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ABSTRACT
Several members of the Inhibitor of Apoptosis (IAP) proteins act as potent anti-apoptotic
factors and as key negative regulators of the alternative NF-kB pathway, thereby regulating pro-
inflammatory and immune responses. SMAC mimetics (SMs) are a class of drugs designed to
antagonize the IAPs, enabling promotion of cell death and stimulation of immune activation. Over
the past decade, small extracellular vesicles (sEVs) have gained attention in cancer immunotherapy
due to their role in intercellular communication and molecular cargo transfer. This study
investigates whether SMs can enhance anti-tumor immune responses mediated by antigen-
presenting sEVs. sEVs were isolated from two ovalbumin (OVA)-expressing murine cancer cells,
B16F10-OVA and MC38-OVA. The sEVs were characterized using latest MISEV guidelines, such
as particle sizing and quantitation, as well as assessment of canonical vesicle-associated markers.
The functional capabilities of these SEVs were then evaluated in dendritic cell (DC) co-culture
systems to determine their capacity to modulate DC activation, maturation, and antigen
presentation. Downstream effects on CD8" T cell responses were assessed using OT-I1 T cells as a
model of recognizing the OVA-specific priming and activation. My findings support a model in
which SMs alter tumour sEV release and immune cell activation. These tumour-derived sEVs
alongside with SMs promoted DC activation and OVA antigen presentation. Further, the uptake of
tumour-derived sEVs within DCs led to activation of antigen-specific CD8" T cells, supporting the
role of sEV-mediated transfer of both peptide- and immune-relevant signals. Overall, this work
identifies how SMs influence adaptive immunity through the context of sEVs. These findings
establish a foundation for further investigation into sEV-mediated mechanisms of anti-tumour
immunity and support the therapeutic potential of combining SMs with immune-based strategies

in cancer.
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CHAPTER ONE: INTRODUCTION



1.1 Cancer: Overview

Cancer arises from a series of dysregulated intracellular and intercellular mechanisms,
ultimately leading to tumour formation. Cancer can be broadly classified into solid tumours and
hematologic cancers. Solid cancers form tumour masses, whereas blood cancers typically develop
in the blood, bone marrow, or lymphatic system and often do not form solid tumours!. As one of
the leading causes of death worldwide, cancer accounts for over 20 million new diagnoses each
year?, In Canada alone, an estimated $7.5 billion is spent annually on cancer-associated expenses?.
As such, this disease not only puts a socioemotional burden on the individuals and families
experiencing it, but also an economic burden on healthcare facilities and treatment groups*-°. This
multifaceted burden highlights the complexity of cancer as a disease, which is reflected in its
diverse biological mechanisms. The hallmarks of cancer framework were originally introduced as
six defining biological capabilities of cancer cells, but it has since been expanded to include
additional hallmarks and enabling characteristics. More recent versions of the framework

recognize approximately 12-14 cancer-associated features’.

1.1.1 Tumour microenvironment

Over the past few decades, the area in which the tumour resides known as the tumour
microenvironment (TME) has gained much more attention. The TME serves as a dynamic and
highly interactive ecosystem that actively contributes to cancer development, progression, and
treatment response®. The TME is composed of a heterogenous group of cells such as stromal cells
(fibroblasts and pericytes) along with blood and lymphatic vasculature, making up the extracellular
matrix (ECM), and with immune cells such as lymphocytes, macrophages, and other inflammatory

cells. As the tumour cells continue to proliferate, they constantly remodel the surrounding



microenvironment through hypoxia, oxidative stress, acidosis, and abnormal stromal and immune
signaling. Moreover, formation of abnormal blood and lymphatic vessels, necrotic regions, and

reduced treatment efficiency will occur as the TME matures and progresses towards metastasis®®.

1.1.1.1 Barriers to treatment of cancer
Due to the complexity of cancer, resistance to certain therapies is often framed as a
consequence of cancer cell intrinsic traits such as genetic instability or altered survival signaling;
however, the most prominent barriers to effective treatment arise from the TME®!. When
therapeutic agents are used to treat cancer, abnormal vasculature in the TME reduces the
convective flow and intratumoural distribution of these agents. Abnormalities in vasculature also
create large diffusion distances and uneven oxygen delivery, creating hypoxic regions and
heterogenous perfusion. Other than functionally impairing certain drug treatments, these hypoxic
regions are strongly associated with poor responses to radiotherapy and chemotherapy!'. Under
these hypoxic conditions, tumour cells become resistant to apoptosis and demonstrate increased
activation of resistance-associated pathways involving altered DNA damage responses, autophagy,
and p53 signaling, further limiting drug access!?. In parallel, impaired clearance of metabolic
products contributes to acidosis, creating a low-pH environment that compromises pH dependent
therapies!!. The ECM also serves as a major barrier in treatment resistance. The ECM in the TME
has increased deposition of stromal components such as collagen and hyaluronan, creating a dense,
rigid, and pressurized architecture that lowers the bioavailability of drugs and immune effectors 3.
Additionally, the TME directly controls immune cell recruitment, localization, metabolism,
and overall function. Effective anti-tumour immunity requires many effector T cells to infiltrate

the tumour of interest. Thus, it can be understood that tumour exist as immune-inflamed (i.e. hot),



immune-excluded, or immune-desert states (i.e. cold)'*!>. In immune-inflamed tumours, CD8"
and CD4" T cells are present, however they are rendered dysfunctional by suppressive cells and
inhibitory pathways. These include programmed death-ligand 1 (PD-L1), idoleamine 2,3-
dioxygenase (IDO), regulatory T cells (Tregs), and anergy-associated programs that halt their
effector capabilities in the region of interest'*!>. In immune-excluded tumours, lymphocytes
accumulate in the surrounding connective tissue due to dense collagen networks, abnormal
vasculature, and stiffened matrix. These tumours often display high resistance to immune
checkpoint (IC) therapies as the active immune cells are unable to reach the cancer cells'>!¢, In
immune-desert tumours, insufficient dendritic cell (DC) maturation, immunologic tolerance, and
defective priming prevent the generation of T cell responses'.

Together, the TME contributes to the barriers of cancer treatments as it creates a highly
protective niche around tumour cells through many factors that limit drug delivery, reduce
treatment penetration, and promote adaptive resistance programs in malignant cells'l!7-18 In

addition to impairing therapeutic delivery, the TME is a key regulator of anti-tumour immunity,

shaping whether immune cells can effectively recognize and eliminate tumour cells.

1.2 NF-kB pathway

Nuclear factor kappa B (NF-«xB) is termed as a family of transcription factors that function as
a central regulator of inflammatory signaling, immune response, cell survival, and cell fate
decisions'®?°, The mammalian NF-xB family is composed of five subunits: RelA (p65), RelB, c-
Rel, NF-«B1 (p105/p50), and NF-«xB2 (p100/p52). These subunits share a conserved Rel
homology domain that mediates dimerization, DNA binding, and interaction with inhibitory 1xB

proteins'®?0. RelA, RelB, and c-Rel contain transactivation domains and can directly promote



transcription, whereas pl05 and pl00 are synthesized as precursor proteins that undergo
proteolytic processing to generate p50 and p52, respectively!®2?. While in resting conditions, NF-
kB dimers are retained in the cytoplasm with [kB members. After phosphorylation, ubiquitination,
and degradation of IkB, the NF-kB complexes translocate into the nucleus and activate target
genes?’,

Further, there are two principal routes in NF-kB signaling, the canonical and non-canonical
pathways (Figure 1)?*23, The canonical pathway is activated via the pro-inflammatory cytokine
TNFa or intracellularly via pathogenic stimuli or genotoxic stress that actives the IKK complex.
The IKK complex is composed of IKKa, IKK[3, and NEMO. Activation of this complex results in
phosphorylation and degradation of IkB and subsequent nuclear translocation of p50/RelA or
related dimers!®2%23, The canonical pathway is dependent on signal relays involving TRAF
proteins, TAK1, ubiquitin scaffolding, and receptor-proximal signaling complexes downstream of
TNF receptors, and Toll-like receptors (TLRs)>?4. Contrastingly, the non-canonical pathway is
activated via stabilization of NF-kB-inducing kinase (NIK), activation of IKKa homodimers, and
phosphorylation-dependent processing of p100 to p52, thereby generating RelB/p52 dimers with
distinct transcriptional outputs'®??. The non-canonical pathway is associated with signaling by
selected TNF superfamily receptors, such as CD40 ligand, BAFF, and lymphotoxin-f receptors;
implicating important functions in lymphoid organogenesis, T- and B-cell biology, and DC
maturation'®-20-23,

The functional outcome of NF-«B signaling depends on the activating stimulus, the cellular
and signaling context state, and the composition of the NF-kB dimer. Often, NF-kB promotes
expression of anti-apoptotic and stress-adaptive genes that protect the cells from cytotoxic

stimuli?>2’, NF-kB can also participate in pro-apoptotic transcriptional programs under specific



cellular contexts. For example, NF-kB can regulate components of death receptor signaling,
including TNF-related apoptosis-inducing ligand (TRAIL) receptors and Fas/FasL-associated

pathways, and may also interact with p53-dependent stress responses to promote apoptosis?’.
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Figure 1. Canonical and non-canonical NF-kB signaling pathways and the role of cIAPs. The
NF-xB pathway exists in two forms: the canonical (left) and non-canonical (right) pathways. In
the canonical (classical) pathway, receptor activation leads to IKK complex-mediated
phosphorylation of IkBa, triggering its ubiquitination and degradation, allowing NF-kB to regulate
aspects of inflammation and cell survival. The non-canonical (alternative) pathway relies on NIK
stabilization and IKKa-mediated pl00 processing into p52 and RelB, promoting immune
homeostasis. cIAP1/2 regulate both pathways by positively regulating the canonical NF-«xB
pathway through ubiquitination of RIPK1 as well by primarily suppressing the non-canonical NF-
kB pathway by degrading NIK, a key kinase. SMs promotes the loss of the cIAPs, thereby shifting
the NF-kB pathway to TNFa-mediated apoptosis and activation of the non-canonical NF-«xB
signaling pathway.



