, again increasing the effective dose that
is delivered to the tumour.

Many carrier cells have now been used not only for shielding virus but also for their homing potential. An observation
that macrophages were frequently found within plasmacytomas of myeloma patients led to the testing of CD14+
macrophages and dendritic cells (DCs) as cell carriers for an oncolytic measles virus. The group demonstrated that these
can be used in mice to deliver measles virus to tumours and extend survival [6]. Macrophages have also been investigated
for their ability to migrate to, and extravasate into, hypoxic tumour cores. In this model, macrophages were first transfected
with a hypoxia-driven E1A plasmid and then infected with a prostate-specific E1A-dependent adenovirus. In this way, the
macrophages, upon entering the hypoxic tumour core, become productively infected with the adenovirus and release
progeny into the neighbouring tumour cells [7].

Mesenchymal stem cells (MSCs) are also promising as cancer therapy carriers because they naturally migrate to most
solid tumours and are easily harvested and expanded, allowing for autologous treatment [3, 8]. As such, they have now
been shown to efficiently deliver measles virus and adenoviruses to various solid tumours [3, 9]. In a small exploratory
study, four children with treatment-refractory stage IV neuroblastoma received MSCs loaded with an Rb-specific
adenovirus. Of these, one child demonstrated an impressive response to the treatment, having complete disappearance of
metastatic disease after the final infusion and maintenance of this disease-free state for 4 years [10].

Another interesting avenue for carrier cell research involves the use of immune cells, as these have the potential to not
only evade blood components but also home to tumour sites and lead to anti-tumour immune responses. The homing and
carrier abilities of T cells have been evaluated by many groups with promising results. Naive T cells were used to deliver
WT-VSV to lymphoid tissues to purge these organs of their metastatic burden. Interestingly, the group found that these
naive T cells do not become productively infected by VSV, but instead carry the virus on their cell surface [//]. In addition,
work has been performed with in vitro activated human T cells as carriers for oncolytic measles virus. This work has
demonstrated that although these cells do not preferentially accumulate in the tumour, approximately 1.5% of them do
traffic to the tumour tissue and are able to deliver virus to tumour cells [/2]. This research serves as a stepping stone
towards using anti-tumour T cells or T cells that are engineered ex vivo to have chimeric antigen receptors. Adoptive cell
therapies have gained momentum as a valuable cancer treatment, especially in malignant melanoma, which has had several
clinical trials to optimize the collection, selection, and expansion of tumour-reactive T cells. These trials boast a 50%
response rate, an impressive number for an aggressive disease with few treatments available. However, these protocols are
extremely expensive and laborious, often taking over a month of processing and expansion. In addition, patients receive
lymphodepletion regimens to reduce regulatory and naive T cell numbers, which carries a heavy side effect burden [73].
Owing to the induction of a large inflammatory response, oncolytic virotherapy may increase the production of systemic
homeostatic cytokines and may naturally suppress regulatory T cells. In this way, combining an OV with adoptive cell
transfer may decrease the requirement for dangerous lymphodepletion and cytokine regimens. Indeed a recent paper from
the Journal of Immunology has demonstrated that using an oncolytic vaccinia that expresses a tumour antigen is just as
effective as a therapeutic DC vaccination protocol, but, unlike the DC vaccination, the vaccinia protocol does not require
whole body irradiation to achieve the same efficacy [/4].
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Along these lines, cytokine induced killer (CIK) cells have been examined for their ability to deliver oncolytic vaccinia
to tumours while maintaining their innate ability to target tumours. These cells also have the added advantage of being
easier to develop than antigen-specific T cells. Strikingly, these cells deliver virus to the tumour more efficiently than virus
alone and are still able to exert their own anti-tumour destruction. This led to very efficient tumour clearance in multiple
cancer models [15].

Carrier cell research is moving towards using cells that not only provide shielding from antibodies and complement
but also detarget from off-target organs, home to tumour sites, and even potentially exert their own anti-tumour effector
functions. In this way, these cells can be complete biological platforms, designed to maximize their output of virus
specifically at the tumour site. In addition, cells could be manipulated to secrete cytokines or viral enhancers that would
boost the anti-tumour effect of the treatment.

