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Abstract

Tumour cells evade immune responses by multiple mechanisms in the tumour
microenvironment, including through the expression of immunosuppressive molecules. The
programmed cell death ligand 1 (PD-L1) plays a major role in this immunosuppression, and
its expression is often up regulated as a result of innate and adaptive resistance mechanisms.
Recent studies have discovered that the expression of PD-L1 can also extend to the
nanoparticles that are naturally released by these cells, termed extracellular vesicles (EVS).
Immune checkpoint inhibitors (ICIs) have shown great promise in blocking these immune-
silencing interactions, but they remain hindered by their low response rates and toxic side
effects. In addition, it has been found that the presentation of PD-L1 by EVs can be resistant
to these established ICI therapies, further limiting their success. Here, we report a novel
technique in which the oncolytic virus, Vaccinia virus, can be engineered to produce PDL1-
targeting EVs as a form of immune checkpoint blockade. Our results show that our tailored
EVs can target and neutralize immunosuppressive PD-L1, leading to enhanced anti-tumour
immunity. Overall, this demonstrates the potential of using this technique to generate future

EV-based immunotherapies.
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1. Introduction
1.1 Oncolytic viruses (OVs) as anti-cancer therapies

1.1.1 Immunoresistance drives the need for novel therapies

Despite the continuing advancements made everyday in cancer research, new
obstacles continue to emerge and challenge the field. A recent study suggests that
approximately 1 in 2 Canadians is expected to be diagnosed with cancer at some point during
their lifetime !, suggesting the need for effective therapeutics is more prevalent than ever.
Currently, it is standard for surgery and/or radiotherapy to be used in the treatment of
localized tumours; however, it has become evident that many cancers are able to develop
resistance to these, and other treatments 22, This concept of resistance, including immune
evasion and immunosuppression, represents one of the major challenges facing the field
today. Through diverse mechanisms of innate and adaptive immune suppression, tumours act
to prevent or restrain any effector T-cell responses*’: these mechanisms often include,
changing the antigen profile, to make the tumours less detectable by effector T-cells®®;
blocking T-cell recruitment to the tumour®!!; exploiting immunosuppressive leukocytes,
such as regulatory T-cells and tumour-associated macrophages*?**: and even, producing
molecules that can actively inhibit tumour-specific T-cells that enter the tumour immune
microenvironment (TIME) >, In an effort to combat this resistance, treatment strategies
that focus on stimulating and/or further boosting the anti-tumour immune response are being
actively investigated. Immune checkpoint inhibitors (ICIs) 17, adoptive cell therapies'®,
chimeric-antigen receptor T-cells®®, anti-cancer vaccines?’, and oncolytic viruses (OVs) ! are
examples of these immunotherapeutic strategies that have garnered increasing interest over

the years.



1.1.1 Overview of OV potential

Oncolytic viruses (OVs) represent a promising immunotherapy based on their dual
capacity to selectively infect and kill tumour cells, while inducing a systemic anti-tumour
immune response*. Their selectivity stems from the observation that the anti-viral host
machinery found in normal cells is often deficient in cancer cells*?2. For example, protein
kinase R (PKR) aids in the clearance of intracellular viral infections; however, this factor is
often absent in some cancer cells, allowing increased viral replication?. In addition,
malignant defects in the type I interferon (IFN) signaling pathway have been associated with
enhanced susceptibility to viral infection?3. Therefore, many factors produced following
infection — such as those involved in the inhibition of cell growth, activation of apoptosis,
and stimulation of the immune response — are defective in cancer cells, making them more
susceptible to viral infection?*. This selectivity for malignant cells, with little to no harm to
normal cells, makes OVs a promising therapeutic strategy, and they provide the specificity
that conventional therapies (ex. chemotherapy) lack.

While viral-induced oncolysis was initially thought to be the major contributor to
tumour clearance, increasing evidence suggests that the induction of a sufficient anti-tumour
immune response is also essential for complete eradication of the tumour?®. An example of
this was seen where the OV-mediated anti-tumour activity was eliminated following targeted
T-cell disruption before intratumoural injection of oncolytic adenovirus. Despite the fact that
OV replication and persistence was significantly increased in their absence, the combination
effect with the immune cells was needed for efficient tumour clearance?®. This suggests that
these OV-induced immune stimulation events, while being in some capacity anti-viral

(thereby potentially restricting viral replication and spread to some degree), are essential to



the anti-tumour immune response?”28, This concept has been supported by the success of the
oncolytic Herpes simplex virus type | (HSV-1), Talimogen Laherparepvec (T-VEC) 2°2°, and
the oncolytic vaccinia virus, pexastimogene devacirepvec (Pexa-Vec) L. These two OVs
have been engineered to express the granulocyte macrophage colony-stimulating factor (GM-
CSF), based on its immune-stimulating ability to promote antigen-presenting cell (APC)
recruitment and maturation, demonstrating the synergy of OVs with immune functions®.
Therefore, it is likely that the most effective treatment regiment for OV therapy will be one
in which potent viral oncolysis is combined with an effective and durable anti-tumour

immune response®.

1.2 Vaccinia virus (VacV)

1.2.1 VacV as an OV platform

One well-characterized and frequently used OV platform is Vaccinia virus (VacV). It
belongs to the Poxviridae family, and is characterized by a single, double-stranded, linear
DNA genome®222, From each infected cell, VacV can produce four different types of virion:
the intracellular mature virus (IMV), the intracellular enveloped virus (IEV), the cell-
associated enveloped virus (CEV), and the extracellular enveloped virus (EEV) *. The IMV
form of VacV is the most abundant, and is recovered following cell lysis when performing
viral purification®?2*. For this thesis, the Copenhagen (Cop) wild-type strain of Vaccinia was
used as the OV platform. This choice was made based on preliminary studies done by our
group, in which Copenhagen was found to replicate better than the other tested Vaccinia
strains (Tian Tan, Wyeth, Western Reserve, and Lister) in the cancer cells and tumour

samples tested (Pelin et al; manuscript in preparation).



VacV demonstrates many advantages as an OV over other viral candidates, including:
1- its extensive clinical experience in humans for smallpox vaccinations; 2- its large
transgene encoding capacity; 3- its broad cell tropism; and, 4- its unique life cycle that occurs
solely in the cytoplasm 2322438 The enhanced transgene encoding capacity is owing to the
characteristic large genome of VacV that is around 190 kb in length®. It has even been
observed that the genome can accommodate an additional 25 kb of foreign DNA
sequence®®*, further demonstrating that the VacV platform is ideal for the incorporation of
numerous therapeutic transgenes that can target various stages of the cancer-immunity cycle.
Another characteristic that is unique to VacV is its ability to infect and replicate in a wide
range of host cells®23*, This facilitates the transition of experiments from in vitro to in vivo
models, and also provides a more accurate interpretation of findings that can be expected
from the clinic. However, despite its wide host range, VVacV still exhibits a natural tropism
for tumour cells®2. For example, it was shown that a few days following intravenous (1V)
injection, the greatest amount of virus was found in the tumour, with minimal to no virus
recovered from other organs. This finding was consistent across several tumour models,
including murine colon cancer and melanoma, rat sarcoma, human colon cancer in nude
mice, and rabbit kidney cancer**>-%°, The life cycle of VacV and other poxviruses is also
quite unique in that it exists solely in the cytoplasm, as there is no integration of foreign or
recombinant DNA into the host genome34%7. Instead, it is observed that host protein synthesis
is completely halted by 4-6 hours post-infection, allowing for efficient expression of viral
genes and replication, solely by virally-encoded enzymes®23438, Therefore, VacV is largely
able to evade host detection, minimizing the risk of unwanted OV-induced anti-viral

immunostimulation, as mentioned above.



1.2.2 Current obstacles and opportunities for improvement

While VacV serves as an optimal platform for OV therapies, it does still face certain
limitations. For example, despite its large cloning capacity, it has been observed that the
expression of cytokines from VacV can slightly hinder the replication and oncolytic potential
of the virus*. It is likely that this is related to the fact that using cytokines to boost the
immune response can also lead to unwanted anti-viral effects, therefore limiting viral spread
and replication within the host. An ideal situation would be one in which OV infection
stimulates the immune response, but there is a delay in the occurrence of anti-viral activity.
Therefore, viral persistence is limited only once the OV-induced anti-tumour immunity has
been sufficiently established. Another major hurdle for OV therapy, especially in terms of
translating VVacV therapy to the clinical landscape, is the ability to enhance viral delivery to
tumour sites. It is important to note that this limitation exists for other OV platforms as well,
and is not exclusive to poxviruses. Based on data from clinical trials, the traditional
intravenous route of injection is well-tolerated with limited toxicity; however, the efficacy
has been below expectations*’. It is likely that prior to reaching the TIME, the injected free
virions are encountering several hurdles following injection, such as neutralizing antibodies,
complement activation, anti-viral cytokines, tissue-resident macrophages, and/or non-specific
uptake by other tissues (ex. lung, liver and spleen) "8, Based on some preliminary studies, it
has been shown that the intratumoural (IT) delivery route can be safely used in humans®®, but
is limited to easily reachable solid tumours, and is considerably more invasive for the
patient*’. Therefore, VacV therapies will benefit from techniques that enhance their targeting
specificity for the TIME. This thesis focuses on developing a novel strategy that will assist in

tackling this issue.



1.3 The evolution of immune checkpoint inhibitor (ICI) therapies

1.3.1 Overview of ICIs and their targets

As mentioned previously, one of the immunotherapies that has demonstrated
significant success in combating the innate and adaptive immunosuppression observed in the
TIME are immune checkpoint inhibitors, or ICIs. Many checkpoint receptors that play a role
in regulating T-cell function to prevent autoimmunity have been identified (see Fig 1.1)*. As
a form of immune resistance, tumour cells are able to exploit these naturally occurring,
immune-regulating mechanisms for their own benefit. This has led to the development of
ICIs, or antibodies that function to block these immune-silencing interactions from occurring,
thereby leading to enhanced anti-tumour immunity downstream. Cytotoxic T-lymphocyte-
associated antigen-4 (CTLA-4; also known as CD152) was the first checkpoint receptor to be
clinically targeted based on its function in suppressing the activity of the T-cell co-
stimulatory receptor, CD28, during initial stages of T-cell activation®>3. Monoclonal
antibodies targeting CTLA-4 demonstrated success in blocking these immunosuppressive
activities and enhancing the anti-tumour immune response’>*°, which lead to their Food and
Drug Administration (FDA) approval and transition to clinical use®°.