1.2.1 NF-kB in cancer

In the context of cancer, many malignancies are associated with abnormal and constitutive NF-
kB activation?*?8. In terms of the TME, NF-kB can be activated within stromal, immune, and
tumour cells, allowing the pathway to shape tumourigenesis autonomously. In inflammatory
microenvironments, cytokines such as TNFa, IL-1, and IL-6 activate NF-kB in pre-malignant or
malignant cells. This will induce transcriptional programs that support factors such as
proliferation, survival, angiogenesis, and metastatic dissemination?*-*>3°, To favour cancer
progression in the TME, NF-«xB signaling in recruited inflammatory cells can promote secretion
of various cytokines, growth factors, and reactive oxygen species?>3!.

One of the major oncogenic consequences of NF-kB activation is enhanced tumour cell
survival. The NF-«B pathway regulates many genes involved in cell-cycle progression, inhibition
of apoptosis, cytokine production, and adhesion; thus, even under inflammatory and genotoxic
stress, tumour cells continue to grow?%3!, Moreover, NF-kB activation in tumours have a multitude
of effects. In prostate cancer, phosphorylation of p65 promotes cell motility and oncogenic
transformation®2. While in colorectal cancer, IL-1B/NF-kB signaling has been shown to enhance
proliferation through an miR-181a-dependent repression of the phosphatase and tensin homolog
(PTEN)??. Further in breast cancer, constant NF-xB activation is associated with expression of
pro-metastatic and pro-angiogenic targets such as vascular endothelial growth factor (VEGF) and
matrix mateeloproteinase-9 (MMP-9)34. However, the effects of NF-xB varies from tumour type,
diagnosis stage, and cellular compartment??,

NF-«B is able to act as a key transcriptional mediator for the TNF-family receptor. TNF is able
to activate protein-synthesis-independent cytotoxic mechanisms and protein-synthesis-dependent

protective programs?%2>26_ In human liver cancer cells, TRAIL induces NF-xB activation through



a TRAF2-NIK-IKK cascade, and inhibition of NF-kB exposes apoptotic signaling involving fas-
associated death domain (FADD), caspase-8 and -3, and mitochondrial permeability transition?,
this serves as a critical anti-apoptotic checkpoint that aids malignant cells from death receptor-
mediated cytotoxicity>>*¢. Further, NF-kB is also integrated with other stress-response pathways
that influence treatment outcome. These affected outcomes include pathways related to p53,
autophagy, and mitochondrial apoptosis signaling?’-3437.

Overall, the NF-«xB pathways are a central and highly-context dependent signaling pathway in
cancer biology. In many tumours, persistent NF-«B activation supports factors such as
proliferation, angiogenesis, inflammation, and therapeutic resistance, thereby reinforcing multiple
hallmarks of cancer progression. It is also important to remark that the function of apoptosis is

dependent on the activating stimulus, cellular background, and transcriptional context’-20-23:29-3136,

1.3 Inhibitors of apoptosis

The inhibitor of apoptosis (IAP) proteins are a family of anti-apoptotic regulators defined by
the presence of at least one baculoviral IAP repeat (BIR) domain (Figure 2). The BIR domain is a
zinc-binding protein-protein interaction module that plays an important role in their signaling
activitiy3®. In cancer, over-expression and dysregulation of the IAPs leads to manifestations such
as resisting cell death, avoiding immune destruction, and contributing to metastasis, thus causing
resistance to chemo- and radiation therapies*®*+2. The IAP family comprises eight members; among
these, X-linked IAP (XIAP) and cellular IAP1 and 2 (cIAP1, cIAP2) are among the most well
characterized®’. XIAP, cIAP1, and cIAP2 have three BIR domains and a C-terminal RING domain;
additionally, cIAP1 and cIAP2 contain a caspase recruitment domain (CARD) domain that

contributes to E3 ligase activity*®*. The RING domain provides E3 ligase function, which allows
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these IAPs to catalyze ubiquitylation reactions that influence the overall signaling properties of
different substrates and themselves.

XIAP is best known for its ability to directly inhibit caspases, whereas cIAP1 and cIAP2
primarily regulate cell death and survival signaling through their E3 ubiquitin ligase activity>**.
XIAP is regarded as the strongest direct endogenous caspase inhibitor among the IAPs*’. In terms
of mechanism, the linker region preceding XIAP BIR2 inhibits caspase-3 and caspase-7, while the
BIR3 domain binds caspase-9 and prevents its activation****%_ c[AP1 and cIAP2, however,
control signaling complexes via their RING-dependent ubiquitin ligase acitiviy*®.

Moreover, the anti-apoptotic effects of cIAP1/2 are especially evident in TNF receptor-
associated signaling complexes. cIAPs are recruited through a BIR1-mediated interaction with
TRATF proteins***®, cIAPs promote K63-linked ubiquitylation of RIP1, which favors the assembly
of pro-survival signaling complexes and supports further activation of downstream survival
pathways*®. The degradation of cIAP1/2 leads to lack of RIP1 ubiquitylation; engagement of this

pathway via TNFa renders cells to be more permissive to caspase-8 activation and apoptotic cell

death**46,
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Figure 2. Structural differences among the inhibitor of apoptosis (IAP) family. Members of
the TAP family are defined through the presence of one or more baculoviral IAP repeat (BIR)
domains, which mediate interactions with caspases and other signaling proteins. Additional
domains such as ubiquitin-associated (UBA), caspase recruitment (CARD), nucleotide-binding
oligomerization (NOD), and RING domains, distinguish individual IAP members and contribute
to their unique functionality.
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1.3.1 TAP antagonism: SMAC mimetics

The Second mitochondrial-derived activator of caspases (SMAC/DIABLO) protein serves as
an endogenous antagonist of that IAPs. SMAC is processed and released into the cytosol upon
apoptotic stimulation*®#*. Cytosolic SMAC harbours an N-terminal Ala-Val-Pro-Ile (AVPI) motif
that binds XIAP, cIAP1, and cIAP2, which removes the IAP-mediated suppression of
apoptosis*'#44. SMAC competes for binding to the BIR domain on XIAP, leading to inability of
XIAP to block caspase activity. As for cIAP1/2, SMAC binding promotes cIAP1/2
autoubiquitylation and proteasomal degradation, thus removing an upstream break on death
signaling®#7. However, the IAPs also facilitate proteasomal degradation of SMAC/DIABLO
through their E3 ubiquitin ligase function, thereby counteracting its apoptotic effects***®. This then
provides a rationale for having a made antagonist that is SMAC-like, to re-engage cell death
pathways in tumour cells that have dysregulated IAPs.

Consequently, SMAC mimetic (SM) compounds have been developed. SMs are a small
molecule peptide memetic of the endogenous protein SMAC/DIABLO. SMs induce the
degradation of cIAP1, cIAP2, and XIAP, thereby sensitizing cancer cells TNFa-mediated
apoptosis (Figure 3)*4°. Both monovalent and bivalent forms of SMs have been developed, as
well as non-peptide versions designed to enhance therapeutic efficacy®®. In terms of clinical
efficacy, SMs are still under ongoing clinical trials. SMs such as LCL161, and Birinapant, are the
most historically completed®'2. Currently, Tolinapant (ASTX660, Table 1) are in phase I/II
clinical trials for a few different tumours>3.

At a molecular level, apoptosis is executed through a proteolytic cascade of caspases, in which
initiation of caspases activation downstream effector caspases such as caspase-3, leading to

cleavage of key cellular substrates®*3. This process is divided into two major pathways: intrinsic,
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a mitochondria-mediated pathway, and extrinsic, a death receptor-mediated pathway>®. The
intrinsic pathway is activated by intracellular stress signals that promote mitochondrial outer
membrane permeabilization, resulting in the release of cytochrome ¢ into the cytosol’’. Once
released, cytochrome ¢ works with dATP and Apaf-1 to form the apoptosome, which recruits and
activates caspase-9 to initiate the downstream apoptotic protease cascade’®. Further, the extrinsic
pathway is initiated when death ligands engage death receptors, leading to recruitment of adaptor
proteins such as the FADD and activation of caspase-8 within the death-inducing signaling
complex™. Activated caspase-8 will directly activate executioner caspases through the cleavage of
BID, which signals cytochrome c release®®S!. Through the degradation of cIAP1/2, SMs shift TNF
receptor signaling away from pro-survival signaling to caspase-8 activation, thereby engaging the
extrinsic apoptotic pathway®?. Additionally, by antagonizing XIAP, SMs allow the apoptotic
cascade to proceed more efficiently when the initiation of the intrinsic or extrinsic pathway has
started®?.