B. Virus-Mediated Tumour-Specific Asphyxiation

Angiogenesis is a necessary process for any tumour that has grown beyond a minimal size. This process is tightly
regulated by pro and anti-angiogenic factors that oppose each other to fine tune the process. This tuning is called the
“angiogenic switch” [/6]. Though targeting this pathway to reinstate a more normal balance has demonstrated promise in
pre-clinical models, clinical results have been disappointing, partly due to a high incidence of side effects at high doses [/6].
However, the normalization of tumour vasculature through the antagonism of the VEGF system has proven to reduce
interstitial tumour pressure, allowing for better delivery of other anti-cancer agents [/7]. This offers an interesting avenue
for combination therapy, as vascular disruption may further lead to cancer cell death, and vascular normalization may
enhance viral distribution in the tumour.

Several groups have begun incorporating antiangiogenic proteins into their viruses in the hopes of further destabilizing
the tumour and increasing cell death. For example, endostatin inhibits endothelial cell proliferation and migration, in
addition to inducing apoptosis or G1 arrest. There have been over 750 reports describing the role of endostatin in cancer; it
demonstrates tumour growth inhibition in over 20 different cancer models [/8]. This gene has been engineered, either alone
or as a fusion with angiostatin (another well characterized endogenous inhibitor of angiogenesis), into both adenovirus and
vaccinia virus [/8-21]. Other groups have used similar approaches, blocking VEGF signalling by encoding proteins like
vascular endothelial cell growth inhibitor (VEGI) [22], or a soluble vascular endothelial growth factor receptor 1 (VEGFR-
1) fused to an immunoglobulin domain [23], or a single-chain antibody against VEGF [24]. Other strategies have
incorporated TIMP2 [25], an inhibitor of matrix metalloproteinases and angiogenesis, or vasculostatin, which, among other
antiangiogenic properties, antagonizes the avf5 integrin family [26]. Interestingly, the group investigating the effect of a
vaccinia virus expressing a single-chain antibody against VEGF (VACV-scAb-VEGF) also compared this to treatment with
bevacizumab (aka Avastin) after VACV treatment. Bevacizumab is a clinical antibody against VEGF approved for use in
multiple cancer types, but it has demonstrated potentially dangerous side-effects such as hypertension and proteinuria.
Encoding the antibody against VEGF in an oncolytic virus offers the possibility of decreasing these side effects; since the
molecule should only be produced in the tumour environment, off-target effects should decrease. The group demonstrated
that efficacy was comparable in either scenario, but did observe that vessel density was much lower in areas infected with
the VACV-scAb-VEGF compared to vaccinia and bevacizumab treatment [24]. Further studies might incorporate both
treatments together, first treating VACV-scAb-VEGF, followed by maintenance doses of bevacizumab.

All of these research groups have observed marked decreases in vessel density in the infected tumours and
demonstrated increased efficacy when used in in vivo cancer models. However, it is not clear if efficacy is due to the direct
inhibition of tumour growth through inhibition of angiogenesis or if the decrease in interstitial pressure through vascular
normalization is playing a role in increased viral spread. Examining the basis for this efficacy will inform the treatment
protocol and lead to better combination therapy platforms with rational timing and dosing.

One paper did examine the impact on viral replication in bevacizumab pre-treated tumours infected with an oncolytic
adenovirus. They observed that bevacizumab does not have any effect on virus replication or cell death when combined in
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vitro, but does lead to significantly higher viral expression and genome copies in vivo. This lends strength to the idea that
vascular normalization through antiangiogenic manipulation can increase viral distribution and spread through a tumour
[27].

Another strategy for vascular disruption is the use of the virus itself as the disruption agent. Tumour stroma is much
more genetically stable, so it is less likely to evolve around the negative selection that the virus imposes, and endothelial
cells are easy for the virus to access from the blood stream. This has been attempted through the use of RGD peptides [28-
30] or echistatin motifs [30, 31] that bind to integrins upregulated on newly formed and tumour vasculature. However,
these motifs also bind integrins that are commonly upregulated on some tumours; therefore, it is difficult to attribute
increased efficacy solely to endothelial cell killing. One study performed multiple assays to determine the binding and
infection efficacy of oncolytic measles virus expressing various RGD motifs or echistatin. This group was able to observe
these targeted viruses infecting blood vessels from chick chorioallantoic membranes, neovasculature in an ear pinnae model,
as well as tumour blood vessels after intravenous delivery of virus [30].