The success with CTLA-4 paved the way for researching additional immune
checkpoint targets, such as the programmed cell death protein-1 (PD-1; also known as
CD279). PD-1 is a surface receptor that, contrary to CTLA-4, is only expressed once the T-
cells become activated®®. It has also been identified on activated B-cells, dendritic cells,
monocytes, and natural killer cells>*-%°, The two ligands for PD-1 are PD-1 ligand-1 (PD-L1;
also known as B7-H1 and CD274) and PD-1 ligand-2 (PD-L2; also known as B7-DC and

CD273) 1% Upon engagement of PD-L1 with PD-1, there is subsequent dephosphorylation



of the co-stimulatory receptor, CD28, and the T-cell receptor (TCR), leading to T-cell
suppression®. It has been well characterized that through both innate®®%” and adaptive®-"°
immune resistance mechanisms, some tumour cells exhibit up regulated expression of PD-
L1, contributing to the immunosuppression seen in the TIME®C. This has led to the
investigation (and now clinical use) of monoclonal antibodies targeting the PD-1/PD-L1 axis
based on their ability to combat these immunosuppressive functions and reactivate the CD28
signaling pathway, thereby enhancing anti-tumour T-cell activity’>2,

1.3.2 Current limitations restricting their success

While ICI antibodies targeting CTLA-4 and PD-1 have shown great promise as
effective immune-stimulating therapies, they are not without their limitations. For example,
clinical studies using CTLA-4 antibodies have reported a high frequency of immune-related
toxicities®. This finding is not surprising, however, since it was demonstrated in Ctla4-
knockout mice that this deletion results in lethal systemic immune hyperactivation, due to the
key role that CTLA-4 plays in regulating T-cell activation’®". Fortunately, it appears that
ICI treatments targeting PD-1 are substantially less immunotoxic than anti-CTLA-4, since it
was found that only 1 of 39 patients had a severe immune-related adverse event during the
initial Phase | trial of anti-PD1 therapy®°. This is consistent with the findings in mice where
Pd-1 deletion led to autoimmune disease as well, but it developed later in life and was less
severe than the Ctla-4 deletion’78. Therefore, this provides a rationale for further
investigating anti-PD-1/PD-L1 therapies in the context of this project.

Another limitation that has been identified for ICI therapies is the surprisingly low
response rate. It has been reported that even the best response rates in initial clinical studies

do not typically exceed 35% to 40% 3778, Unfortunately, multiple factors exist that could



be hindering the success of these ICI therapies, especially amongst different tumour models
being tested. Some of these may include, the immune context of the TIME (ex. tumour
models that exhibit a more immunologically “cold” TIME tend to be less responsive to
IC1s887); the availability, immunogenicity, and frequency of tumour antigens; the
pharmacodynamics and pharmacokinetics of the ICI, to ensure that it can be efficiently
delivered and distributed throughout the TIME; and the overall expression of the target
immune checkpoint protein”, While additional research needs to be done to better
understand these ICIs and their functionality across different cancer models, these findings
do support the notion that instead of giving the ICls as a monotherapy, they may show the
best success when administered as a combination therapy with additional immune-
stimulating strategies. This should then enable ICIs to have a better response rate across a
wider range of tumour models and a larger number of patients.

1.3.3 Rational combination of ICIs with OV therapies

Recent studies have prioritized investigating combination strategies with ICls that
will facilitate re-modeling of the TIME, such that it is more immunogenic and sensitive to the
immunotherapy®87:8%9  As mentioned previously, OVs are gaining recognition for their
ability to additionally induce a systemic anti-tumour immune response®*. This provides
rationale for combining OVs with ICls, such that the OVs can assist in generating a more
immunogenic TIME that will enhance the efficacy of ICI treatment, thereby overcoming the
immunosuppression that may in turn be hindering the oncolytic potential of the OVs®2.
Examples® can already be seen in which ICls were successfully combined in trans, as
individual treatments, with OVs’"%, or in cis, as an engineered transgene to encourage

localized delivery and expression within the TIME®*%,
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Figure 1.1 Co-stimulatory and inhibitory interactions for regulating T-cell responses.
This figure has been adapted from Pardoll*°. Depicted are a few of the known co-stimulatory
and inhibitory interactions that can occur between an antigen-presenting cell, and the T-cell,
to regulate T-cell responses. Inhibitory interactions primarily function to prevent auto-
immunity. IClIs currently being tested in the clinic target CTLA-4 and the PD-L1/PD-1 axis.



1.4 Extracellular vesicles (EVs) as an immunotherapeutic platform

1.4.1 Growing interest in the EV field

One area of interest that has gained significant momentum over the past decade in
understanding the biological basis of cancer and other diseases is the study of extracellular
vesicles (EVs). In the past nine years, results for EV publications have increased 733-fold —
mirroring a similar trajectory to what was observed in the past for the study of T-cell subsets,
circulating B-lymphocytes, and circulating tumour cells®. Classified as endogenous
nanoparticles that are naturally released by both eukaryotic and prokaryotic cells!?®% EVs
can be subdivided into three main classes: exosomes, microvesicles, and apoptotic
bodies®?1%3, Exosomes, usually ranging in size from 30 to 150 nm in diameter, are derived
from the endolysosomal pathways. They are formed within multivesicular bodies (MVBS),
and released by cells upon fusion of the MVBs with the plasma membrane!®. Microvesicles
differ in their mode of release, as they form following direct outward budding of the plasma
membrane. Therefore, they tend to be larger than exosomes, falling anywhere within the 50
to 1000 nm diameter size range'®. Apoptotic bodies are formed, as the name suggests,
during apoptosis and the rearrangement of the cytoskeleton, then released through outward
blebbing and decomposition of the cell membrane!®. Their size range is the largest, ranging
from 500 to 2000 nm in diameter!®.

EVs have demonstrated the ability to transfer their biological content — consisting of
proteins, lipids, and nucleic acids — to facilitate their role in cell-to-cell communication®®-12,
Therefore, they have garnered major interest for therapeutic applications, including but not
limited to: as biomarkers for disease, based on the fact that they carry genetic information

and molecular signatures from their originating, parent cells®21%; and, as drug delivery
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systems, since they possess signal molecules to facilitate their intrinsic capacity to target cells
of interest!'2118, There is no denying that as researchers continue to study and better
understand these EVs, it will generate a wealth of opportunities for possible applications in
novel therapies.

1.4.2 Newly identified key contributors of immunosuppression

While the intrinsic function to facilitate cell-to-cell communication by EVs, or more
particularly by exosomes, has proven advantageous for some preliminary therapies, there has
also been substantial evidence to suggest a malignant role of exosomes in cancer
development. In particular, exosomes have been implicated in the formation of the pre-
metastatic tumour nice, to generate an immunosuppressive TIME117-120 For example,
exosomes were shown to transfer functional EGFRvIII protein amongst cancer cells in a
glioblastoma model, aiding in the transformation of wild-type cells and propagating their cell
growth%. In melanoma, exosomes were found to drive lung metastases formation by
transferring the oncoprotein, MET, to bone marrow progenitor cells'*®,

In the context of this project, it has also been found that cancer-derived exosomes can
transfer and express PD-L1, inhibiting immune responses in the TIME, and contributing to
increased tumour burden®?*12%, In fact, the removal of exosomal PD-L1 expression, either by
genetically blocking exosome biogenesis or by deleting Pd-11, was able to reverse the
malignant phenotype, promoting effector T-cell functions and sensitizing tumour models to
ICI therapies'?®. There was also a strong correlation found between patients with a higher
level of circulating exosomal PD-L1 before anti-PD1 treatment, and poorer clinical

outcomes. This highlights a key role that exosomal PD-L1 expression plays in contributing to
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the immunosuppression of the TIME, and therefore its potential as a predictive biomarker for
PD-1 therapy resistance?122124,

1.4.3 The successful tailoring of EVs for therapeutic strategies

While the field of EVs still has many unanswered questions, this has not prevented
researchers from discovering successful strategies to engineer these nanoparticles for
therapeutic use. In particular, the ability to engineer tailored exosomes for targeted therapies
has been of interest to this project. In the original study by Alvarez-Erviti et al.'%°, it was
discovered that a targeting peptide of interest (ex. rabies viral glycoprotein; RVG) could be
fused to the extra-exosomal N-terminus of Lamp2b, a protein found abundantly in exosomal
membranes'?. This enabled safe and specific delivery of IV-injected exosomes to neurons,
microglia, and oligodendrocytes in the brain'?. Following this study, Ohno et al. fused the
GE11 peptide to the transmembrane domain of the exosomal platelet-derived growth factor
receptor protein; this enabled efficient delivery of the tailored exosomes to epithelial growth
factor receptor (EGFR)-expressing breast cancer cells'?’. Koh et al. found that exosomes
expressing a SIRP-a variant not only targeted CD47 on cancer cells as expected, the
exosomes were also able to function as an ICI. This enabled blocking of the CD47/SIRP-a.
interaction, leading to an enhanced anti-tumour immune response and improved tumour
control'?8, It is important to note that in the study, a comparison of the exosomal presentation
of the SIRP-a variant versus administration of the SIRP-o variant as a monomer (similar to
traditional therapies) was performed. The results showed that exosomal presentation of the
ICI was significantly better at improving tumour control, thereby providing support for the

tailoring of EVs as an ICI delivery platform, rather than the traditional antibody delivery'?.
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1.4.4 Potential application of EV strategies for novel therapies

The application of exosomes as delivery systems has garnered major interest over
recent years, largely due to their intrinsic targeting abilities, and their capacity to carry
biological information!*?*18, It has also become evident that these exosomes possess
additional advantages over some nanoparticle technologies currently being used. For
example, since exosomes are endogenous signaling nanoparticles, they have better
biocompatibility and stability; and are therefore less immunogenic, non-cytotoxic, and non-
mutagenic, compared to other existing foreign delivery vehicles. These attributes become
especially pertinent when repeat dosing is required for treatment*?%12-12% | addition, their
cellular origin enables exosomes to overcome naturally existing barriers, which has been
demonstrated with their infiltration of the blood-brain barrier!%®2°, Overall, these naturally
derived exosomes serve as a promising alternative vector to overcome some of the obstacles
hindering current therapeutic success.