Over the past decade, SMs have been shown to display immunomodulatory effects by
activating type I interferon signaling, macrophage activity, and enhancing cytokine release® 7.
Furthermore, SMs, particularly LCL161, have shown greater efficacy when used in combination
with other therapies, indicating that combination therapy or adjuvants may be essential for their
clinical development®® 7!, These ongoing studies make SMs a promising anti-cancer and immune-

enhancing therapy.
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Figure 3. Inhibitor of Apoptosis (IAP) protein signaling with the placement and activity of
SMAC mimetics as IAP antagonists. Following TNFa binding to TNF-R1, adaptor proteins
including TRADD, RIPK1, TRAF2 and cIAPs are recruited to promote RIP ubiquitination and
downstream IKK/NF-kB signaling. IAP antagonists, such as SMs target cIAPs and XIAP,
disrupting pro-survival signaling and relieves XIAP-mediated inhibition of caspase-3.

Table 1. Current active clinical trials regarding compounds of SMAC mimetics

SMAC Mimetic

Current Trial Focus

Phase/Status

Tolinapant (ASTX660)
ASTEROID: Tolinapant
(ASTX660) with
Pembrolizumab

Tolinapant (ASTX660)

Birinapant and re-irradation

therapy

Tolinapant (ASTX660) and

oral decitabine/cedazuridine

Lymphoma, Solid Tumours
Advanced Cancer, Cervical
Cancer, Triple Negative
Breast Cancer
Locally advanced Rectal
Cancer
Locoregionally recurrent
head and neck squamous cell
carcinoma
Relapsed/refractory
peripheral T cell lymphoma

Phase I/II, Active
Phase I, Active

Phase I, Active

Phase I, Active

Phase I, Active
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1.4 Immunity

In cancer, the immune system serves as an active determinant of tumour fate that can recognize
and eliminate immunogenic tumour variants while also imposing selective pressure that drives
tumour evolution towards immune escape’>’?. This selective pressure is often recognized as
immunoediting through three phases: elimination, equilibrium, and escape. In the elimination
phase, immune cells such as cytotoxic T cells recognize and destroy emerging tumour cells. The
equilibrium phase begins when tumour cells have been missed during the elimination phase.
During this period, tumour cells may accumulate genetic and epigenetic changes that enhance their
survival under immune pressure. Eventually, in the escape phase, resistant tumour variants
proliferate unchecked as they develop mechanisms to evade immune detection or suppress immune
responses leading to cancer’* 7%, Thus, effective anti-tumour immunity is a process involving
continuous interactions between cancer cells, stromal elements, and immune populations both
within and beyond the TME’>’7. Further, tumour immunity is fundamentally systemic. Key
priming events occur in lymphoid tissues, myeloid cells are continuously produced in the bone
marrow, and anti-tumour responses are ongoing between the tumour and the periphery tissues’’-%.
As such, both innate and adaptive immunity contribute to the regulation of cancer; with the innate
immune system shaping early inflammatory responses and the adaptive immune system providing
antigen-specific cytotoxicity and immunological memory’>".

The innate immune system is the body’s first line of defense. This immediate and
nonspecific response is done by molecules such as pattern recognition receptors (PRR), such as
TLRs, that detect pathogens and abnormal cells. Dendritic cells (DCs) are an important bridge
between innate and adaptive immunity. In their immature state, DCs reside at sites of pathogen

entry, capturing antigens through phagocytosis and other endocytic pathways while simultaneously
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detecting danger signals through PRRs. Once activated, DCs undergo maturing that is
characterized by enhanced antigen processing, stabilization of peptide-loaded major
histocompatibility complex (MHC) molecules, upregulation of C-C chemokine receptor type 7
(CCR7), and increased expression of costimulatory molecules such as CD40, CD80, and
CD86%%8! Through these changes, it enables their migration to draining lymph nodes, where
mature DCs present their antigenic peptides to antigen-specific CD8" or CD4" T cells to initiate
tumour-specific immunity’>73778081  CD8* cytotoxic T cells serve as critical adaptive effectors
responsible for identifying and killing tumour cells. CD8" T cell’s function depends on the

recognition of antigenic peptides presented by MHCI complexes on target cells!””

. Upon
activation of CD8" cytotoxic T cells, these cells mediate tumour cell killing through granule
exocytosis, Fas Ligand (FasL)-mediated apoptosis, as well as production of cytokines such as IFNy
and TNFa!”. CD4" T cells, also known as helper T cells, direct immune response against pathogens
through the release of many cytokines such as IFNy and IL-2. Further, CD4" T cells promote CD8*
T cell priming through CD40/CD40L interactions and promote memory formation'”.

Despite the presence of protective immune mechanisms, oncogenesis, the process by which
healthy cells transform into cancer cells can still occur. The complexity and consistent change of
tumours allow them to impair recognition, remodel the immune landscape, and suppress effector
functions’>"3. One major mechanism of immune evasion is a loss or downregulation of MHCI
mediated antigen presentation. Although this makes tumour cells more vulnerable to natural killer
cells through the innate immune system, it results in the suppression of CD8" T cell mediated
cytotoxicity as cell surface MHCI displays are weakened®?. Moreover, DCs in the TME may be

halted in an immature or tolerogenic state. Local immunosuppressive factors such as interleukin-

10 (IL-10) and transforming growth factor-f (TGFp) can shift antigen presenting cells towards
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phenotypes that favour Treg expansion rather than effective T cell activation'4"2. As a result, this
tumour burden drives not only local immune processes within the TME but also reorganizes
immune populations systemically.

Overall, the fate of anti-tumour immunity is determined by successful capture,
presentation, and recognition of tumour-derived antigens within the evolving tumour

microenvironment.

1.4.1 Tumour antigens

Tumour antigens (tAgs) are crucial for the adaptive immune system as it serves as the
molecular basis for determining the difference between malignant and healthy cells. tAgs are
characterized as a heterogenous group of targets that differ in origin, specificity, and therapeutic
relevance. As explained, recognition of tumour antigen through MHCI complexes by CD8*
cytotoxic T cells is a central step in immune-mediated tumour control®3. There are three main types
of tAgs, tumour-specific antigens (TSAs), tumour-associated antigens (TAAs), as well as cancer-
germline antigens®4. TSAs are exclusively found on tumour cells, while TAAs are present on both
normal and tumour cells in different concentrations. Cancer-germline antigens, on the other hand,
are expressed on germline cells in the testes or ovaries®*%. Professional antigen presenting cells,
such as DCs, play a pivotal role in initiating an immune response. They capture tAgs through
phagocytosis or endocytosis, process them into peptides, and present them on their MHC
molecules to then activate specific T cell response. However, it is important to note that
antigenicity alone is insufficient to guarantee immunity, as immunogenicity is dependent on how
well the specific antigen can cause an immune response. Factors such as peptide stability, HLA

binding, and T cell recognition contribute to this®3.
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Preclinical studies commonly employ defined model antigens to understand and identify
antigen processioning, presentation, and antigen-specific T cell responses under controlled

conditions. Ovalbumin (OVA) serves as one such model antigen.

1.4.1.1 OVA as a model antigen

OVA is a protein derived from chicken albumin that has been widely adopted as a model
antigen for antigen-specific immune response in both in vitro and in vivo studies’’-3¢. Notably, OVA
can be considered as a model antigen that mimics a tumour neoantigen®’. Further, the sequence
and immunogenic epitopes of OVA are well characterized, making the model a controlled system.
This characteristic makes OVA useful in cancer immunology as it can provide specific and precise
answers in the context of antigen processing, presentation and recognition of antigen, and overall
functional anti-tumour responses®*’. Both MHC class I- and MHC class II-restricted immunity
can be analyzed using OVA specific peptide epitopes and cognate transgenic T cell systems36-88,

A common OVA-derived MHCI epitope is SIINFEKL, which corresponds to amino acids
257-264. OVA is presented on H-2KP® and elicits a strong CD8" cytotoxic T cell response®®-88.
Suitably, OT-I T cells are designed to recognize SIINFEKL in the context of H-2K® and have
become a standard tool for evaluating antigen cross-presentation and CD8" T cell activation. In
parallel, OVA also contains MHCII relevant sequences. This includes peptide 323-339, which is
used to study CD4" T cell and B cell responses. With both OVA sequences, it provides an attractive
method to examine multiple viewpoints of adaptive immune responses in an experimental
system®*88. The OVA model has been incorporated into multiple tumour models such as B16-OVA

melanoma and E.G7 lymphoma, allowing studies to assess how known antigens behaves in the
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context of tumour growth, vaccine design, and tumour challenge®”#. Moreover, tumour cell lines
engineered to express OVA have been proved useful for examining humoral immunity®°.