Chen et al developed an elegant system for targeting their oncolytic adenovirus to the tumour endothelium while also
enhancing viral movement into the tumour. They engineered their virus to express a fusogenic glycoprotein under the
control of an endothelial-specific promoter. This led to heterofusion events between endothelial cells and neighbouring
tumour cells, facilitating transendothelial migration [32]. Though not investigated, this approach may also lead to eventual
vascular collapse if enough endothelial cells become infected and fused.

In addition, it has been demonstrated by our lab and others that some viruses naturally disrupt or infect tumour
vasculature. Saito et a/ demonstrated that the adenovirus (Ad) E1A protein inhibits HIF 1a-mediated induction of VEGF
and suppresses angiogenesis in vivo [33]. Similarly, it was demonstrated that VSV-A51 infection of tumours leads to rapid
and potent shutdown of the tumour vasculature through the recruitment of neutrophils [34]. It was later observed that VSV-
A51 could specifically infect tumour endothelial cells [35], though the impact of this infection is difficult to ascertain. In
addition, the clinical candidate JX-594 vaccinia virus has been observed to decrease VEGF levels and vascular perfusion by
CT scan in patients [36].

Conversely, some groups have found that using VEGF can also enhance viral infection of tumours. However, this was
attributed to acute vascular leakiness [37] and a fortuitous observation that VEGF-pulsed endothelial cells become sensitive
to viral infection by both reovirus and VSV [38].

Vascular disruption combined with OVs is a promising modality because it could lead to vascular normalization,
which decreases interstitial pressure and has been demonstrated to increase viral distribution in the tumour. In addition,
these agents target an important part of a growing tumour that is often forgotten: the stroma. The tumour stroma is
generally more genetically stable, and therefore, less likely to have time to adapt to the stress inflicted by the vascular
disrupting therapy.

C. Manipulating the Tumour Microenvironment to Improve Virotherapy

Although a virus faces multiple barriers on its journey to the tumour, it does not get much easier once it has reached its
destination. The tumour microenvironment is composed of a dense network of extracellular matrix (ECM) that effectively
blocks virus from disseminating throughout the tumour bed. The ECM is a complex, entangled array of glycoproteins,
collagens, glycosaminoglycans, and proteoglycans that are modulated by multiple endogenous proteases, such as matrix
metalloproteinases (MMPs) and heparanase [39]. In many tumours, the ECM restricts tissue diffusion to only allow
molecules smaller than 60nm [40].

Innovative studies using replication-deficient Ad gene transfer examined the use of elastase, trypsin, or a mix of
collagenase/dispase in increasing transduction of smooth muscle cells or gliomas. These studies all observed marked
increase in infection efficiency [4/, 42]. As a means to enhance oncolytic viral distribution and spread within the tumour,
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many groups have employed ECM degrading enzymes. Relaxin is a peptide hormone that decreases the secretion of
collagen and has been shown to induce MMP expression [43]. It has been used in conjunction with oncolytic Ads to
successfully increase transduction efficiency, viral spread, and viral persistence, leading to increased survival. Importantly,
these studies examined the effect of relaxin on metastasis and observed no increase in lung metastasis upon treatment [43,
44].

Collagen has been investigated for its role in preventing viral dissemination through tumours and has been shown to
inhibit oncolytic Ad [45] and HSV [46]. However, many other ECM components have been observed to hinder hydraulic
flow through tissue, such as hyaluronicacid (HA), sulphated glycosaminoglycans, and glycoproteins [47]. As a means to
degrade these ECM components, groups have tested various MMPs; MMP-1, MMP-8 [45, 47], and MMP-9 [48] have all
been demonstrated to lead to ECM degradation and increased viral distribution in tumours. MMP-1 and -8 increase
hydraulic conductivity and significantly increase viral infection of the tumour core, whereas control tumours only
demonstrate virus staining on the tumour rim [47]. Other groups have successfully increased viral spread and in vivo
efficacy by co-injecting the virus with a bacterial collagenase [46] or hyaluronidase [49], or by encoding hyaluronidase in
the virus itself [50]. An Ad expressing decorin [5/], an endogenous inhibitor of collagen assembly that induces MMP-1,
and an HSV expressing chondroitinase ABC [52], a bacterial enzyme that removes chondroitin sulphate
glycosaminoglycans from proteoglycans, also increase virus spread and in vivo efficacy.