Another application for engineered EV strategies to consider is their use to target the
immunosuppressive exosomes produced in some tumour models. As mentioned previously,
exosomal PD-L1 expression has been identified as a key contributor of immunosuppression
in the TIME2L122124 "and data gathered by Poggio et al. suggest that this exosomal PD-L1 is
resistant to traditional anti-PDL1 therapy*?®. This was demonstrated in the TRAMP-C2
prostate cancer model, which is known to be resistant to anti-PDL1 antibodies, when
following removal of exosomal PD-L1, mice were sensitized to checkpoint therapy and
tumour growth was inhibited*?. The origin of this exosomal resistance remains unclear,
however it is possible that it could be related to, how the PD-L1 is being expressed on

exosomes, the magnitude of exosomal expression, and/or the ability of exosomes to reach
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targets that are sequestered from the effects of the antibody'?

. Therefore, it is likely that a
technique in which exosomes can be engineered to target and neutralize immunosuppressive
PD-L1-expressing exosomes will be more effective than traditional ICI antibody-based

therapies, improving the anti-tumour immune response. This thesis focuses on possible

strategies to apply this concept.
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1.5 Project Rationale

One of the major challenges limiting the success of cancer research is immune
resistance. Through both innate and adaptive resistance mechanisms, tumours act to prevent
or restrain effector T-cell responses in the TIME. ICls have demonstrated success in certain
cancer models, but remain hindered by this immunosuppression. This suggests the potential
for combination treatments of ICIs with other immune-stimulating therapies. OVs serve as
ideal immunotherapy platforms for this combination based on their tumour cell selectivity,
capacity for engineered transgene expression, and their ability to enhance anti-tumour
immunity. Endogenous nanoparticles, termed exosomes, expressing PD-L1 have been
identified as key contributors of immunosuppression in the TIME. Unfortunately, traditional
ICI antibodies do not efficiently target these exosomes, suggesting the need for alternative
approaches.

In this thesis, we investigate the possibility of engineering EVs expressing PD-1 to
function as an ICI, thereby allowing the targeting and neutralizing of immunosuppressive
PD-L1 expression in the TIME. For this, we propose engineering an oncolytic VacV to
produce these tailored EVs, such that the therapy can be 1) easily delivered as a
monotherapy; 2) more economical, since the OV will be used to produce the EVs, rather than
requiring direct administration of the EVs (used in current treatments); and 3) more

concentrated in the TIME, based on the tumour selectivity of the OV platform.
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1.6 Hypothesis

The oncolytic Vaccinia virus can be engineered to produce extracellular vesicles

targeting PD-L1 for immune checkpoint blockade.

1.7 Experimental Objectives

1.

2.

Demonstrate that VVacV infection leads to increased EV marker expression.

Engineer the Copenhagen Wild-type strain of VacV to produce tumour-targeting EVs, as

a proof-of-concept.
Validate that the PD-1 targeting peptide allows the EVs to bind PD-L1.
Confirm that immune checkpoint blockade by PD-1 EV presentation enhances anti-

tumour immunity.
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2. Materials and Methods
2.1 Cell lines and culture

All cell lines were purchased from the American Type Culture Collections
(Manassas, VA), except those that were gifted (CT26-mPDL1-KO, CT26-mPDL1-KO +
Thyl.1-mPDL1) from the laboratory of Dr. Michele Ardolino (University of Ottawa).
Mammalian cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning
cellgro, Manassas, VA) or RPMI-1640 (CT26-WT, CT26-mPDL1-KO, CT26-mPDL1-KO +
Thyl.1-mPDL1) (Corning cellgro, Manassas, VA) supplemented with 10% fetal bovine
serum (FBS) (HyClone, GE Healthcare Bio-sciences, Pittsburgh, PA) and maintained at
37°C with 5% COz. Cells were routinely tested for mycoplasma contamination using the e-
myco VALID Mycoplasma PCR Detection Kit (Cat# 25239, FroggaBio, Toronto, ON,
Canada) and Hoechst staining**°.
2.2 DNA constructs and viral constructs

The Exo-PD1 construct had to be generated from two separate gBlock® Gene
Fragments (Integrated DNA Technologies, Coralville, 1A), due to the fragment size
restrictions. The B14R-KO control construct was obtained by using a primer that replaces the
mPD-1 gene of the first gBlock with a FLAG tag: GACTACAAAGACGAT-
GACGACAAG. The two fragments for each virus were designed to include compatible Xhol
restriction sites, such that the digested gBlocks could be ligated together using T4 DNA
ligase (M0202S, New England Biolabs, Ipswich, MA). The constructs were then inserted into
the B14R locus of the Copenhagen strain of Vaccinia virus, as previously described!%2,
The sequences of the primers used for recombination into the B14R locus were as follows:

forward: AATATTAATATTAGACTATCTCTATCGCG ;
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reverse: AGTGCACAAGTTGCTGCAG
2.3 Virus quantification and viral kinetics assay

Viral titers and assessment of viral kinetics were obtained by plaque assays. For
testing the kinetics, different viral constructs were used to infect U20S cells seeded as
monolayers in 6-well plates at a multiplicity of infection (MOI) of 0.1. The plates were then
stored in the -80°C freezer at the corresponding time-points (i.e. 0, 24, 48, 72 hours post-
infection), and thawed immediately prior to titering. Serial dilutions of the samples were
prepared in serum-free DMEM. The dilutions were then transferred to monolayers of U20S
cells —seeded the day before — and incubated at 37°C for 2 hours. After the incubation, cells
were overlayed with 3% Carboxymethylcellulose (CMC) in DMEM supplemented with 10%
FBS. Plates were incubated for 48 hours at 37°C with 5% CO,, then the plaques were
counted following crystal violet staining. Viral titers are quantified as number of plaque
forming units/mL (PFU/mL).
2.4 Virus rescue and purification

Virus rescues were performed as previously described®!%2, U20S cells were
infected with the Copenhagen strain of vaccinia virus (CopWT) at an MOI of 0.05.
Following a 2-hour incubation, the media was removed and cells were transfected with the
viral construct DNA, facilitated by the Lipofectamine 2000 reagent (Thermoscientific,
Waltham, MA), and left overnight at 37°C with 5% CO.. The media was then replaced with
fresh DMEM supplemented with 10% FBS, and left for an additional 24-48 hours at 37°C
with 5% CO,, or until a good CPE was observed. At that point, the plate was freeze-thawed

using a -80°C freezer, and the supernatant was used to infect U20S cells.
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For expansion and purification of the recombinant viral preparations, confluent U20S
or HeLa cells were infected at an MOI of 0.02 for approximately 72 hours at 37°C, or until a
sufficient CPE was observed. At this point, the entire media and cell mixture was collected,
and spun at 3000 rpm for 10 minutes to pellet the cells. The supernatant was discarded, and
the infected cells were resuspended in 1mM Tris pH 9.0, and underwent three freeze-thaw
cycles using the -80°C freezer to ensure sufficient lysis of the cells. The suspension was then
centrifuged at 2500 rpm for 5 minutes, and the supernatant (cleared lysate) was applied to a
36% sucrose cushion for additional centrifugation at 12,500 rpm for 1h30 at 4°C. The
resulting viral pellet was resuspended in Formulation buffer, and this viral stock was stored
at -80°C or 4°C short-term.
2.5 EV purification/isolation

When isolating small EVs, a minimum of two 15cm dishes was used per condition.
Cells were plated, and once they reached 90-100% confluency, they were infected at an MOI
of 1 or 10, and left at 37°C with 5% CO: for 2 hours. The media was then completely
removed and replaced with DMEM supplemented with 10% exosome-depleted FBS. After
48 hour incubation at 37°C with 5% COz, the supernatant was collected and spun
sequentially at 1000g for 10 minutes, 2000g for 20 minutes, 12,000g for 30 minutes, and
120,000g for 3 hours — refrigerated at 4°C the entire time. The resulting pellet was then
resuspended in 35 mM Trehalose for long-term storage at -80°C.
2.6 Western Blots and Immunoprecipitation (IP) Pull-down Assay

Cell pellets or EVs were lysed on ice for 20-30 minutes using complete protease
inhibitor cocktail (Roche, Mississauga, ON, Canada) in RIPA lysis and extraction buffer

(Cat# 89901, Thermoscientific, Waltham, MA), then centrifuged for 15 minutes at 12,000
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rpm. Prior to loading the samples for Western Blot analysis, they were often normalized
using the Pierce BCA Protein Assay Kit (23225, Thermoscientific, Waltham, MA).

For the immunoprecipitation (IP) pull-down assay, isolated EVs were diluted in
Dulbecco’s phosphate-buffered saline (Corning Cellgro, Manassas, VA) and rotated
overnight at 4°C with 12ug/mL of CD279 (PD-1) antibody (Clone J43) (Cat# 14-9985-82,
eBioscience, Life Technologies, Carlsbad, CA). The following day, the recombinant protein
G sepharose beads (Cat# 101241, Life Technologies, Carlsbad, CA) were spun at 5009 for 5
minutes, and washed in PBS 3 times. The beads were then added to the EV samples, and
rotated for 2-3 hours at 4°C to allow binding; after which, the bead-EV complexes were spun
at 500g for 5 minutes, and washed 2 times with PBS.