While the OVA system has many strengths, it is important to note that it is a good
mechanistic model rather than a proper representation of the full complexity of endogenous tAgs®’.
It has been shown that the protein contains multiple epitopes of differing immunogenicity and
typicity, as not every peptide is able to elicit a CD8" T cell response in the context of tumour
control. For instance, when SIINFEKL is administered prophylactically before tumour inoculation,
it is able to elicit a strong immunogenic response; however, when the tumours are already
established, the therapy becomes weaker®’. Thus, OVA model is a powerful tool for studying
antigen presentation, cross-priming, and tAg-specific lymphocyte responses, while also providing
a note that anti-tumour immunity depends more than just antigen identity®”-83. Its broader value

also lies in illustrating how tAgs play a role in the sequential steps of the cancer immunity cycle.

1.4.2 Cancer immunity cycle

The Cancer Immunity cycle (CI cycle) is a positive feedback mechanism in which the
immune system leverages tAgs to combat and suppress tumour development. The CI cycle is
comprised of seven major steps, each acting as a rate limit step for the next (Figure 4)°%°!. TAgs,
DCs and T cells, serve as key players in the cycle. TAgs are released by cancer cells and are
internalized by DCs. Once processed, these DCs mature into APCs as they present the processed
tAg on their MHC class I and class II molecules. These APCs will then travel to the lymphoid
organs to prime and activate antigen specific T cells. Once activated, the T cells travel through the
bloodstream, infiltrate the TME, and target cancer cells for destruction. This eradication releases
additional tAgs into the TME, enabling subsequent rounds of the CI cycle to be initiated. Through

this process, the immune system continually amplifies its response against the tumour®'-2,
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Further, effective initiation of the CI cycle depends on more than just antigen availability
and the immunogenic context in which antigens are released plays a major factor role®>. Upon
tumour cell death, opposing immune system outcomes may happen, known as being either
immunogenic or tolerogenic. Depending on the outcome, this will influence whether DCs will
acquire a danger-associated signal to mature and prime to specific T cells®>. As explained,
following antigen uptake, DCs must mature, migrate to the lymph node, and provide appropriate
activation cues to naive T cells!*>94%, Effective CD8" T cell priming is done through a three-
signal model. Signal 1, wherein there is T cell receptor recognition of peptide-MHC complexes;
Signal 2, interactions such as CD80/CD86 from APCs to CD28 on T cell provide costimulatory
signals; and Signal 3, cytokines such as IL-12, type I interferons, and IL-2 in the microenvironment
bind to cytokine receptors on the T cell®®. Once completed, recognition of tumour cells then
depends on productive interaction between the T cell receptor and peptide-loaded MHC molecules
on the cancer cell themselves. Once detected, CD8 T cells mediate the tumour killing via perforin-
and granzyme-dependent mechanisms’>%.

It is also important to mention that each of these steps functions as a rate-limiting point,
and disruptions at any stage can impair the generation of a strong anti-tumour response”>?’.
Immune activation and recognition may be poor due to certain tumours possessing low mutational
burden or antigen loss. Additionally, DC dysfunction can prevent adequate antigen presentation
and weaken downstream T cell priming”’. Inhibitory pathways involving cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and PD-1 can attenuate activation and expansion of tumour-reactive
T cells®. Further, effective target recognition may be lost through tumour-associated defects in
antigen presentation machinery. This would include variations in HLA-associated pathways such

as B2-microglobulin, or tapasin, reducing immune visibility®>°7. Once in the TME, the presence of
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Tregs, tumour-associated macrophages, myeloid derived suppressor cells, and chronic signalling
environments will propel CD8" T cells into dysfunction and exhaustion®>%°,

Overall, the CI cycle not only provides a conceptual foundation for understanding how
effective anti-tumour immune responses are generated but also highlights the specific biological
barriers that may persist at every step. Thus, the concept of cancer immunotherapy is structured to

exploit this barrier.
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Figure 4. Overview of the cancer immunity cycle. Tumour cell death releases tumour-
associated/specific antigens, which are captured and processed by antigen-presenting cells. These
antigen-presenting cells then migrate to the lymph nodes, where they prime and activate tumour-
specific T cells through antigen presentation and co-stimulatory signaling. Once activated, tumour-
specific T cells will enter the circulation and infiltrate the tumour microenvironment and recognize
the cancer cells displaying the tumour antigens on their MHC molecules. This will enable the
cytotoxic T cell to eradicate tumours, resulting further antigen release and continued immune
amplification.
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1.4.3 Cancer Immunotherapy

Cancer immunotherapy is a form of cancer therapy that utilizes the body’s immune system to
identify and eliminate cancer cells. Current advancements include immune checkpoint inhibitors,
adoptive therapies such as CAR-T cell therapy, the use of nanoparticles to remodel the TME, and

98—

oncolytic viruses®® 1%, Moreover, SMs have been proven to enhance the efficacy of immune

checkpoint inhibitors, CAR-T cell therapies, and cancer vaccines by amplifying the anti-cancer

immune response®6-68-71,101

. While there have been many advancements in cancer immunotherapy,
a significant barrier would be the multifaceted mechanisms tumours may have or acquire. As said,
tumours can perform tasks such as recruiting suppressive cells, alter antigen presentation
machinery, as well as upregulating immune checkpoints®>%, There has been an increased
understanding in the role immune cell-derived extracellular vesicles (EVs) in immunity. Immune

cell-derived vesicles can facilitate the CI cycle by mediating the cross talk between innate and

adaptive immunity'%2,

1.5 Extracellular vesicles

EVs are classified as a heterogenous population of membrane-bound particles naturally
released by a multitude of cells with a lipid bilayer. The category of EV is understood as an
umbrella term that encompasses vesicles of different origins, sizes, and functions rather than one
singular entity!91%4 EVs are present in many biological fluids as they are virtually released by
every cell type; thus, these EVs play a critical role in intercellular communication!®. EVs
commonly include exosomes (sEVs), microvesicles or ectosomes, apoptotic bodies, and other
related particles. An important factor is whether they arise from the endosomal system or directly
from the plasma membrane!%*1%, To classify subsets of SEVs, the minimal information for studies

of extracellular vesicles (MISEV) guidelines are followed!%7:18,
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1.5.1 Small Extracellular Vesicles

sEVs are a subset of EVs measuring approximately 30-150 nm in diameter. sSEVs have a
critical role in intercellular communication due to their ability to carry and transfer bioactive cargo
to recipient cells, thereby influencing cellular functions including within the TME. The biogenesis
of sEVs may stem from two pathways: the endosomal sorting complex required for transport
(ESCRT)-dependent or the ESCRT-independent pathway. The ESCRT-dependent pathway relies
on a series of protein complexes, namely, ESCRT-0, I, II, and III, along with associated proteins
such as VPS4 and TSG101. The ESCRT-dependent pathway generates sEVs through the
invagination of the endosomal membrane to create intraluminal vesicles (ILVs). Numerous ILVs
are then stored inside a specialized endosome called a multivesicular body (MVB). MVBs then
fuse with the plasma membrane, releasing sEVs into the extracellular space. In contrast, the
ESCRT-independent pathway does not use the protein complexes; rather this pathway relies on
lipid molecules such as ceramides, sphingolipids, and cholesterol to aid in the formation of SEVs
within MVBs!%:110, Regardless of the pathway of origin, all SEVs can encapsulate bioactive cargo
such as nucleic acids, proteins, and lipids. Importantly, SEVs are released by virtually every cell
type including neoplastic cells'!1-114,

Over the past decade, advancements in our understanding of sEVs have highlighted their
therapeutic potential, particularly in the ability to deliver small interfering RNAs (siRNAs),

111,115

microRNAs, and chemotherapeutics to specific target sites . SEVs are commonly used as a

diagnostic tool for a variety of diseases as they can be found in all biological fluids!'!4116-118,
However, sEVs can also contribute to cancer progression by carrying growth-promoting factors,

oncogenic miRNAs, and tAgs that drive cancer cell proliferation. Tumour-derived sEVs may also

express molecules such as PD-L1, which inhibits activity of cytotoxic T cells''*!'"°, In contrast,
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DCs can release sEVs that mirror their antigen presenting capabilities, thus playing a critical role
in immune modulation. Notably, these DC-derived sEVs carry tumour antigens and MHCI and 11
molecules on the surface, allowing them to prime and activate cytotoxic T cells®®!13:120.115,121.91
Overall, due to their diverse functions and significant therapeutic potential, there is a growing
interest in extracellular vesicles, particularly sEVs, as promising tools not only for diagnostic

applications but also as carriers for biomolecules and drugs.

1.5.2 EVs in an immunity context

sEVs have been described as mediators of disease progression that can suppress or impair
immune responses!?>!23, Conversely, sEVs can also transfer antigens from their cell of origin to
APCs for uptake and processing!?*. The role of SEVs in the TME is especially important, as they
govern how tumour cells communicate with stromal and immune populations, thereby influencing
whether anti-tumour immunity is suppressed or promoted. Within the TME, sEVs mediate both
paracrine and autocrine communication and contribute to tumour development, and phenotypic
changes in neighboring normal cells®. Antigen presentation by professional APCs, including DCs
and macrophages, are essential for initiative of adaptive immunity. Therefore, the generation of
antigen-bearing sEVs creates opportunities to manipulate immune activation through sEV-
mediated intercellular communication.