However, it is important to note that tumour invasion and metastasis also utilizes ECM degradation. The gravity of this
assertion is highlighted by most groups investigating treatment impact on metastasis or invasion. Importantly, all groups
that examined these factors observed no increase in metastatic spread or invasion, and indeed most groups noted a decrease
in metastasis following these combination therapies.

Diop-frimpong et al postulated that Losartan might have a more favourable safety profile, as it is already an approved
drug for controlling hypertension and does not demonstrate high grade toxicity to normal tissues [53]. It is a prototype
nonpeptide angiotensin II receptor antagonist with antihypertensive functions. In addition, Losartan inhibits collagen-
stimulated platelet aggregation through its interaction with glycoprotein VI [54]. In this study, the authors demonstrate that
Losartan is able to reduce collagen I levels in 4 distinct tumour models, enhance tumour penetration of nanoparticles, and
improve HSV spread and efficacy in two models of cancer [53].

Interestingly, degradation of ECM is also postulated to decrease interstitial pressure in the tumour, which might also
lead to enhanced viral delivery to the tumour core [55]. However, the matrix composition of each tumour will likely
determine the effectiveness of each of these treatments. Also, the gravity of possible impacts on metastatic spread and
invasion will require careful consideration into the method of ECM degradation and close follow-up of patients treated with
such therapies. However, the dramatic increase in viral spread and efficacy does warrant further research for this
combination treatment.

D. Choosing your Side-Kick Wisely: Manipulations of Cell Signalling Pathways

Combinations with radiotherapy

From a pragmatic point of view, implementing a new viral therapy in combination with the current standard of care,
like chemotherapy or radiotherapy, makes most sense. Radiation therapy has been demonstrated to synergize with oncolytic
Ad [56-61] in multiple models, and this phenomenon is shown to rely on a radiation-mediated increase in dynamin-2, a
membrane associated protein required for Ad cell entry [59]. However, it was later reported that synergy was only seen in
subcutaneous and in vitro models and was not observed in orthotopic glioma models [62]. This may be a result of poor
timing between treatment because Liu et al observed that a high dose of radiation before adenoviral treatment was much
more efficacious than a continuous low-dose after viral treatment [63].
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Herpes simplex virus (HSV) has also been observed to synergize with radiotherapy [64-67]. Further studies implicated
several factors in this process: radiation-induced GADD34, the enhancement of viral promoters by p38 [68], and HSV-
mediated inhibition of DNA repair [69]. The y; 34.5 gene of HSV is a homologue of GADD34 and is frequently deleted in
oncolytic mutants. Therefore, radiation-induced upregulation of GADD34 leads to increased replication of y; 34.5-deleted
HSV [70]. However, another group reported no additive effects with a y; 34.5-deleted HSV combined with radiation when
tested in vivo, suggesting that this interaction may not be ubiquitous [77].This highlights the importance of fully
understanding the underlying mechanism of synergy to best sculpt a combination therapy that takes full advantage of the
interactions at play. Radiation has also been successfully combined with VSV-A51 [72], reovirus [73], and measles [74].

Recently, there has been interest in using the sodium iodide symporter (NIS) for imaging and radiotherapy by coupling
the NIS-expressing virus with radionuclide therapy. Measles-NIS has been demonstrated to be safe and effective for in vivo
imaging of viral replication, and it significantly enhances tumour killing when combined with radionuclides [75-77]. VSV-
A51 [78] and vaccinia virus [79] have also been successfully engineered with the human NIS gene and are able to induce
uptake of radionuclides for imaging [79] and therapy [78].