All samples were mixed with dithiothreitol-supplemented loading buffer (250 mM
Tris- HCI pH 6.8, 10% SDS, 30% glycerol, 5% DTT, 0.02% bromophenol blue). The
samples were migrated on Bio-Rad Mini Protean 4-15% TGX Protein Gels (Bio-Rad,
Mississauga, ON, Canada) and transferred onto PVVDF membranes (Bio-Rad, Mississauga,
ON, Canada), prior to blocking with 5% skim milk powder (Sigma-Aldrich, St. Louis, MO)
in tris-buffered saline (TBS) with 0.1% Tween-20 (P9416, Sigma-Aldrich, St. Louis, MO).
The membranes were then probed using the following antibodies: mouse anti-Alix
(ab117600), mouse anti-Calreticulin (ab22683), rabbit anti-Vaccinia virus (A27L; ab35219),
rabbit anti-mouse PD-1 (ab214421), mouse anti-HA tag (ab25631), rabbit anti-mouse PD-L1
(ab213480), rabbit anti-CD9 (ab92726) (Abcam, Cambridge, UK); goat anti-TSG101
(sc6037; Santa Cruz, Dallas, TX); mouse anti-Flotillin-1 (610821; BD Biosciences, San Jose,
CA); rabbit anti-GM130 (12480), rabbit anti-Tom20 (42406), rabbit anti-f-actin (4970S),

rabbit anti-GAPDH (2118) (Cell Signaling Technology, Danvers, MA). The membranes
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were then probed with horseradish peroxidase-coupled anti-rabbit (7074S) or anti-mouse
(7076S) secondaries (Cell Signaling Technology, Danvers, MA), and then imaged using
Clarity Max Western ECL Reagent (Cat# 1705062) and a ChemiDoc Imaging System (Bio-
Rad, Mississauga, ON, Canada).

2.7 Nanoparticle Tracking Analysis (NTA)

Isolated EVs for NTA were diluted in PBS and analyzed on the ZetaView®
ParticleMetrix video microscope. Experimental parameters for camera control usually
included a sensitivity of 80, a frame rate of 30, and a shutter speed of 70.

2.8 ELISA: mPD-1 and Binding Set-ups

The concentration of mPD-1 in mock or virus-infected supernatant samples was
determined using the mouse PD-1 ELISA kit (ab217609, Abcam, Cambridge, UK) according
to the manufacturer’s protocol; to ensure no signal resulted from the virus, the supernatant
was subjected to a 0.22um filter to filter out any VacV particles. Additional components used
were the recommended Nunc MaxiSorp 96-well Immunoplate (Cat# 430341,
Thermoscientific, Waltham, MA), Coating Buffer (ab210899), TMB ELISA Substrate (High
Sensitivity; ab171523), and the 450nm Stop Solution for TMB Substrate (ab171529).

For the Binding ELISA set-up, the Capture antibody from the mouse PD-1 ELISA kit
(ab217609, Abcam, Cambridge, UK) was used at the recommended 2ug/mL concentration in
Coating Buffer, and left to coat overnight at 4°C with gentle shaking. The plates were then
treated with Blocking Buffer (1% BSA, 0.05% Tween® 20, in 1X PBS, pH 7.2 - 7.4) for 2
hours at room temperature with shaking to reduce non-specific binding, followed by mock or
virus-infected lysate sample addition at the indicated total input protein concentrations based

on the BCA Protein Assay kit. This was left overnight at 4°C with gentle shaking. On the
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third day, 4ug/mL of mPD-L1-Biotin (Cat# 71119, BPS Biosciences, San Diego, CA) in
Blocking Buffer was added for 2 hours at room temperature with shaking to allow binding
with the mPD-1 present in the samples. HRP-Streptavidin (ab210901, Abcam, Cambridge,
UK) was then added at 0.05ug/mL in Blocking Buffer for 1 hour at room temperature with
shaking, until 20 minutes of treatment with the TMB Substrate, and addition of the 450nm
Stop Solution prior to plate reading. All fluorescence/absorbance readings were taken at
450nm or 570nm wavelength using a Multiskan Ascent (Thermo Labsystems, Beverly, MA).
2.9 Quantitative PCR (gPCR)

For activation gPCR analysis, 12-wells were pre-coated with 1ug/mL anti-CD3e
(Cat# 550275) and 2ug/mL anti-CD28 (Cat# 553295) (BD Biosciences, San Jose, CA)
overnight at 4°C. T-cells were isolated using the EasySep Mouse T-cell Isolation Kit (Cat#
19851, StemCell Technologies, Vancouver, BC, Canada) from Balb/c spleens, and added at a
concentration of 3.5e6 cells/well in complete RPMI media (10% heat-inactivated FBS, 1%
Pen-Strep, 1% L-glutamine, and 50uM B-mercaptoethanol) to activate overnight at 37°C with
5% COs». The next day, 80ug of EVs (determined by BCA Protein Assay) were added to the
T-cells for each condition, and left for 48 hours at 37°C with 5% CO.. After which, the RNA
was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA) according to the
manufacturer’s protocol. The RNA concentration and purity was assessed using a NanoDrop
ND-1000 spectrophotometer (Thermoscientific, Waltham, MA) prior to reverse transcription
using iScript cDNA Synthesis Kit (Bio-Rad, Mississauga, ON, Canada). mRNA gPCR
primer sequences were®®3:  18S rRNA_For: GTAACCCGTTGAACCCCATT,

18S rRNA_Rev: CCATCCAATCGGTAGTAGCG, miL-2_For: TTGTG-

CTCCTTGTCAACAGC, miL-2_Rev: CTGGGGAGTTTCAGGTTCCT, mIFN-
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vy _For: TTCTTCAGCAACAGCAAGGC, mIFN-y Rev: TCAGCAGCGACT-
CCTTTTCC, miL-4_For: AACGAGGTCACAGGAGAAGG, mlIL-4_Rev:

TCTGCAGCTCCATGAGAACA, mMTNF-a For: ATGAGCACAGAAAGCATGA,

MTNF- a. Rev: AGTAGACAGAAGAGCGTGGT, miL-12_For: GATG-
ACATGGTGAAGACGGC, miL-12_Rev: AGGCACAGGGTCATCATCAA,
MTGF-B_For: CCTGCAAGACCATCGACATG, MTGF-B_Rev: TGT-

TGTACAAAGCGAGCACC. For the gPCR, PerfeCTa SYBR Green FastMix (95072-012,
Quantabio, Beverly, MA) was used according to manufacturer’s protocol, and the samples
were analyzed using an SDS 7500 Fast Real-time PCR Machine (Applied Biosystems, Foster
City, CA). 18S rRNA was used as the endogenous housekeeping control for all samples. To
calculate AACt, the average 18S rRNA Ct from mock samples was subtracted from the Ct
value for the target of interest in the same mock samples (control delta). The Ct values for
18S rRNA from the experimental samples were subtracted from the Ct value for the target of
interest in the same experimental samples (experimental delta). Control delta was subtracted
from experimental delta and the resulting AACt value was input into the formula 2*-AACt to
obtain a final AACt value.
2.10 Flow cytometry and CFSE EV Transfers

For analysis of mPD-L1 expression, CT26-WT, CT26-mPDL1-KO, and CT26-
mPDL1-KO + Thyl.1-mPDL1 cells were seeded at 5e5 cells/mL in 6-wells of RPMI-1640 +
10% FBS, and left overnight at 37°C with 5% CO.. The next day, cells were either mock-
treated or treated with 50U/well of Recombinant Mouse IFN-y Protein (485-MI-100, R&D
Systems, Minneapolis, MN), and left overnight at 37°C with 5% CO,. At 24 hours post-

treatment, the infected and mock-infected cells were washed with PBS, trypsinized, and spun

23



at 1500 rpm for 5 minutes to remove the supernatant. The cell pellets were then resuspended
in PBS, and added to a V-bottom 96-well plate for staining. A 1:20 dilution (in PBS) of
BV510 Fixable Viability Stain RUO (564406, BD Biosciences, San Jose, CA) was used for
all wells, except the unstained controls, and left for 20min at room temperature in the dark.
After which, the plate was centrifuged at 1500rpm for 5min, and the supernatant was
removed. A 1:100 (in PBS) dilution of the CD274 (B7-H1; mPD-L1) Monoclonal (MIH5),
SuperBright780 (78-5982-82, eBioscience, Life Technologies, Carlsbad, CA), or its isotype
control — Rat 19gG2a kappa Isotype Control (eBR2a), SuperBright780 (78-4321-80,
eBioscience, Life Technologies, Carlsbad, CA) — was added to the corresponding wells, and
left for 20min at room temperature in the dark. The plate was then centrifuged at 1500rpm
for bmin, the supernatant was removed, and the cells were fixed with 200uL of 4%
paraformaldehyde (PFA).

For the Carboxyfluorescein succinimidyl ester (CFSE) EV transfer experiments,
small EVs were isolated using the protocol outlined above (2.5 Small EV
purification/isolation), and the input amounts were normalized using the Pierce BCA
Protein Assay Kit. The EV pellets were then stained with an equal volume of 80uM CFSE
(65-0850-84, eBioscience, Life Technologies, Carlsbad, CA) for 1 hour at room temperature
in the dark. For removal of excess reagent, the EVs were resuspended in PBS and centrifuged
again overnight at 120,000q, refrigerated at 4°C. CT26-WT, CT26-mPDL1-KO, CT26-
mPDL1-KO + Thyl.1-mPDL1 were seeded at 3e5 cells/mL. The next day, the purified
CFSE-labeled EVs were collected in PBS, and used to treat each cell line for 2 hours at 37°C
with 5% CO,. Following this incubation, the cells were washed with PBS, trypsinized, and

spun at 1500rpm for 5min. The resulting cell pellet was resuspended and fixed with 4% PFA
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for subsequent analysis by flow cytometry. This CFSE staining and treatment protocol has
been adapted based on one developed by Chen et al*??.

When performing flow cytometry, samples fixed in 4% PFA would be diluted, as
needed, in FACS buffer (PBS + 5% fetal calf serum). All samples were analyzed using either
the BD LSRFortessa, or the BD FACSCelesta flow cytometers. The gating strategy used for
all samples was performed as described (see Fig 2.1).