The transfer and uptake of antigens through sEVs have been well documented. In cancer,
tumour cells often increase sEV secretion, which may contribute to immune surveillance during

early tumourigenesis'>>127

. These vesicles can carry TAAs that are taken up and processed by
DCs, ultimately supporting T cell priming!?®!2°, In addition to antigen transfer, sEVs can also

remodel the TME through the delivery of immune-modulatory molecules. For example, activated

helper T cell-derived sEVs can deliver IFNy to macrophages, enhancing STING activation and
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disrupting immunosuppressive features of the TME'C. Further, given their ability to carry
antigenic and immune-modulating cargo, sEVs are increasingly being investigated as a potential

vaccine platform to enhance anti-tumour immunity.

1.6 Rationale and Hypothesis

There have been many advancements in cancer immunotherapy; however, critical gaps remain
in our understanding of how to overcome immune resistance and effectively reshape the TME.
SMs serve a promising class of immunomodulatory anti-cancer drugs that induce cancer cell death
and increase the activity of many immune cells. Since SMs are currently being evaluated in
multiple clinical trials in combination with other therapies, understanding the extent of these
mimetics will aid in the development of more effective therapies. sEVs, as a natural carrier of
bioactive cargo, offer a unique opportunity for not only disease diagnosis, but also to enhance
immune modulation within the TME. Previous work from our group has shown that SM treatment
can trigger EV release from APCs such as macrophages, suggesting that these agents may
influence immune responses not only through direct effects on cells, but also through EV-mediated
intercellular communication. This concept is further supported by existing literature demonstrating
that EVs can influence multiple stages of the CI cycle, including antigen transfer, antigen-
presenting cell activation, and downstream T cell priming!??. Together, these findings suggest that
SMs may enhance anti-tumour immunity not only by directly modulating immune cell activity,
but also by promoting sEV-mediated antigen transfer, providing a strong rationale for investigating

SM-induced sEVs as regulators of the CI cycle.
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2.1 Reagents, Antibodies, and Cell Culture Media

All reagents were purchased from the manufactures listed below and prepared according to the
manufacturer’s instructions unless otherwise stated. Working concentrations were prepared fresh
in the appropriate complete culture medium immediately prior to use unless otherwise specified.

Puromycin dihydrochloride was obtained from Gold Biotechnology (P-600-100), and used for
maintenance of antibiotic-selected cell lines at the final concentration of 2 pg/mL. Dimethyl
sulfoxide (DMSO; Sigma-Aldrich, D1435-500ML) was used as the vehicle for LCL161 and was
included as a vehicle control at an equivalent final concentration of % DMSO in all relevant
experiments.

The SM LCL161 was obtained from Novartis and SelleckChem. LCL161 was dissolved in
DMSO to generate a stock concentration of 10 mM, aliquoted and stored at -20°C. For
experimental treatments, LCL161 was diluted in complete culture medium in varying
concentrations. Lipopolysaccharide (LPS) was obtained from InvivoGen, LPS-EK Ultrapure (tlrl-
peklps) and used as a positive control for dendritic cell activation at a final concentration of 1
ng/mL.

Recombinant cytokines, including interferon B (IFNf), tumour necrosis factor alpha (TNFa),
and interferon y (IFNy), were obtained from R&D Systems (12400-1) and Life Technologies (300-
01A-50UG, 315-05-100UG), respectively. Cytokines were reconstituted in appropriate
manufacturer’s instructions and stored at -80°C. For treatments, cytokines were diluted in complete
culture medium to final concentrations of: IFNB (50 U/mL), TNFa (1 ng/mL), and IFNy (250
U/mL).

Recombinant murine granulocyte-macrophage colony-stimulating factor (rmGM-CSF) was

obtained from Life Technologies (315-03-50UG) and used for the differentiation and maintenance
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of both JAWSII murine DCs and bone marrow-derived DCs (BMDCs) at a final concentration of
5 ng/mL and 20 ng/mL, respectively. The ovalbumin-derived peptide OVA257-264 (SIINFEKL),
was obtained from InvivoGen (vac-sin) and used as a model antigen for MHC class I antigen
presentation assays. SIINFEKL peptide was reconstituted in double distilled water and used at a
final concentration of 1 mg/mL. Recombinant human interleukin-2 (IL-2) was obtained from R&D
Systems (BT-002-AFL-01M/LQ) and used to support T cell culture and/or dendritic cell-T cell co-
culture assays at a final concentration of 400 U/mL.

Antibodies used for flow cytometry and western blotting are listed in Table 2. Flow cytometry
antibodies were diluted in FACS buffer containing 1X PBS, 1% BSA, and 0.05% sodium azide
according to the manufacture’s recommended dilution. Western blot antibodies were diluted in
EveryBlot Blocking Buffer (12010020) from BioRad and used at the dilutions indicated in Table

2.
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Table 2. List of Antibodies Used for Flow Cytometry and Western Blotting

Antibody Product ID Concentration Respective Panel
CDllc—-APC Biolegend, 117310 0.25 ug/100ulL JAWSII/BMDC/OT-1
T cell

CDl11a- PECy7 Biolegend, 153107 0.2 ug/100uL. OT-IT cell
CD86 — PerCP Biolegend, 105025 0.25 ug/100ulL JAWSII/BMDCs
CD40 — FITC Biolegend, 102905 1 ug/100ul JAWSII/BMDCs
CDC80-BV711 Biolegend, 117310 0.5 ug/100uL JAWSII/BMDCs
MHCII - BV605 Biolegend, 107639 0.4 ug/100uL JAWSII/BMDCs
CDI11b - APC/Cy.7 Biolegend, 101225 0.25 ug/100ulL JAWSII/BMDCs
MHCI-SIINFEKL —  Invitrogen, 12-5743- 0.5 ug/100uL JAWSII/BMDCs

PE 82

CD8a —AF700 Biolegend, 100730 0.5 ug/100uL OT-IT Cells

CD69 — BV650 Biolegend, 104541 0.5 ug/100uLL OT-IT Cells

PD-1-APC/Fire 750  Biolegend, 135239 0.5 ug/100uL OT-IT Cells

CD3 -BV785 Biolegend, 100232 0.5 ug/100uL OT-IT Cells

Zombie Violet Biolegend, 423114 0.2 ug/100uL JAWSII/BMDC/OT-1
T cell
Calnexin Novus, NB100-1965 1:1000 Western Blotting
Antibody
TSG101 Abcam, ab83 1:1000 Western Blotting
Antibody

Syntenin-1 Novus, NBP1-33661 1:1000 Western Blotting

Antibody
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2.2 Cell Culture and Maintenance

All cell lines were obtained from ATCC and are registered at CHEO RI. Cells were cultured and
maintained at 37°C and 5% CO2. The cancer cells (B16F10-OVA, MC38-OVA, and LLC-OVA)
expressing model antigen, OVA, was cultured in cell culture-treated 15 cm?® dishes (Corning,
430599) in HyClone Dulbecco’s Modified Eagle Medium (DMEM) (Cytiva, SH30022.01)
supplemented with 10% heat inactivated fetal bovine serum (HI FBS) (Sigma-Aldrich, 22G107),
1% penicillin-streptomycin (Fisher Scientific, SV30010), and 2 mg/mL of puromycin. The EO771-
OVA cancer cell line was cultured in cell culture-treated 15 ¢cm?® dishes in HyClone RPMI 1640
media (Cytiva, SH30027.01) supplemented with 10% HI FBS, 2.5 mM HEPES (Cytiva,
SH30237.01), and 1% penicillin-streptomycin. Moreover, JAWSII murine DC cell line was
cultured with RPMI 1640 medium supplemented with 10% HI FBS, 1% penicillin-streptomycin,
and 5 ng/mL of rmGM-CSF. BMDCs were cultured with the same medium and supplements of
JAWSII; however, 20 ng/mL of rmGM-CSF was used instead. OT-I1 T cells were cultured in RPMI

1640 medium with 10% HI FBS, 1% penicillin-streptomycin, and 200 U/mL of IL-2.

2.3 Primary Cell Isolation and Differentiation

For BMDCs, C57BL/6 mice obtained from The Jackson Laboratory were euthanized in a CO2
chamber in compliance with animal care guidelines. Femurs and tibias of the mice were removed
and placed in a small Eppendorf tube with a hole at the bottom punctured with an 18-gauge needle.
This tube was placed over a 1.5 mL Eppendorf tube. Tubes were placed over ice during
transportation. Following, tubes were centrifuged at 10,000 x g for 5 minutes at 4°C. The bone
marrow suspension was then washed with RPMI 1640 media and centrifuged for 300 x g for 5

minutes at 4°C. Resuspension of washed cells were cultured with complete RPMI media in 15 cm3
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plate and supplemented with 20 ng/mL of rmGM-CSF. On Days 2 and 4, suspension cells were
removed along with media and replaced with complete RPMI media and 20 ng/mL of rmGM-CSF.
On Day 6, both non-adherent and semi-adherent cells were ready to be collected for experiments.