Combinations with ch therapy

Standard chemotherapeutics have also been investigated for possible synergism with various kinds of virotherapy. Ad
has been successfully combined with cisplatin [80, 81], 5-fluorouracil [82], temozolomide [83], irinotecan [84], paclitaxel
[81, 85], and others; their inclusions all demonstrate a degree of increased tumour cell death. In the case of temozolomide,
the Ad-A24-RGD decreased levels of MGMT, a DNA repair protein commonly used by gliomas to evade temozolomide-
induced death [83]. For paclitaxel and cisplatin, the responses from different cell lines vary from synergistic to antagonistic
[81, 86].

Similar to radiotherapy, cisplatin induces GADD34 expression, which synergizes with y; 34.5-deleted HSV vectors
[87]. Reovirus is observed to synergize with docetaxel, and this is hypothesized to rely on docetaxel-mediated microtubule
stabilization [88]. Vaccinia virus demonstrates synergy in combination with paclitaxel, and this interaction was
demonstrated to stem from a more cooperative relationship: Paclitaxel forces cells into the S-phase of their cell cycle, a
point where vaccinia virus preferentially infects cells. In addition, type 1 IFNs and HMGBI1 released from vaccinia-infected
cells sensitizes these cells to paclitaxel-induced cell death [89].

However, combining virotherapy with conventional chemotherapy can also risk abrogating important virus-stimulated
anti-tumour immune responses. Sung et a/ combined cisplatin with a fusogenic VSV (rVSV-F) and an IL-12-secreting
VSV (rVSV-IL12). Although both demonstrate enhanced cytotoxicity in vitro in combination with cisplatin, there is an
increase in in vivo efficacy with the rVSV-F but a dramatic decrease in combination with the rVSV-IL12 virus [90].
Rational design of platforms should take into consideration this effect and design treatment regimens that fully take
advantage of the benefits OV therapy has to offer, including possible long term tumour control from anti-tumour immune
responses. This topic will be discussed in more detail in the last section of this review.

With the growing capacity of computational biology, one way of rationally designing treatment schedules is to
model possible interactions in silico followed by validation in animal models. This was successfully performed with Ad
ONYX-015 and the MEK inhibitor CI1040 [9]].

Combinations with histone deacetylase inhibitors

Histone deacetylase inhibitors (HDIs) are a class of small molecule that inhibit protein deacetylation and
demonstrate inhibitory effects on the type 1 IFN pathway. These drugs are currently being clinically tested for use in cancer
and have demonstrated some promise in haematologic malignancies. Due to their antagonism of the IFN pathway, they
have also been shown to highly potentiate the killing and replication of many OVs: VSV-A51 with SAHA and MS-275 [92],
oncolytic HSV G47A and strain R849 with Trichostatin A (TSA) [93, 94] and the rQNestin34.5 strain with Valproic Acid
(VPA) [95], and the oncolytic double deleted strain of vaccinia with TSA [96]. However, all HDIs are not equal and they
each demonstrate unique protein targets. Consequently, Ad has been observed to synergize in some cell lines with the HDI
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FR901228 [97] and TSA [98] but is antagonized by VPA [99]. HDIs modulate a myriad of cellular pathways [/00] and
viruses have complex interactions with cellular pathways, therefore understanding the full scope of this combination is
nearly impossible and requires careful consideration.

High through-put screens

Because of the complex interactions a virus has with its host cell, the most efficient way to discover viral
enhancers may be to blindly screen large libraries of chemicals. This technique involves no bias, and novel interactions can
be identified. Diallo et al identified several new chemicals that enhance replication of VSV-A51, with their lead candidate
VSel enhancing replication by a factor of 1000 [/01]. Passer et al also performed a similar screen for compounds that
enhance oncolytic HSV and found two such small molecules that greatly enhanced replication by antagonizing the
endogenous protein ENT1 [/02].

It is worth mentioning that virus dissemination through a tumour is also hindered by the narrow spaces between
cells. Nagano et al demonstrated that the simple act of inducing some cell death in a tumour dramatically increases the ease
with which HSV can spread throughout the tumour and leads to much higher titers [/03]. Therefore, some of the
aforementioned interactions could possibly stem from the cell death induction of the chemical or radiotherapy. This also
implies that chemicals that are able to specifically enhance a phase of the viral life cycle, while also inducing some cell
death, will lead to strong synergy.