2.11 Quantification and Statistical Analysis

Differences between groups were calculated using two-way ANOVA when more
than one independent variable was included, followed by the Bonferroni’s post-test.
When only one independent variable was tested for the qPCR assay, a one-way ANOVA
was used with Tukey’s multiple comparison test. Data was processed with GraphPad
Prism, Version 5 (GraphPad Software). In all cases a P value of 0.05 and below was
considered significant: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Details regarding

number of replicates can be found in the legends.
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Figure 2.1 Gating strategy used for analysis of single, live cells by flow cytometry. For
analysis of all samples by flow cytometry, the following gating strategy was used. This was
done to ensure that all results represented expression by live cells, rather than non-specific
staining due to cellular debris and/or other artifacts in the samples. The strategy includes first
gating on cells, based on forward scatter and side scatter (first panel); then gating on single
cells, based on forward scatter alone (second panel), to emit analysis of doublets and/or other
groups of cells; and finally, gating on cells that do not emit signal following staining with the
viability dye (third panel), since cells that do label and are bound by the dye are dead. Once
this gating process was complete for all samples (fourth panel), the analysis for targets of
interest could be performed.
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3. Results
3.1 VacV infection enhances EV expression in multiple cancer cell lines

To demonstrate the first objective, EVs were collected from human cancer cell lines
(Vero, 786-0, and HT-29) following mock infection, or infection with the Copenhagen Wild-
type (CopWT) strain of VacV at an MOI of 1 for 48 hours. Western blot analysis was done
on the isolated purified EVs, and their corresponding whole cell lysates (WCL; Fig 3.1).
Increased EV expression following VacV infection was confirmed by probing for
characteristic EV protein markers, including: ALG-2-interacting protein X (Alix), the tumour
susceptibility gene 101 protein (TSG101), and Flotillin-1, which are involved in sorting
cargo into exosomes, and are associated with the endosomal sorting complex required for
transport (ESCRT)1%6.13413%5 Tq validate that the isolated EV fractions were pure and did not
contain cellular content, they were probed for cellular markers, including: GM130 (Golgi
Apparatus), Calreticulin (endoplasmic reticulum; ER), and Tom20 (Mitochondria)*¢. The
originating whole cell lysates (WCLs) were probed with the same markers and on the same
membranes to serve as positive controls. An antibody targeted to the A27L protein of VacV
was used to serve as validation of VVacV infection in the correct conditions, and to confirm
that the EV purification method successfully filters out all VVacV. This method is based on an

optimized separation protocol that has been developed and used in our lab.
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Figure 3.1 VacV infection leads to increased EV marker expression. Western blot
analysis of EVs and WCLs from Vero, 786-0, and HT-29 cells following mock infection
(M), or CopWT infection (V) at an MOI of 1, 48 hours post-infection (hpi). The membranes
were probed for EV markers (Alix, TSG101, and Flotillin-1), cellular/non-EV markers
(GM130, Calreticulin, Tom20), and the A27L protein of VacV.
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3.2 CopWT can be engineered to produce tumour-targeting EVs

Since it has been previously demonstrated that exosomes, or EVs, can be engineered to
display a targeting peptide of interest?>127128 'we sought to determine if CopWT can be used
to produce EVs expressing a tailored peptide. As a proof-of-concept, the mouse version of
PD-1 (mPD-1) was chosen as the targeting peptide, and the FLAG tag was used as a control
peptide. These targeting peptides were fused to the exosomal membrane protein,
lamp2b'?126 The mouse version of PD-1 was used to allow future in vivo testing, for
targeting mouse PD-L1. These constructs were inserted into the B14R locus of CopWT (Fig
3.2A) and mCherry-positive plaques indicated successful generation of the recombinant
viruses; fluorescence microscopy was used for detection of these plaques (Fig 3.2B). From
this point forward, the resulting recombinant viruses will be referred to as VacV-Exo-PD1 (in
which mPD-1 is the targeting peptide), and VacV-B14R-KO (in which the FLAG tag is the
targeting peptide control).

In order to ensure that expression of these tailored exosome constructs did not
significantly alter the replication and growth kinetics of the VacV-Exo-PD1 and VacV-
B14R-KO recombinant viruses, a time course of the viral titers was performed 0, 24, and 48
hpi using U20S cancer cells. The viral titers were compared to an equivalent CopWT virus,
in which the B14R locus was interrupted with the mCherry fluorescent protein sequence
alone (named Cop-B14R-RFP; Fig 3.3B). Visual validation of infection was confirmed by
fluorescence microscopy (Fig 3.3A), and this fluorescence signal was used during isolation
of the recombinant viruses.

To confirm transgene expression of mPD-1, 786-0 cells were infected at an MOI of 1

for 48h, and a portion of the supernatant was collected for analysis by sandwich ELISA (Fig
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3.4A); the corresponding WCLs were collected, and the remaining supernatant was used to
isolate EV fractions for Western Blot analysis (Fig 3.4B). For the sandwich ELISA, the
samples for each condition were first subjected to BCA analysis to determine the protein
concentration. Based on this analysis, known total input protein concentrations were used for
each condition in the ELISA. The results show significant, concentration-dependent
expression of mPD-1 following VacV-Exo-PD1 infection, which is absent in the mock
infected and control virus (VacV-B14R-KO) conditions. Probing for the EV marker, Alix,
was done to confirm that the EV fraction was loaded for each condition. In addition, the
results are consistent with increased EV marker expression following VacV infection, as seen
in Fig 3.1.

Once the concentration-dependent expression of mPD-1 was confirmed, we sought to
verify that the Exo-PD1 chimera exhibits the correct membrane topology, thus enabling the
targeting abilities of the tailored EVs to PD-L1. To this end, | performed an
immunoprecipitation (IP) pull-down assay (Fig 3.5A). For this assay, EVs were collected
from CT26-lacZ mock-infected cells, or cells that had been infected at an MOI of 1 for 48h
with either the VacV-B14R-KO control virus, or the VacV-Exo-PD1 virus. The purified EVs
(resuspended in PBS) were incubated with an anti-mPD-1 antibody, or with a negative
control anti-1gG antibody, overnight with rotation. The following day, an equal volume of
Sepharose beads were added to each sample, and incubated for 2-3 hours. After, the bead-EV
complexes were spun down and subjected to Western Blot analysis (Fig 3.5B). The results
obtained from these experiments show that only EVs produced following VacV-Exo-PD1
virus infection could be bound by the anti-mPD-1 antibody, collected by the Sepharose

beads, and detected by Western blot analysis. This was done by probing for the EV markers,
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Alix and Flotillin-1, since EVs should only be collected by the Sepharose beads and detected
by Western blot when they exhibit the correct Exo-PD1 chimera on their membrane surface.
This signal is also lost when the EVs from the same VacV-Exo-PD1 virus condition are
incubated with the negative control, anti-IgG antibody, suggesting that the pull-down is
specific for the anti-mPD-1 antibody, and dependent on its binding with the mPD-1 targeting
peptide of the Exo-PD1 chimera. This suggests that the Exo-PD1 chimera is being displayed
correctly on the EV membrane surface following VacV-Exo-PD1 infection, as depicted in
Fig 3.5C. Expression of the heavy chains of the antibodies due to cross-reactivity for each
condition was used as a loading control. The originating WCLs were also probed for Alix

and Flotillin-1 expression on the same membrane as a positive control.
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Figure 3.2 CopWT can be engineered to express the Exo-PD1 construct. (A) Schematic
representation of the recombinant viral construct inserted into the B14R locus of the CopWT
strain of Vaccinia virus; SP, signaling peptide; TP, targeting peptide; luminal N-terminus,
transmembrane, and cytosolic domain of exosomal membrane protein, lamp2b; HA, human
influenza hemagglutinin tag. (B) Fluorescence microscopy images of mCherry-positive
plagues with recombinant viruses VacV-Exo-PD1 (TP: mPD-1), and VacV-B14R-KO
control (TP: FLAG tag) in U20S cells.
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Figure 3.3 Infection and replication is not significantly altered for the recombinant
viruses. (A) Fluorescence microscopy images of mCherry/RFP expression following mock,
VacV-B14R-KO control, or VacV-Exo-PD1 infection at an MOI of 1 for 48h. TL,
transmitted light. (B) Time course of viral titers (in PFU/mL) from U20S cells infected at an
MOI of 0.1 for Oh, 24h, and 48h, with Cop-B14R-RFP (mCherry only), VacV-B14R-KO
(TP: FLAG tag), or VacV-Exo-PD1 (TP: mPD-1). No statistical significance was observed at
all time-points (two-way ANOVA, Bonferroni’s post-test).
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Figure 3.4 Detection of mPD-1 expression following VacV-Exo-PD1 infection. (A)
Sandwich ELISA for mPD-1 expression, as a measure of the total input protein (in pg) in the
supernatant collected from 786-0 cells following mock-infection, or infection with VacV-
B14R-KO control, or VacV-Exo-PD1 viruses at an MOI of 1 for 48h. Each data point
represents 3 biological replicates, using the average of 2 technical replicates. The difference
between mock-infection and VacV-Exo-PD1 infection was significant at all input protein
concentrations: ***P<0.001, confirmed by two-way ANOVA and Bonferroni’s post-test. The
difference between the VacV-B14R-KO and the VacV-Exo-PD1 conditions was also
significant at all input protein concentrations: ***P<0.001, confirmed by two-way ANOVA
and Bonferroni’s post-test. The difference between mock-infection and the VacV-B14R-KO
infection conditions was not statistically significant. (B) Western blot analysis of the EV
fractions and WCLs of 786-0 cells following mock-infection, or infection with VacV-B14R-
KO control, or VacV-Exo-PD1 viruses at an MOI of 1 for 48h. The membranes were probed
for mPD-1 and the HA tag (to confirm proper chimeric transgene expression), the EV marker
Alix, and the A27L protein of VacV.
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Figure 3.5 Exo-PD1 chimera on tailored EVs exhibits the correct membrane topology.
(A) Schematic representation of the IP pull-down assay set-up**’; an anti-mPD-1 (Clone J43)
antibody or a negative control anti-1gG antibody was used with Sepharose beads. (B)
Western blot analysis of the collected EV fractions following IP pull-down, and the
originating WCLs. The EVs and WCLs were collected from CT26-lacZ cells that had been
either mock infected, infected with the VacV-B14R-KO control virus, or infected with the
VacV-Exo-PD1 virus at an MOI of 1 for 48h. The membranes were probed for EV markers,
Alix and Flotillin-1, to detect any EVs expressing the Exo-PD1 chimera correctly, and had
therefore been pulled down by the IP. Detection of the heavy chains of the antibodies due to
cross-reactivity was used as a loading control for each condition. (C) Schematic
representation of the Exo-PD1 chimera displayed by an EV, based on the design construct
described in Fig 3.2.
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3.3 mPD-1 displayed on tailored EVs preferentially binds mPD-L1