For OT-I T cell isolation, C57NL/6-Tg(TcraTcrb)1100Mjb/J transgenic mice from the Jackson
Laboratory were used. Spleens and lymph nodes were isolated into gentleMACS C tubes from
Miltenyi (130-093-237) and homogenized with the gentleMACS Octo Dissociator from Miltenyi
(130-096-427) using the mouse spleen protocol. After mechanical dissociation, the cell suspension
was passed through a 70 um cell strainer from Fisher Scientific (22-363-548). Further, the cells
were centrifuged in an Eppendorf centrifuge 5810R at 500 x g for 5 minutes at 4°C. After, these
cells were resuspended in ACK lysis buffer (formulation: 150 mM NH4Cl, 10 mM KHCO3, 0.1
mM EDTA in H20) and incubated on ice for 5 minutes. Following incubation, 1X cold PBS from
Fisher Scientific (BP661-50) was used and centrifuged at 500 x g for 5 minutes at 4°C. The mouse
CD8a" T cell Isolation Kit from Miltenyi (130-095-236) was used to isolate CD8"* T cells from

splenocytes and lymphocytes following manufacturer’s instructions.

2.4 Cell Viability Assays

B16F10-OVA, MC38-OVA, LLC-OVA, E0771-OVA, JAWSII, and BMDCs were seeded in a
96-well plate at a density of 5,000-15,000 cells per well in 100 uL of complete culture medium.
Cells were incubated overnight at 37°C with 5% CO?2 to allow them to adhere to the plate. The
next day, cells were treated with LCL161, TNFa, IFNy or a combination at the indicated
concentrations in Table 1. Vehicle-treated cells were included as controls, with DMSO. Cells were

incubated under standard culture conditions for 24, 48, and 72 hours.
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Following treatment, Alamar blue (Resazurin sodium salt) from Sigma-Aldrich (62758-13-8)
reagent was added directly to each well at a ratio of 1:7 (resazurin:media) and incubated for 1, 2
and 3 hours (until visible colour change) at 37°C and 5% COaz. Signal was measured using the
Synergy HTX plate reader on the Biotek Gen5 software and detecting a fluorescence of 530/590
nm.

Cell viability was normalized to the appropriate untreated control group, which was set to
100% viability. Data were reported as the raw signal intensity. Each condition was performed with

three technical replicates per experiment.

2.5 Preparation of EV-Depleted Media

Extracellular vesicle-depleted fetal bovine serum (EV-depleted FBS) was prepared by
ultracentrifugation. HI FBS was transferred into ultracentrifuge tubes and centrifuged at 100,000
x g for 10 hours at 4°C to pellet bovine serum-derived extracellular vesicles. Following
centrifugation, the supernatant was collected without disturbing the pellet and transferred into a
sterile conical tube. Collected supernatant was stored at -20°C until use. Repeated freeze-thaw
cycles were avoided. EV-depleted culture medium was prepared by supplementing DMEM or
RPMI 1640 with 10% EV-depleted FBS, with 1% penicillin-streptomycin, and any additional cell

line-specific supplements.

2.6 sEV Isolation
Small extracellular vesicles (sEVs) were isolated from conditioned culture medium by
differential centrifugation and ultracentrifugation. Cancer cell lines were seeded in 15 cm3 plates

and cultured until approximately 70-80% confluent. Cells were then washed with 0.1X PBS from



34

Sigma Millipore (D8537) to remove residual serum-derived vesicles and cultured in complete
medium containing EV-depleted FBS for 24-36 hours. Following the replenishing of EV-depleted
complete medium, cells were treated with LCL161, IFNy, TNFa, vehicle, or a combination.

Conditioned medium was collected and subjected to sequential centrifugation steps to remove
cells, debris, and large vesicles. The medium was centrifuged at 500 x g for 5 minutes at 4°C to
remove cells. The supernatant was then transferred to a new tube and centrifuged at 2,000 x g for
20 minutes to remove dead cells and large debris, followed by centrifugation at 12,000 x g for 35
minutes to remove larger extracellular vesicles and remaining debris.

The cleared conditioned medium was transferred to ultracentrifuge tubes from Beckman
Coulter (344061) and centrifuged at 120,000 x g for 120 minutes at 4°C to pellet sEVs.
Additionally, the sEV pellet was then washed with sterile 0.1X PBS and ultracentrifuged again at
120,000 x g for 120 minutes at 4°C. Following the wash, the final sEV pellet was resuspended in

200 uL of sterile 0.1X PBS.

2.6.1 sEV Storage
Isolated sEVs were immediately stored at -80°C in small aliquots until further analysis and
experiments. Freeze-thaw cycles were minimized. Samples were kept in -80°C for no more than

six months.

2.7 sEV Quantification and Characterization
Isolated SEV's were quantified and characterized using nanoparticle tracking analysis (NTA)!3!,
transmission electron microscopy (TEM), protein quantification, and western blot analysis. These

methods were used to determine sEV size, morphology, protein content, and sEV markers.
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Minimal information for studies of extracellular vesicles (MISEV 2018, 2023) guideline were

followed!97-132,

2.7.1 Nanoparticle Tracking Analysis

Particle concentration and size distribution of isolated sEVs were measured by NTA using
ZetaView Multiple Particle Tracker Analyzer (Malvern Particle Metrix). 102 nm polystyrene beads
from Malvern (NC1148977) was used for size calibration of the instrument. SEV samples were
diluted in sterile 0.1X PBS to achieve a particle concentration within the optimal detection range
of the instrument. Dilutions were prepared at 1:1,000 to 1:10,000, concentration varied depending
on the condition of treatment for sEVs. Five technical replicates were recorded using consistent

acquisition settings.

2.7.2 Transmission Electron Microscopy

To assess the morphology of the isolated sEVs, TEM was used. 5-10 uL of purified sEVs were
placed onto carbon-coated copper grids and incubated for 10 minutes to allow vesicle adsorption.
Excess liquid was removed using a filter paper, and grids were washed with distilled water.
Samples were negatively stained with uranyl acetate for 5 minutes, after which excess stain was
removed, and grids were allowed to air dry. Grids were imaged using a JEOL JEM-1400Flash at

120 kV. TEM was performed by the TEM Core at the University of Ottawa.

2.8 Protein Quantification Assay
To assess for protein concentration of sEV preparations and cellular lysates, they were

measured using a DC protein assay according to manufacturer’s instructions. Protein standards
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were prepared using bovine serum albumin (BSA) over a concentration range of 0 to 1.5 mg/mL.
Samples were diluted in RIPA SDS lysis buffer as needed to fall within the range of the curve.
Standards and samples were added to a 96-well plate in triplicate, followed by addition of the
working reagent. The plate was incubated for 15 minutes at room temperature, and absorbance
was measured using a Synergy HTX plate reader on the Biotek Gen5 software. Further, protein
concentration were calculated from the standard curve. This was then used to normalize samples

for western blotting and downstream assays.

2.8.1 Western Blot Analysis of EV Makers

To assess the SEV markers, western blot analysis were performed. Isolated SEV samples and
corresponding whole-cell lysates were lysed in RIPA buffer supplemented with
protease/phosphatase inhibitors from Sigma (PPC1010). Protein concentration was determined
using DC protein assay, and 10 ug of protein was prepared.

Samples were mixed with 4x Laemmli buffer from Bio-Rad (#1610747) and DTT, then heated
at 100°C for 5 minutes. Proteins were separated on a 10% SDS-PAGE gel and transferred onto
nitrocellulose membranes. Membranes were blocked in EveryBlot Blocking Buffer from Bio-Rad
(#12010020) for 5 minutes at room temperature.

Primary antibodies were applied against EV-associated markers (see Table 2), and the negative
marker Calnexin was included. Following the washing step, membranes were incubated with
fluorescent secondary antibodies for 1 hour at room temperature. Finally, protein bands were

visualized using fluorescence imaging on the ODESSEY CLx imaging system.

2.9 sEV Uptake Assays
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DCs, including JAWSII cells or BMDCs were seeded at 1.0 x 10° cells per well in 6 wells and
incubated with BI6F10-OVA derived sEVs at 10 pg/mL at 37°C and 5% COz. These sEVs were
treated with a variety of combinations with SMs and cytokines. After one hour, the corresponding
wells were treated with vehicle, 1 pg/mL of LPS or 1.0 uM SM for additional 23 hours. Control
conditions were also included: untreated cells, and 1 pg/mL LPS and 10 pg/mL OVA peptide cells.

sEV uptake was assessed by flow cytometry using the Cytek Northern Lights.

2.10 DC-T cell Co-Culture Assays

DCs, including JAWSII cells or BMDCs were seeded at 2.0 x 10 cells per well in 6 wells and
incubated with BI6F10-OVA derived sEVs at 10 ng/mL at 37°C and 5% COz. These sEVs were
also treated with a variety of combinations with SMs and cytokines. After one hour, they were
treated with vehicle, 1 pg/mL of LPS or 1.0 uM SM. After a 24 hour incubation, OT-1 T cells were
introduced at a 1:5 ratio (DCs to T cells), 1.0 x 10° T cells per well. The co-culture was
supplemented with 400 U/mL of rh-IL-2 and incubated for 96 hours, additional treatment-free
complete media was added. Following incubation, cells were collected and activation of OT-I cells

were assessed by flow cytometry.

2.11 Flow Cytometry

JAWSII cells and BMDCs were washed with 0.1X PBS and stained for cell surface makers.
Fc blocking and zombie violet (viability) dyes were stained at a ratio of 1:300 and 1:400,
respectively. The antibodies included markers for CD11¢, MHCII, CD80, CD86, CD40, CD11b,

and MHCI-SIINFEKL.
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As for T cell activation, along with Fc block and viability, markers such as CD11c, CD11b,
CD69, CD8a, CD3, and PD-1 were included. Further, controls such as untreated, unstained, heat
killed, and positive control was accounted for. Samples were read on the Northern Lights flow

cytometer from Cytek.