Of note, our group has also examined the ability of two viruses to complement each other. In this case, vaccinia
virus is used to specifically decrease type 1 IFN levels in the tumour through induction of its BI8R gene product. This
paves the way for VSV-AS51 to robustly replicate in the tumour days after the vaccinia injection [/04]. One could also
imagine a scenario where VSV is endowed with a vaccinia-stimulating gene, allowing for co-complementation to occur.
Because both viruses are tumour specific, this enhanced viral replication need not increase the toxicity to normal cells.

Though combining OV therapy with the current standard of care is tempting due to the immediate applicability and
feasibility, it may not always be the most appropriate for the development of the best possible cancer treatment. Current
cancer therapies carry a heavy burden of side-effects and may modulate OV efficacy differently depending on the
underlying cellular genetic abnormalities. Using computational biology, high-throughput screens, and intense validation
and characterization, we may be able to discover new compounds that have fewer side effects and boost viral potency in a
much more robust and specific manner.

E. Virally-Induced Immunotherapy — Long-Term Surveillance That Wins the War

Our immune system has evolved to recognize and kill pathogenic intruders. Through the use of many pattern
recognition receptors, the presence of a virus is rapidly recognized and a strong inflammatory response ensues [/05]. The
premise of using OVs to generate a long-term anti-tumour immune response is to usurp these viral “danger signals” to
activate the immune system against the cancer. The immune system requires two signals; signal one is the foreign antigen,
which in this case is the tumour associated antigen (TAA). Signal two is a molecular signal that warns of tissue stress or
pathogen invasion through the ligation of pattern recognition receptors. Through the encouragement of phagocytosis of
dying, infected cancer cells, both signals can be satisfied and immune-mediated tumour destruction can proceed [/06].

OV’ create the “perfect inflammatory storm”

Many OVs have demonstrated the ability to stimulate dendritic cell (DC) maturation upon incubation with infected
tumour cells [/07-111]. Likewise, many OVs have been found to stimulate T cell activation [/08, 109, 112] and, in some
cases, to depend on T cells for efficacy in vivo [113, 114].

In addition, some groups have begun investigating the role and efficacy of oncolytic viruses in stimulating natural killer
(NK) cells, with encouraging results. Reovirus-stimulated DCs are able to activate NK cells to secrete IFNy and to become
cytotoxic towards tumour cells [/75]. Importantly, reovirus treatment induces NK and T cell homing to the tumour [/76,
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117]. NDV infection of multiple tumour types induces NK activating receptors to be upregulated on the tumour cell,
leading to NK secretion of IFNy and TNFa and NK-mediated killing of these infected tumour cells [//8]. An elegant study
by Wongthida ez al demonstrates the importance of IL-28 in inducing NK-mediated in vivo efficacy of WT-VSV in the B16
melanoma model. They observed that only IL-28R-expressing variants of B16 respond to VSV treatments in vivo, though
no difference in in vitro susceptibility is seen. Upon further examination, it was determined that innate cells secrete IL-28
upon VSV infection, and this IL-28 acting upon IL-28R-expressing tumour cells leads to NK-mediated lysis. Forced
expression of IL-28R in the non-expressing variants leads to in vivo efficacy when treated with VSV [/79]. In addition,
Boudreau et al further demonstrated a crucial role for type 1 IFNs and IL-15 from VSV-infected DCs in stimulating NK
cells which leads to in vivo efficacy [120]. The oncolytic parvovirus H-1PV and vaccinia virus have also been observed to
enhance NK cell killing of infected tumour cells [/21, 122].

Pouring Gas on the Fire

A popular strategy for boosting the virotherapy-induced anti-tumour immune response is to engineer the virus to
express a cytokine or chemokine. Granulocyte/monocyte colony-stimulating factor (GM-CSF) has been the most
commonly used, having been engineered into VSV [/23], NDV [124], oncolytic HSV HF10 [/25] and NV1034 [/26],
vaccinia strain JX963 [/27], and the telomerase promoter controlled Ad TOAO02 [/28], among others. GM-CSF is potent in
the recruitment, maturation, and activation of antigen presenting cells and has been used extensively in vaccine protocols
[123, 129]. However, many other cytokines and chemokines have been successfully introduced into the oncolytic viral
genomes, such as interleukin-12 (IL-12) [/30-132], a potent Th1-promoting cytokine that activates NK and T cells, as well
as IL-2 [7133], the T cell chemokine RANTES (CCL5) [134, 135], MIP-1a, FLT3L [/36], and interleukin-23 [/37]. These
viruses are all found to be more robust than their parental counterparts. This strategy manages to harness the strength of the
immune system while mitigating side effects that might arise from systemic administration of the cytokine, as seen with IL-
2 and vascular leak syndrome [/33]. OVs will only express these cytokines where they can productively replicate, ie in the
tumour microenvironment.