Based on the results observed in Section 3.2, the recombinant virus, VacV-Exo-PD1,
produces EVs expressing the Exo-PD1 construct, as expected. Next, we sought to investigate
whether the Exo-PD1 chimera can bind mPD-L1. For this, an initial assay was used based on
a variation of a binding ELISA. In this experimental set-up, an mPD-L1 protein conjugated
to biotin binds mPD-1 from the Exo-PD1 construct, resulting in fluorescence signal that can
be quantified. Samples lacking mPD-1 expression (due to absence of the Exo-PD1 chimera)
should therefore not bind the mPD-L1, resulting in little to no fluorescence signal. Schematic
representation of this assay can be seen in Fig 3.6A. Lysates were collected 48hpi from
CT26-WT cells following mock infection, or infection at an MOI of 10 (due to the reduced
viral infectivity of this cell line) with the VacV-B14R-KO control virus, or the VacV-Exo-
PD1 virus. For this binding ELISA, the samples for each condition were first subjected to
BCA analysis to determine the protein concentration. Based on this analysis, known total
input protein concentrations were used for each condition. For each virus treatment, an
additional condition was included in which the lysates were pre-incubated with the anti-
mPD-1 antibody for 2 hours prior to addition to the ELISA set-up. This pre-treatment was
done to block the interaction between the mPD-1 (of the Exo-PD1 chimera) and mPD-L1, to
ensure that any fluorescence observed was due to this interaction. Absorbance readings
relative to the negative control (in order to discount background signal) demonstrate the
greatest fluorescence signal for the VacV-Exo-PD1 condition, as expected (Fig 3.6B). It is
also important to note that the fluorescence signal for the VacV-Exo-PD1 condition is lost
when the lysates are pre-incubated with an anti-mPD-1 antibody; thus validating that the

signal observed is due to mPD-1 binding to mPD-L1. This is further confirmed by the
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observation that for the mock infected and VacV-B14R-KO control virus conditions (with
and without anti-PD-1 antibody), there is little to no difference in absorbance.

While the binding ELISA is successful at confirming that cellular mPD-1 expression
produced following VacV-Exo-PD1 infection binds to mPD-L1, it is unable to demonstrate
that this binding is also observed for the tailored EVs produced following infection. For this,
an additional assay was performed, based on one developed by Chen et al*?. In this assay,
EVs are isolated from 786-0 cells, stained with Carboxyfluorescein succinimidyl ester
(CFSE) dye for 1 hour, and then transferred to recipient cells (Fig 3.7A). To better
demonstrate that uptake of these fluorescently labeled EVs is affected by mPD-L1
expression, CT26 cells with varying mPD-L1 expression were used: CT26-WT, CT26-
mPDL1-KO, and CT26-mPDL1-KO + Thyl.1-mPDL1. To confirm the differential mPD-L1
expression in each of these cell lines prior to carrying out the experiment, flow cytometry
(Fig 3.7B) and Western blots were used (Fig 3.7C). In these validation experiments,
conditions included mock treated cells versus cells collected after 24 hour treatment with
50U/well of Recombinant Mouse IFN-y Protein, based on the well-characterized relationship
of mPD-L1 up-regulation following IFN-y treatment™ (functioning here as a positive control
for some conditions). As expected, the CT26-WT cells displayed moderately low levels of
mPD-L1 for the mock condition, which was increased to almost 100% of the live cell
population following IFN- y treatment, based on flow cytometric analysis (Fig 3.7B). The
CT26-mPDL1-KO cells exhibited no mPD-L1 expression for both conditions, and the CT26-
mPDL1-KO + Thyl.1-mPDL1 displayed constant high levels of expression for both

conditions, with 100% of the live cell population positive for mPD-L1.
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Preliminary results for the CFSE EV transfer experiment demonstrate a positive shift
in fluorescence intensity when EVs are collected following VacV-Exo-PD1 infection, and
transferred to cells with the highest constant level of mPD-L1 expression (CT26-mPDL1-KO
+ Thyl1.1-mPDL1) (Fig 3.8). This shift in intensity suggests that the recipient cells for this
condition, compared to the others, are taking up more CFSE-labeled EVs displaying the Exo-
PD1 chimera. These results were consistent with what was expected, since these CT26-
mPDL1-KO + Thyl1.1-mPDL1 cells exhibit the greatest level of mPD-L1 that could be
targeted for uptake by the fluorescent mPD-1-expressing EVSs, resulting in greater CFSE
signal. It is important to note that prior to transferring the EVs from each virus condition to
the recipient cells, they were subjected to BCA analysis in an attempt to normalize the
concentration of EVs used for each condition. For each recipient cell-type, the fluorescence
intensity of CFSE remained relatively constant for the condition in which EVs were collected
from 786-0 cells following infection with the VacV-B14R-KO control virus. These results
were expected based on the lack of a compatible targeting peptide for these EVs. It is also
reassuring to know that these preliminary results reflect those observed by Chen et al, when

they used a similar experimental set-up*?.
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Figure 3.6 Exo-PD1 produced by recombinant VacV-Exo-PD1 infection binds mPD-L1.
(A) Schematic representation of the binding ELISA set-up: SA- Streptavidin; HRP-
horseradish peroxidase. (B) Absorbance readings at 450nm for each condition, relative to the
negative control (to discount background signal), were plotted as a function of the total input
protein (in pg) in the CT26-WT cell lysate samples. Conditions included mock-infection,
following VacV-B14R-KO control infection, or following VacV-Exo-PD1 infection at an
MOI of 10 for 48 hours. Additional conditions were included in which the cell lysate samples
were pre-incubated for 2 hours with an anti-mPD-1 antibody. Each data point represents 4
biological replicates, using the average of 2 technical replicates. Statistical significance was
confirmed using a two-way ANOVA and Bonferroni’s post-test: ***P<0.001.
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Figure 3.7 Validation of mPDL1-expressing cancer cells. (A) Schematic overview of the
CFSE EV transfer experimental workflow. (B) CT26-WT, CT26-mPDL1-KO, and CT26-
mPDL1-KO + Thyl1.1-mPDL1 cells were subjected to flow cytometry to quantify the
percentage of single cells positive for mPD-L1 surface expression, out of the total live cell
population. The cells were either mock treated, or treated with 50U/well of Recombinant
Mouse IFN-y Protein for 24 hours. Isotype control was included to quantify any non-specific
binding from the antibodies. Data represent 2 biological replicates, in which 15000 single,
live cells were analyzed. The same cells and conditions were used for (C) Western blot
analysis. The membranes were probed for mPD-L1, and GAPDH as a loading control,
following mock (M) or 24 hour IFN-y (I) treatment.
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Figure 3.8 EVs displaying the Exo-PD1 chimera are up-taken by mPDL1-expressing
cells. Preliminary results using flow cytometry to quantify fluorescence intensity of CFSE
following the transfer of CFSE-stained EVs to CT26-WT, CT26-PDL1-KO, or CT26-

mPDL1-KO + Thyl.1-mPDL1 cells. EVs were either collected from 786-0 cells 48hpi with
VacV-B14R-KO control virus, or VacV-Exo-PD1 virus at an MOI of 1. Prior to transfer, the
EVs were analyzed by BCA to normalize the concentration used for each condition. A stain

control (with no EVs) was included to quantify non-specific uptake of the CFSE dye

alone/background fluorescence signal. Data represent 1 biological replicate, in which 15000

single, live cells were analyzed.
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3.4 I1C blockade by Exo-PD1 enhances anti-tumour immunity

Once it was confirmed in Section 3.3 that the mPD-1 targeting peptide on the tailored
EVs following VacV-Exo-PD1 infection can bind mPD-L1, we sought to investigate our
second aim: that the IC blockade exhibited by the EV presentation of mPD1 will also aid in
neutralizing the immunosuppressive effects of PD-L1 in the TIME, leading to enhance anti-
tumour immunity. To this end, a gPCR-based assay was used to analyze the mRNA levels of
characteristic immune markers — 1L-2, IFN-y, TNF-a, and IL-12'?! — of activated T-cells
following various EV treatments. In a similar experimental set-up, results reported by Chen
et al. found that the expression of these immune markers by activated T-cells could be
significantly reduced following treatment with PDL1-expressing EVs'?*. To try and
reproduce these results, CT26-WT cells were used for collecting EVs, based on their known
expression of mPD-L1 (confirmed in Fig 3.7B and 3.7C). For our assay set-up, similar to the
one used by Chen et al.*?': T-cells were isolated from mouse spleens; the cells were
subjected to overnight activation by anti-CD3e and anti-CD28 antibodies; in parallel, EVs
were collected from CT26-WT cells that were either mock-infected, infected with the VacV-
B14R-KO control virus, or infected with the VacV-Exo-PD1 virus at an MOI of 10 (a high
MOI was used due to the reduced viral infectivity of these cells) for 48 hours; the purified
EVs for each condition were then transferred to the activated T-cells, and left for 48 hours; at
the end of the 48h EV treatment, RNA was extracted from the T-cells and subjected to gPCR
analysis (Fig 3.9A and 3.9B). An additional condition in which no EVs were transferred to
the activated T-cells was included (T-cells alone), as well as analysis of TGF-3 mRNA levels
— this marker functioned as a non-target control, since it is not one of the cytokines known to

be altered by EV-induced effects on T-cell function. It is important to mention that prior to
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the EV transfer, the EVs for each condition were normalized, such that an equal
concentration was used for each condition. We did this so that the concentration of EVs was
not a contributing factor in our assay, especially since in Fig 3.1, it was shown that VacV
infection leads to increased EV expression, compared to the uninfected (mock) condition.
The results from the assay were consistent with Chen et al. for the T-cells alone (no EVs),
and the mock (mPD-L1* EVs) conditions, exhibiting a loss of immune marker expression
following treatment with the mPDL1-expressing EVs, likely owing to the known
immunosuppressive effects of mPD-L1%, For the VacV-B14R-KO control EVs, there was a
restoration of the immune marker expression to a similar level to the control (T-cells alone).
For the VacV-Exo-PD1 condition, it was observed that the EVs appeared to have enhanced
activating properties due to the significant increase in the expression of the immune markers.
We hypothesize that this could be due to the mPD-1 expression, from the Exo-PD1 chimera,
being able to neutralize the suppressive effects of mMPD-L1 found to be expressed on
activated T-cells'3, However, these results represent initial observations, and additional
experiments will need to be performed to follow up. The expression of TGF-f (the non-target
control) did not exhibit any significant differences between the tested conditions. Overall,
these findings appear to support our working hypothesis that these EVs produced by the
VacV-Exo-PD1 virus are functional, and can enhance anti-tumour immune functions.