2.12 Statistical Analysis
Statistical analyses were performed using GraphPad Prism version 11.0. Data for NTA and
viability assays are presented as +/- SD. Flow cytometry data is presented as the number of events

compared to percentage of the maximum.



CHAPTER THREE: RESULTS

39



40

3.1 Aim 1: Characterize sEVs from SM- and cytokine-treated cancer cells

SM and cytokine combination treatment displayed cancer cell-line specific effects on viability

To determine whether SM treatment and/or inflammatory cytokines alter SEV production, it is
important to understand the sensitivity each cancer cell line has against said treatments. In this
experiment, BI6F10-OVA, LLC, E0771, and MC38-OVA cancer cells were treated with LCL161
alone or in combination with IFNy or TNFa. Cell viability was monitored over a 72 hour period
and the control was an untreated group (Figure 5).

In B16F10-OVA cells, treatment with the LCL161 alone did not significantly affect cell
viability (Figure SA). B16F10-OVA cells are classified as highly aggressive, murine melanoma
cells. Similarly, TNFa alone had minimal effects; presenting strong resistance to mono-treated
drug and cytokine compounds. IFNy was seen to cause a reduction of viability more noticeably at
later time points. This effect was further seen in the combination treatment of LCL161 and IFNy,
where viability was reduced to approximately 60% by 48 hours. Conversely, the cells treated with
the combination of LCL161 and TNFa displayed similar resistance to the single treatments.

MC38-OVA cancer cells displayed a singular difference in response (Figure SB). MC38-OVA
is a murine colon adenocarcinoma cell line. LCL161 and IFNy monotherapy had negligible impact
on cell viability. However, MC38-OVA was transiently sensitive to TNFa monotherapy with
viability rebounding at the 48 hour mark. As for combination treatments, LCL161 and IFNy
displayed no apparent difference, while the combination of LCL161 and TNFa lead to a synergistic
cytotoxic effect.

E0771 cells were the most sensitive to the SM treatment among all cancer cells tested (Figure
5C). E0771 is a medullary breast adenocarcinoma murine model. The viability of E0771 cells

decreased drastically following LCL161 monotherapy, reaching a complete loss of viability by 24
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hours. This was also evident in the combination treatments of LCL161 with IFNy and TNFa.
Contrastingly, cytokine-only conditions had limited effects. TNFa treated conditions displayed
little to no decrease in viability, and IFNy only treatment produced a partial decrease.

In addition, LLC cells showed a singular difference in response (Figure SD). LLC is a murine
lewis lung carcinoma cell line. LCL161 treatment alone produced little to no reduction in viability,
and both IFNy and TNFa mono-treatments caused only moderate decreases over time. The
combination of LCL161 and IFNy produced little to no reduction in viability. In contrast, the

combination of LCL161 and TNFa resulted in complete loss of LLC cell viability.

EO0771 cancer cells exhibit pronounced sensitivity to SM monotherapy

To further characterize the sensitivity of E0771 cells to SM treatment, cells were treated with
varying concentrations of LCL161 ranging from 0 uM to 2.5uM and viability was then assessed
over 72 hours. The rationale behind this was to determine whether cytotoxicity was restricted to
higher concentrations or whether lower doses were sufficient to impair overall cell survival. E0771
cells demonstrated a pronounced sensitivity to LCL161 even at the lowest concentration tested

(Figure 6).
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Figure 5. LCL161 and combination treatments alter viability in different cancer cell lines.
Cancer cells (B16F10-OVA, MC38-OVA, E0771, and LLC) were treated with LCL161 and
combination treatments at a concentration of SuM and viability was assessed using Alamar blue
assay at 24, 48, and 72 hours. Combination treatments include 250 U/mL of IFNy, 1 ng/mL of
TNFa, and DMSO as vehicle control. Error bars denote standard deviation (n=3 independent
experiments with n=4 technical replicates, EO771. n=1, B16F10-OVA, MC38-OVA, LLC).
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Figure 6. LCL161 Kkills E0771 murine medullary breast adenocarcinoma model at low
concentrations. E0771 cells were treated with varying doses of LCL161 ranging from 0 uM to
2.5 uM. Viability was assessed using Alamar blue assay at 24, 48, and 72 hours post treatment.
Error bars denote standard deviation (n=3).
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SM and cytokine co-treatment increase EV release in SM refractory cancer cells

To determine whether SM alters EV production from cancer cells, conditioned media from
SM-treated B16F10-OVA, MC38-OVA, and E0771-OVA cultures were collected. These
conditions include vehicle (baseline control), LPS as a positive control, and LCL161. EV-enriched
preparations were then analyzed by NTA to quantitate particle concentration and assess size
distribution (Figure 7).

In B16F10-OVA cells, SM treatment significantly increased the quantity of particle release by
a factor of ~21.7 compared to vehicle treatment and a factor of ~9.4 for LPS treated controls
(Figure 8A). A similar trend was also observed in MC38-OVA cells whereby both LPS and
LCLI161 treatment was able to increase particle concentration relative to control conditions
(Figure 8B). Treated MC38-OVA cells displayed an increased particle release factor of ~121.6
was seen in vehicle treatments compared to LCL161, and a factor of ~1.4 was seen in LPS
treatments compared to LCL161. These findings demonstrate that SM-induced sEV release is not
restricted to a single cancer cell line. Contrastingly, LCL161 does not increase the release of sEVs
in E0771-OVA cancer cells (Figure 8E).

The role of inflammatory cytokines in modulating cancer cell stress and synergy with the
combination of SMs may have an impact on sEV release. BI6F10-OVA cells were treated under
cytokine-conditioned settings, particularly TNFa and IFNB. TNFo and IFN, have been previously
studied to synergize with LCL 1616%%°, Similar to my previous findings, SM treatment increased
particle concentration relative to controls. The treatment of BI6F10-OVA cells with IFNf did not
substantially increase sEV release and the combination with LCL161 did not result in an increase

beyond LCL161 alone (Figure 8D). The same trend was seen when B16F10-OVA cells were
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treated with TNFa; however, the combination of TNFa and LCL161 increased the sEV release by
a factor of ~2.4 higher compared to vehicle controls.

In this experiment, I pre-treated BI6F10-OVA cells with IFNy 12-hours prior to LCL161
treatment and collected sEVs after 24 hour treatment with LCL161 (Figure 8E). The highest
particle concentrations were observed in the IFNy pre-treated LCL161 condition. This
combination was seen to increase the release of these sEVs by a factor of ~40.4 compared to
vehicle treatment. This shows that prior inflammatory conditioning may further synergize with

LCL161 to release sEVs.
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Figure 7. Experimental workflow for isolating and characterizing sEVs from cancer cells.
Conditioned media from treated cancer cells is first subjected to sequential low-speed
centrifugation to remove cells, dead cells, and large cellular debris. The clarified media is
processed by ultracentrifugation at high speed to pellet sEV-enriched samples. The pellet washed
with PBS and pelleted again via ultracentrifugation. The resulting sEV pellet is resuspended for
downstream characterization and experimentation.



47

MC38-OVA
skkokk
A. B16F10-OVA B. —
dFekkk *kkk
I
1.5%1072 ns  kkkk i
« 1 o 1-4%1074—
T 1.0x10"2 I_ T 1.2x10™ -
E y E 1.0x10"—
3 5.0x10 _’/ :Iaa_ox-'oﬂi_‘, IEI
3x10M ¢ E 4
% E 3"1012:
S 2x10" o 6x10"2-
5 qx0- §  4x1014
o o 2,1012_
f I —
0 T 0 I 1 1
Control LPS LCL161 Control LPS LCL161
Treatments Treatments
c D B16F10-OVA E
. . P = B16F10-OVA EVs with IFNy Pre-Treatment
E0771-OVA skedeokok
4x1019 1.5x10"- Kkkk x
% . % Aokokok 61071
8 5x10M
5 - g 1.0%1011 E 4x10"
E 21070 S w5 3x10" |"'|
% . % e 2,“101*11 b d
£ 1%10'° H 2 50x101 £ 110
o
o H £ %
0 T T T T 7T E ﬂ ‘E 5x1010
[ b,‘ﬁ' & & &0 K @’& \‘QQ’ e O-—r—T—T—T T
P N S Tt RIS SRR Ly
~ x & &V o8 v
Q\‘\ {{“& . é P {00 -\*‘\’C;
N
Treatments Treatments Treatments

Figure 8. LCL161 increases EV release of resistant cancer cell lines but not sensitive cancer
cells. (A, B) B16F10-OVA and MC38-O VA cells were treated with 2.5 puM LCL161, 1 ug/mL LPS,
or vehicle (DMSO) for 24 hours. sEVs were then extracted via ultracentrifugation and were
quantified through NTA (n=biological 3, technical 15, B16F10-OVA. n=1, technical 5, MC38-
OVA). (C) E0771-OVA cells were treated with 2.5 pM LCL161, 1 pg/mL LPS, 250 U/mL of IFNy,
vehicle (DMSO) or combination for 24 hours. Note, [FNy was done as a pre-treatment 12 hours
before LCL161 or vehicle treatment. SEVs were then extracted via ultracentrifugation and were
quantified through NTA (n=1, technical 5). (D) B16F10-OVA cells were treated with 2.5 uM
LCL161, 1ug/mL LPS, 50 U/mL of IFNP, 1n g/mL of TNFa, vehicle (DMSO) or combination for
24 hours. sEVs were then extracted via ultracentrifugation and were quantified through NTA (n=1,
technical 5). (E) B16F10-OVA cells were treated with 2.5 uM LCL161, 1 pg/mL LPS, 250 U/mL
of IFNy, vehicle (DMSO) or combination for 24 hours. sEVs were then extracted via
ultracentrifugation and  were  quantified through NTA (n=1, technical 5).
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Characterization of tumour-derived SEVs suggest ESCRT-dependent mechanism of

biogenesis.