In addition, OV treatment has been used in conjunction with DC vaccination and adoptive T cell therapy. When
preceding DC vaccination, hTERT-Ad is able to induce tumour specific IFNy production by splenocytes and lead to better
tumour control. This OV-induced inflammation could not be substituted with TLR ligands, demonstrating the strength of
the inflammatory response generated by replicating viruses. Surprisingly, this treatment protocol also led to a decreased
antibody response against the virus [/38]. Similar findings are observed when DC vaccination is preceded by an oncolytic
Ad expressing both IL-12 and GM-CSF [/39]. Boudreau et al demonstrated that VSV-AS51 is a potent activator of DCs, and
that these VSV-transduced DCs can lead to tumour regression when injected into a tumour-bearing animal. This protocol is
even more efficient when VSV is engineered to express the model tumour antigen OVA, and efficacy can be abrogated by
the depletion of CD8+ T cells or NK cells [/77]. As alluded to previously, T cell adoptive therapies are gaining ground as a
profound cancer treatment. Though more recent work from Dr. Vile’s lab used T cells as carriers for VSV, previous work
demonstrates that intratumoural delivery of VSV in conjunction with intravenously delivered tumour-specific T cells could
lead to significant tumour control and 75% of mice demonstrating long term responses [//4].

A novel strategy that is gaining momentum is the encoding of TAAs into the OV genome [/4, 111, 140]. This
strategy has been elegantly utilized by Bridle ez a/, in which WT-VSV expressing the human melanoma antigen
dopachrome tautomerase (hDCT) is used to boost a pre-existing anti-DCT response generated with a replication deficient
adenovirus. This heterologous, antigen-specific, boost with an oncolytic vector leads to enormous anti-tumour T cell
responses that control the growth of aggressive B16F10 brain tumours [/4/]. In addition, by specifically boosting the anti-
DCT response with VSV-hDCT, the anti-VSV response is decreased. Another interesting take on this strategy is offered by
Kottke et al. They have incorporated a cDNA library from a normal human prostate into VSV. Surprisingly, this virus does
not induce long term autoimmunity against the prostate, and it does lead to significant prostate tumour control [/42]. In
addition, both Bridle et al and Kottke et al use xenogenic antigens in order to more successfully break tolerance.
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F. Eradicating the Root of Cancer, the Cancer Stem Cells

Recent studies on hematologic and solid malignancies have indicated that there is significant heterogeneity with
respect to tumor-forming ability and only a subpopulation of cells is responsible for tumorigenesis. These cells have been
referred to as cancer stem cells (CSC) or cancer-initiating cells (CICs)[143-145]. CICs have been shown to be relatively
resistant to conventional anti-cancer therapies including chemotherapy and radiotherapy and they are considered to play a
role in both disease relapse and metastasis. Therefore, these are critical therapeutic targets [145].