In order to better characterize the EVs used in this qPCR functionality assay, we took a
residual aliquot of the EVs used, and analyzed them by Western blot (Fig 3.10A). The EVs
isolated from the mock condition had the greatest level of mPD-L1 expression, when
compared to the virus-infected conditions (VacV-B14R-KO and VacV-Exo-PD1); this trend

was also observed for the originating WCLs. This reduction in immunosuppressive mPD-L1
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expression is likely one of the reasons that the EVs collected from the virus-infected

conditions (VacV-B14R-KO control and VacV-Exo-PD1) had enhanced immune-stimulating

properties. The EVs were probed for mPD-1, to confirm expression of our EV-targeting
chimera, Exo-PD1, for the correct condition. Probing for the EV markers, Alix and
CD906:134135 '\nas done in order to confirm equal loading of EVs for each condition.
Likewise, the WCLs were additionally probed for loading control, B-actin, and the A27L
protein of VacV, to confirm viral infection in the indicated conditions. NTA analysis was

also done on these residual EV samples for additional validation that the concentration of

EVs added for each condition were equal, and they exhibited similar physical properties (i.e.

size distribution; Fig 3.10B).
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Figure 3.9 EVs produced by VacV-Exo-PD1 infection enhance immune marker
expression by T-cells. (A) Schematic of the experimental time-course set-up for the gPCR
analysis. (B) qPCR analysis of mRNA collected from murine T-cells following various 48h
treatments with normalized concentrations of EVs — EVs were collected from CT26-WT
cells: no EVs control (T-cells alone); EVs from mock-infected cells (+Mock EVs); EVs from
VacV-B14R-KO control virus-infected cells, MOI 10, 48hpi (+VacV-B14R-KO EVs); and,
EVs from VacV-Exo-PD1 virus-infected cells, MOI 10, 48hpi (+VacV-Exo-PD1 EVs).
Immune markers: IL-2, IFN-y, TNF-o, and IL-12%?!, TGF-B was included as a non-target
control. Results are plotted as fold change, relative to the 18S rRNA endogenous control. NS:
P>0.05, *P<0.05, **P<0.01, ***P<0.001 (one-way ANOVA with Tukey’s multiple
comparison test, for each marker individually) Results represent 2 biological replicates, in
which all 4 technical replicates are plotted as independent data points.
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Figure 3.10 EVs used for immune marker analysis have reduced mPD-L1 expression
following VacV infection. A) Western blot analysis of the EVs used in Fig 3.9, and their
originating WCLs. Membranes were probed for mPD-L1, mPD-1, VacV (A27L protein), EV
markers (Alix and CD9), and WCL marker (B-actin). (B) NTA of the same EVs used in Fig
3.9.
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4. Discussion

4.1 EV expression increases during conditions of stress

Since they were first described back in 1946, the study of EVs has garnered major
interest, including their role in disease development. While there is still a significant amount
of research that needs to be done, their role in response to cellular stress and in the
development of cancer resistance has been well studied'*°. In order to promote survival in
the TIME, evading cell death and supporting cancer development, cells release EVs as a form
of intercellular communication. These signals shared between cells allow adaptation to
conditions such as hypoxia or nutrient deprivation, they allow escape from apoptosis and
anti-cancer therapies, and they enable immune evasion and disease progression***14!, This
reaffirms the role that tumour-derived EVs play as key contributors of immunosuppression in
the TIME. To further facilitate this cell-to-cell communication during times of stress, EV
release is found to increase substantially across a wide range of cell types'4>4’. This led to
our initial objective: to demonstrate that following infection with the CopWT strain of VacV,
there would be increased expression of EV markers. We theorized that following a viral
infection, stressed cancer cells would attempt to send pro-survival signals throughout the
TIME via the release of EVs; thereby, resulting in more EVs being released, compared to
non-infected cancer cells. Our results from Western blot analysis supported this theory, since
greater expression of EV markers was detected following VacV infection of Vero, 786-0, and
HT-29 cancer cells, as compared to their non-infected equivalents (Fig 3.1). We were also
able to confirm that the EV fractions isolated using our purification method did not test
positive for the cellular (non-EV) markers, GM130 (Golgi Apparatus), Calreticulin

(Endoplasmic Reticulum), and Tom20 (Mitochondria). This is required for proper
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confirmation that the EV isolates are pure, according to the minimal information for the
study of extracellular vesicles (MISEV) 2018 guidelines!*. Probing for the A27L protein of
VacV, with no signal detected, also suggests that most viral particles were successfully
filtered out of the samples during preparation; future experiments should include additional
analysis for the presence of any viral DNA or RNA in the samples for further confirmation.
To our knowledge, this is the first time that a connection between VacV infection and
increased EV expression has been shown in cancer cells. While these results suggest this
trend exists, it is important moving forward that these findings are supplemented with
analyses using additional EV characterization methods (ex. NTA, mass spectrometry, etc.).
This is especially important when working in the field of EVs, which are known to be a
particularly heterogeneous population, to ensure that this trend is consistent across multiple

analysis platforms.

4.2 A novel viral technique for generating tailored EVs

The application of EVs for novel therapies has shown great promise, based on their
intrinsic abilities to target cells and deliver biological information!*?1¢, However, despite all
of the advantages associated with using these natural nanoparticle-based vectors?0:125:127-129,
obstacles have limited their success in animal models. Currently, the majority of studies
using engineered EVs either require the modification of the originating parental cell line, or
apply techniques to directly modify the EVs upon purification (ex. by electroporation)**°. For
both cases, this requires methods for large-scale manufacturing of the engineered EVs, and
their direct administration, typically by intravenous (IV) delivery. Unfortunately, following

IV injection, it has been found that EVs can be cleared from circulation rapidly, before they
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are able to exert any therapeutic benefit'*°, Often they are found to accumulate in off-target

organs, such as the liver'?’

. While this may lead to the proposal that a higher concentration of
the EVs should be administered to try and achieve some effect, too high of concentrations
can cause aggregation of the EVs in the lungs, and has led to asphyxiation and death in

animal models!®!

. Therefore, these EV therapies would benefit from a technique that allows
targeted delivery in the TIME to avoid normal clearance mechanisms.

In this thesis, we proposed a novel technique in which OVs are engineered to produce
tailored EVs in situ in the tumour bed. The use of the recombinant OV platform allows
selective infection of the cancer cells, which are then induced to release the EVs displaying
the engineered chimera. This should allow for their enrichment in the TIME, providing a
potential solution to the IV delivery obstacle facing current EV strategies. This technique
also complements the previous finding, in which following VacV infection, there was
increased expression of EV markers (Fig 3.1). This suggests that a greater number of EVs
displaying the engineered construct will be produced locally in the TIME. For our second
objective, it was demonstrated that the CopWT strain of VacV could be engineered to
produce EVs expressing a targeting peptide of interest, mPD-1 (Fig 3.2). Indeed, following
infection with the recombinant VVacV-Exo-PD1 virus, expression of mPD-1 was detected for
the infected cells and their resulting EVs, and the expression in the supernatant appeared to
be concentration-dependent (Fig 3.4A and Fig 3.4B). No signal was detected for the mock-
infected cells, or cells infected with the VacV-B14R-KO control virus equivalent. These
recombinant viruses, VacV-Exo-PD1 and VacV-B14R-KO control, were also able to result

in increased EV marker expression following VacV infection, which is consistent with the

findings for the CopWT backbone virus (Fig 3.1). It was also shown that the replication and
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growth of the recombinant viruses were not significantly altered by their expression of the
transgene constructs (Fig 3.3). This was expected, as we did not anticipate the preferential
production of tailored EVs to alter the viral performance. In the future, additional
experiments monitoring cell viability should be included as an alternative read-out for
monitoring differences in viral infection by recombinant viruses.

In order to exhibit proper tumour cell-targeting abilities, the tailored EVs had to be
tested for the correct membrane topology of the Exo-PD1 chimera. For this, an IP pull-down
assay was used, and it demonstrated that only EVs collected following VacV-Exo-PD1
infection could be bound by anti-mPD1 antibodies. No EV signal was detected for the mock
(non-infected) or VacV-B14R-KO control virus conditions (Fig 3.5). As another control to
confirm that this binding and subsequent EV signal for the VacV-Exo-PD1 condition was
due to the mPD-1 targeting peptide of the Exo-PD1 chimera, we included a condition in
which a negative control anti-1gG antibody was used. As expected, the antibody did not bind
to the EVs displaying Exo-PD1, and the EV signal was lost. Overall, these findings
demonstrated the successful engineering of a recombinant CopWT virus that produces mPD-
1-expressing EVs, suggesting this viral technique is a viable treatment strategy for future EV-

based immunotherapies.

4.3 Validation of mPD-1 as a tumour-targeting peptide for EVs

It has been well characterized that PD-L1 plays a key role in establishing
immunosuppression in the TIMES®®°, Therefore, through both innate®®5” and adaptive® "0
resistance mechanisms, some tumour cells will up-regulate their expression of PD-L1, and

this expression even extends to the cancer-derived exosomes*?: 123, This has led to the
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development and success of IClIs targeting the PD-1/PD-L1 axis’""?; however, some
limitations still exist. In particular, while ICls targeting PD-1 and PD-L1 are less
immunotoxic than anti-CTLA-4 antibodies®, they still have some undesired effects. It is
likely that these therapies could benefit from presentation on a platform such as EVs, based
on their natural origin and intrinsic targeting potential. This provided the rationale for
adopting our novel viral technique to generate EVs tailored to the tumour target, PD-L1.
Since it was already shown that the Exo-PD1 chimera was being displayed by EVs
following VacV-Exo-PD1 infection (Fig 3.4), and with the correct membrane topology (Fig
3.5), we sought to investigate its PD-L1 binding capacity. The initial binding ELISA set-up
was used to demonstrate that the mPD-1 targeting peptide of the Exo-PD1 chimera could
bind mPD-L1 (Fig 3.6A). Due to technical limitations with the assay, purified EVs alone
could not be used to obtain noticeable differences between the binding conditions. It is
possible that this is due to the assay requiring additional optimization, and could be explored
in future experiments. Instead, cell lysates were used, as they produced the most interpretable
and reproducible results. The VacV-Exo-PD1 condition resulted in the greatest fluorescence
signal compared to the mock and VacV-B14R-KO control conditions, suggesting that the
mPD-1 displayed binds to the mPD-L1 (Fig 3.6B). To confirm that the fluorescence signal
observed was not due to non-specific binding, conditions were included in which each
sample type was pre-incubated with an anti-mPD-1 antibody, before being added to the
binding ELISA set-up. Following this pre-treatment condition, the fluorescence signal
initially observed for the VacV-Exo-PD1 lysates was significantly reduced. On the contrary,

there was no significant change in fluorescence signal after the anti-mPD-1 pre-treatment for
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the mock and VacV-B14R-KO conditions. This further suggested that the signal observed for
the VacV-Exo-PD1 condition was in fact, due to the mPD-1 binding to mPD-L1.
Unfortunately, while the binding ELISA is successful at suggesting the binding
potential of the mPD-1 peptide for mPD-L1, since purified EVs were not used as input in this
assay, | was unable to conclusively confirm the preferential targeting of the EVs for mPD-
L1. For this, an additional CFSE EV targeting assay was used based on a successful set-up
developed by Chen et al*?* (Fig 3.7A). Preliminary results obtained for this CFSE EV
transfer assay suggest the targeting potential of the mPD1-expressing EVs. We see that when
EVs are collected from 786-0 cells infected with the VacV-Exo-PD1 virus, and transferred to
cells with a high level of mPD-L1 expression (CT26-mPDL1-KO + Thyl.1-mPDL1; Fig
3.7B and Fig 3.7C), there is a noticeable shift in fluorescence intensity of CFSE, when
compared to the other cell types (CT26-WT and CT26-mPDL1-KO; Fig 3.8). There does not
appear to be any differences in fluorescence intensity when the EVs collected from 786-0
cells following VacV-B14R-KO infection are transferred to any of the CT26 cell types.
These results suggest a trend of enhanced uptake of EVs displaying the Exo-PD1 targeting
chimera by cells with high levels of mPD-L1 expression. Note, the results also closely
resemble those observed by Chen et al*?. It is likely that a more significant difference
between conditions cannot be observed due to the natural tendency of EVs to be eventually
taken up by cells*?>'2", Future studies will benefit from the development of additional assays

that can be used to more accurately examine EV-targeting trends.
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4.4 Exosomal expression of mPD-L1 is immunosuppressive in the TIME
Exosomal-mPDL1 expression has been recently identified as a key contributor of
immunosuppression in the TIME. Its potential as a biomarker has been suggested based on
the positive correlation between circulating exosomal-PDL1 levels, with increased tumour
size and the presence of pathological features in patients*®?%, T-cell activation,
proliferation, and killing abilities can be restored following the genetic blocking of exosome
biogenesis or deletion of Pd-11; however, this effect is immediately halted through the re-
introduction of exogenous exosomal PD-L1, highlighting its immunosuppressive potential®?.
It has also been found that, while the exosomal PD-L1 presentation exhibits the same
membrane topology and functionality of cell surface PD-L1'?*; contrary to cellular
expression, the exosomal presentation is resistant to current anti-PDL1 therapies?®. As
mentioned previously, the explanation for this resistance remains unknown, but this
emphasizes the need for a therapy capable of effectively targeting and neutralizing these
immunosuppressive nanoparticles. For this project, we hypothesized that using EVs as a
platform to deliver and present ICIs in the TIME is one possible strategy, with the potential

to promote enhanced anti-tumour immune functions.

4.5 mPD-1 EV presentation can mitigate some immunosuppression

Once it was suggested that the Exo-PD1 chimera was being displayed by EVs
following VacV-Exo-PD1 infection (Fig 3.4 and Fig 3.5), and the targeting mPD-1 peptide
was binding to mPD-L1 (Fig 3.6 and Fig 3.8), we investigated the functionality of mPD-1
EV presentation in the immune context. For this, gPCR analysis was used to detect the

expression of immune markers — IL-2, IFN-y, TNF-a, and IL-12 — by T-cells following
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various EV treatments. To start, our results were consistent with those obtained by Chen et
al, in which they showed that EVs collected from PDL1-expressing cells had suppressive
effects on immune marker expression'?. This can be seen for the “+Mock EVs” condition, in
which EVs were collected from non-infected CT26-WT cells (Fig 3.9). Our results
demonstrated that following VacV infection of CT26-WT cells with the control VacV-B14R-
KO virus, the immune marker expression could be restored to levels similar to the non-EV
treated control (“T-cells alone™). Treatment with the EVs collected following VacV-Exo-
PD1 infection led to a significant increase in immune marker expression by the T-cells,
supporting our hypothesis that mPD-1 EV presentation enhances anti-tumour immunity. We
propose that the most likely explanation for this is that the mPD-1 can neutralize suppressive
effects of mPD-L1 found to be expressed on the surface of activated T-cells**81%, |t is
important to note that prior to performing this qPCR assay, we determined the approximate
concentration of EVs for each condition. This was done in an effort to add the same
concentration of EVs to the T-cells for each condition, such that the results observed were
not confounded by this variable. The quantification of TGF-§ expression following each EV
treatment was included as a non-target control, since its expression is not known to be
affected by these EV treatments. Future experiments should include an analysis in which EVs
are collected for each condition from the other CT26 cell variants, CT26-mPDL1-KO and
CT26-mPDL1-KO + Thyl.1-mPDL1, to determine how the results differ when there are
varying levels of mPD-L1 expression. We suspect that for both cell types, there would be a
reduction in the significance between EV treatment conditions, since the mPD-L1 levels for
the EVs produced should be more consistent across the different conditions (mock, VacV-

B14R-KO, and VacV-Exo-PD1). We also propose including an analysis following pre-
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treatment with the anti-mPD1 antibody for each condition, similar to what was done for the
binding ELISA. This would help to deduce whether the effects on immune marker expression
are due to the mPD-1 EV presentation. In addition, since the current working assay was
based on a successful set-up by Chen et al'?!, the T-cells used were activated for 24 hours
following isolation, and prior to EV treatment. Therefore, the inhibitory effects that
exosomal-mPDL1 expression had on the T-cells was likely more related to inhibiting effector
functions, once the T-cells were already activated. We propose including an additional
analysis using isolated T-cells without the 24 hour activation, as this will determine if a
similar inhibitory effect is observed on T-cell activation.

In an effort to better characterize these EVs, and investigate a possible explanation for
why VacV infection led to improved immune marker expression by T-cells following these
EV treatments, Western blot analysis (Fig 3.10A) and NTA analysis (Fig 3.10B) were
performed. Following VacV infection, the VacV-B14R-KO and VacV-Exo-PD1 conditions
displayed reduced EV expression of mPD-L1, which offers a likely explanation for the
results seen in Fig 3.9. This trend of reduced mPD-L1 expression following VacV infection
was also observed for the originating cell lysates. The EVs were additionally probed for EV
markers, Alix and CD9, and analyzed by NTA to ensure that for each treatment, a similar
concentration of EVs were used since, as mentioned previously, we did not want this T-cell
immune marker analysis to be confounded by additional variables (ex. concentration). Future
analyses, such as T-cell killing assays and in vivo survival studies, will need to be done to
further characterize the functional effects that mPD-1 EV presentation has on anti-tumour
immunity. The results from this proof-of-concept project, however, do suggest that this

technique of engineering EVs to function as ICls may be capable of neutralizing
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immunosuppression in the TIME more effectively than ICI antibodies, but a direct
comparison will need to be performed for confirmation.
4.6 Implications for Exo-PD1 in cancer treatment

The role of EVs following viral infection and in the TIME is starting to be studied, but
it remains not well characterized in the context of OVs. We propose a novel technique that
combines OVs with an EV-based platform for ICI therapy; thereby, providing the
immunostimulation and improved safety profile that these treatments are currently lacking.
Throughout this thesis, we demonstrated the ability of using the VacV-Exo-PD1 virus to
produce EVs displaying PD-1, to target PDL1-positive cancer cells. We propose that the use
of an EV platform for targeted delivery of the immune checkpoint therapy in the TIME will
offer advantages over the current antibody-based platform. These advantages, owing to the
natural origin of EVs and their role in cell-to-cell communication, include: intrinsic cell-
targeting abilities, enhanced biocompatibility and stability, the capacity to transport
biological information, and an improved safety profile (compared to other foreign delivery
vehicles)'**1%6, We also propose that this EV-based therapy could be used in combination
with traditional anti-PDL1 therapies for improved anti-tumour immunity, as the engineered
EVs would be able to target and neutralize immunosuppressive EVs in the TIME, while the
anti-PDL1 antibodies could target cellular PD-L1 expression. The combination of these two
strategies would likely result in the greatest therapeutic benefit. Overall, this thesis serves as
a proof-of-concept, paving the way for this novel viral technique to be used for engineering
tailored EVs as an immunotherapeutic platform, and the potential experiments that can be

performed to characterize the EVs. Future directions will focus on investigating other
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potential tumour targeting peptides, and therapeutic cargo that can be loaded in the EVs to

further enhance their efficacy.

5. Concluding Remarks

Immunoresistance remains one of the greatest challenges facing cancer treatments
today. In this study, we demonstrate the potential of combining the selectivity and immune-
stimulating properties of OVs, with EVs as tailored platforms for immune checkpoint
blockade. The combination of OVs and IClIs allows us to reap the benefits of each individual
therapy, while combatting the limitations that each possessed as a monotherapy. In addition,
we propose that engineering EVs for use as an ICI platform will enable targeting of the
naturally immunosuppressive EVs in the TIME. Since these EVs are known to be resistant to
current ICI therapies, our approach will lead to enhanced anti-tumour immune functions in
the TIME. Overall, our work provides insight into a novel therapeutic avenue that can be
investigated in hopes of combatting cancer immunoresistance, such that future therapies can
target a wider range of cancer models, especially as the number of people affected by cancer

continues to rise.
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