Recently, accumulating evidence are supporting the idea that OVs are ideal candidates for targeting CICs, since
they kill cancer cells through mechanisms different from conventional therapies and they are not subject to typical
mechanism of drug resistance [146, 147]. Indeed, Eriksson, et al. [148] have demonstrated that capsid-modified E1A
mutated Ads, Ad5/3-A24 which enters through the serotype 3 Ad receptor and Ad5.pk7-A24 which uses heparin sulfate
proteoglycans, were able to kill CD44"/CD24” breast CICs. The same group has also reported that Ad5/3 variants that are
controlled by tissue specific promoters, such as cyclooxygenase-2, telomerase (W"TERT) and multidrug resistance (mdr)
protein promoters, also target breast CICs [149]. Jiang, et al. [150] have also reported on the ability of RGD-fiber modified
A24 Ad to kill brain tumor stem cells through autophagy, as indicated by accumulation of autophagic vacuoles, AtgS, and
LC31I in the infected cells. In addition, Skog, et al. [151] have found that Ad16 and chimpanzee Ad CV23 effectively
target glioblastoma CICs, while Zhang, et al. [152], who engineered a telomerase-specific oncolytic Ad expressing the
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), showed that this OV preferentially targets radioresistant
esophageal CSC-like cells. Meanwhile, Marcato, et al. [153] were able to show that oncolytic reovirus also kills breast
CICs. Likewise, Wakimoto, et al. [154] showed that an HSV-1 mutant, G47A (y34.5A, ICP6", ICP47/Us11proA), can target
glioblastoma CICs. The same group has also reported on the synergy of G47A with chemotherapy [155] and also on the
synergy of MG18L, a novel oncolytic HSV which deletes Ug3 and has inactivated U 39, with phosphoinositide 3-
kinase/Akt pathway inhibitors [156] in killing glioblastoma CICs in vitro and in vivo. Finally, Parato, et al. have recently
reported that an oncolytic vaccinia virus, JX-594, could kill lung and colon CICs in vitro [157].

How this promising basic data for OV-mediated CIC killiing translates into clinical benefit await the results of
clinical trials. Total killing of CICs may require further refinement of OVs including their arming with appropriate genes
targeting CICs. However, this data strongly supports the idea that OVs offer important new benefits that conventional

cancer therapeutics could never provide.

G. Where Are We Heading?

The field of oncolytic virotherapy has developed exponentially in the last decade, seeing dozens of viruses being
developed that have impressive safety profiles and tumour-specificity. For these first generation viruses, clinical
development is well underway with notable milestones having been achieved. The rapid evolution of this burgeoning field
has identified both new hurdles and therapeutic opportunities and the challenge facing us now is to capitalize on the latest
scientific developments. To create a multi-faceted platform viruses will have to avoid anti-viral immunity, home to
tumours, replicate and spread, and initiate long-term anti-tumour immune responses. Currently, virotherapy is heading
towards a new horizon of cancer therapy that will ultimately see OV's become the ultimate biological tumour killing
machines.
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Appendix VIII - Targeted inflammation during oncolytic virus therapy severely
compromises tumor blood flow.

Breitbach CJ, Paterson JM, Lemay CG, Falls TJ, McGuire A, Parato KA, Stojdl DF,
Daneshmand M, Speth K, Kirn D, McCart JA, Atkins H, Bell JC.

Mol Ther. 2007 Sep;15(9):1686-93. Epub 2007 Jun 19.

Contribution of author: CG Lemay analyzed the microarray and validated the findings
through qPCR as presented in Supplementary Figure 3.
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Appendix IX - Vesicular stomatitis virus oncolysis is potentiated by impairing
mTORCI1-dependent type I IFN production.

Alain T, Lun X, Martineau Y, Sean P, Pulendran B, Petroulakis E, Zemp FJ, Lemay CG,
Roy D, Bell JC, Thomas G, Kozma SC, Forsyth PA, Costa-Mattioli M, Sonenberg N.

Proc Natl Acad Sci U S A. 2010 Jan 26;107(4):1576-81. Epub 2010 Jan 4.

Contribution of author: CG Lemay did the dissection of brain tissue, homogenization, and
RNA extractions, which were then analyzed by qPCR by D Roy.
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Appendix X - ORFV: A Novel Oncolytic and Immune Stimulating Parapoxvirus
Therapeutic.

Rintoul JL, Lemay CG, Tai LH, Stanford MM, Falls TJ, de Souza CT, Bridle BW,
Daneshmand M, Ohashi PS, Wan Y, Lichty BD, Mercer AA, Auer RC, Atkins HL, Bell JC.

Mol Ther. 2012 Jan 24. doi: 10.1038/mt.2011.301. [Epub ahead of print]

PMID: 22273579

Contribution of author: CG Lemay provided technical assistance during most flow
cytometry experiments, specifically helping with animal dissections, spleen and blood
processing, and antibody staining when necessary.
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