I next evaluated the sEV size and cargo via NTA, TEM and western blotting. In BI6F10-OVA
cells, across the different treatment conditions, the size of the particles remained around the size
of 100-150 nm (Figure 5A). This trend was similarly seen in both MC38-OVA and E0771-OVA
cells (Figure 5B and Figure 5C). Therefore, LCL161 and combinations with or without different
cytokines do not alter the size of the particles themselves. Further size analysis and visualization
were sought by performing TEM on B16F10-OVA cancer cells, whereby the isolated sEVs are
under 200 nm in diameter (Figure 5D).

The biogenesis pathway for sEVs was analyzed via immunoblotting. The sEVs derived from
treated B16F10-OVA cells were positive for the ESCRT-dependent pathway markers TSG101 and

Syntenin-1 and were negative for the Calnexin (marker of cellular contamination) (Figure SE).
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Figure 9. ESCRT-dependent sEV characterization through nanoparticle tracking analysis,
transmission electron microscopy, and immunoblotting. (A-C) B16F10-OVA, MC38-OVA,
and E0771-OVA were treated with 2.5 uM LCL161, 1pug/mL LPS, 250 U/mL of IFNy, 1ng/mL of
TNFa, vehicle (DMSO) or combination for 24 hours. Particle size distribution of sEVs collected
are displayed from NTA results. (D) TEM image of vehicle treated B16F10-OVA sEVs that were
negatively stained with uranyl acetate. Scale bar indicates 200 nm. (E) B16F10-OVA cells and
B16F10-OVA sEVs were probed for the SEV markers Syntenin-1 and TSG101, while calnexin was
assessed as a negative marker for cellular contamination.
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3.2 Aim 2: Evaluate the effects of SM-treated sEVs on DCs and cytotoxic T cells

SMs and sEVs increase DC activation and antigen presentation

For these experiments, I incubated the DC cell line JAWSII with sEVs and/or LCL161 for
24 hours and then assessed for DC activation and antigen presentation via flow cytometry (Figure
10A). DC maturation is a critical step for effective antigen presentation and imitation of adaptive
immune responses. Immature DCs typically display low expression of costimulatory molecules
and have intracellular MHCII localization; whereas, in matured states, there is an increased surface
expression of CD86 and MHCII'**!34, The treatment of JAWSII with LCL161 led to an ~2.1 fold
increase of activated DCs (Figure 10B), demonstrating that LCL161 can facilitate the maturation
of DCs. Importantly, no differences in DC maturation were observed between different sEV
origins, regardless of LCL161 treatment, suggesting that sEV source does not differentially
modulate DC activation.

Antigen presentation was assessed compared to the positive control of DCs pulsed with the
OVA peptide (SIINFEKL) and LPS. The treatment of JAWSII with LCL161 led to the most antigen
presentation of MHCI bound OVA compared to all treatment groups (Figure 10C). Particularly,
there was a fold increase of ~3.2, ~3.8, and ~4.9, for vehicle, LPS, and SM EV treatment groups
when co-treated with LCL161, respectively, compared to the no EVs group. This pattern was also
evident with sEVs derived from MC38-OVA cells. Notably, the highest antigen presentation of
MHCI bound OVA was observed in the sEV and SM treated groups (Figure 7D). Particularly,
there was a fold increase of ~5.8, ~4.7, and ~4.9, for vehicle, LPS, and SM EV treatment groups

treated by LCL161, respectively, compared to no EVs.
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SM-treated and sEV-pulsed JAWSII activate OVA-specific cytotoxic T cells

To assess the functional consequence of DC maturation on antigen presentation and
subsequent T cell activation, I co-cultured OT-I T cells with sEV pulsed and SM treated JAWSII
and then analyzed for OT-I T cell activation by CD69" surface presentation (Figure 11A). CD69
is used as an early maker of T cell activation as typical resting T cells display little CD69
expression. Once APCs interact with the TCR/CD3 pathway of the T cells, CD69 is rapidly
increased on the cell surface!>. In this experiment, we used IFNy pre-treated BI6F10-OVA sEV's
that were also treated with LCL161, LPS, or vehicle. These IFNy pre-treated sEVs were pulsed
into JAWSII along with LCL161 24 hours prior to CD8" T cell co-culturing. After co-culture, IFNy
pre-treated sEVs with LCL161 displayed a 94.1%, 90.3%, and 96.5% (yvehicle, YLPS, ySM)
increase in CD69 expression compared to the 98.6% of SIINFEKL pulsed positive control (Figure
11B). CD69 expression levels were also comparable to LPS treated groups as well.

Further activation and potential exhaustion of CD8" T cells were assessed by PD-1 surface
presentation. PD-1 is commonly associated with T cell exhaustion; however, it is also known as a
reflection of antigen-driven T cell stimulation'*%!137, After co-culture, I[FNy pre-treated sEVs with
LCLI161 displayed a 60.7%, 44.7%, and 62.4% (yvehicle, YLPS, yYSM) increase in PD-1 expression
on CD8" T cells, while SIINFEKL pulsed positive controls displayed 99.5% (Figure 11C).

Further, T cell proliferation was assessed by looking at the CD3™ levels of the CD8" T cells.
CD3 is a key component of the T cell receptor complex and functions as an intracellular signal-
transducing module during T cell activation. In the past, T cell proliferation has been assessed
through the use of anti-CD3 antibody stimulation along with IL-2!3%. A fold increase of ~1.9, ~1.5,
and ~2.4 was observed for I[FNy pre-treated sEVs groups (vehicle, LPS, SM) with LCL161 and

when compared to untreated group (Figure 11D).
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Figure 11. LCL161 and tumour derived sEVs enhance CD8" T cell activation. (A)
Experimental workflow of OVA-specific CD8" T cell isolation and subsequent experiments. OT-I
CDS8" T cells were isolated from the spleens and lymph nodes of OT-I mice and co-cultured with
sEV pulsed JAWSII to evaluate activation and proliferation. sEVs were isolated from B16F10-
OVA cancer cells treated by various conditions. NT represents no treatment of SEVs. (B) T cell
activation quantified as the percentage of CD69" T cells. T cells were co-cultured with BI6F10-
OVA pulsed sEVs JAWSII that were previously treated with 1.0 uM LCL161, 1 pg/mL LPS, or
vehicle for 96 hours. Positive control for experiments was treating the JAWSII with 10pug/mL
SIINFEKL peptide without sEVs. (C) T cell exhaustion and antigen driven activation was
quantified as the percentage of PD-1" cells. (D) T cell proliferation was quantified as the
percentage of CD3™ cells. (n=1)
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SMs and sEVs increase activation and antigen presentation in BMDCs

Since the JAWSII model is an immortalized DC cell line that may provide artificial results,
I wanted to see the effects of the BI6F10-OVA sEVs and LCL161 on primary BMDCs. BMDCs
were isolated from the bone marrow of C57BL/6 mice using the technique of Inaba et al'*°. The
isolated hematopoietic cells were differentiated with GM-CSF over seven days where they became
immature BMDCs (Figure 12A). After 24 hours of incubating BMDCs with varying B16F10-OVA
sEVs with or without LCL161, I then assessed DC viability, activation and antigen presentation
via flow cytometry.

The assessment of BMDCs viability was via quantification of the proportion of live/dead cells
(Figure 12B). Viability of BMDCs treated with 1.0 pM LCL161 is biologically insignificant as it
did not majorly decrease compared to vehicle, positive, and untreated. This indicates that the
treatment conditions are not overtly toxic to BMDCs.

BMDC activation was quantified by calculating the proportion of MHCII*/CD86" cells. In
contrast to the JAWSII results, treatment of BMDCs with LCL161 resulted in an increased factor
of ~1.2 of activated BMDCs when compared to vehicle treatment alone (Figure 12C). However,
the rate of maturation between vehicle and LCL161 of the same sEV group did not change
significantly. On a similar basis, there was no difference in antigen presentation relative to control

group (Figure 12D).
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Figure 12. LCL161 enhances BMDC activation, but not antigen presentation when pulsed
with tumour sEVs. (A) Experimental workflow of BMDC generation. Bone marrow was
collected from C57BL/6 mice and further differentiated with GM-CSF where it was used for
downstream experiments. NT represents no treatment with sEVs. (B) sEVs were isolated from
B16F10-OVA cancer cells. BMDCs were treated with the isolated sEVs at a ratio of 5,000 sEVs
per cell along with 1.0 uM LCL161, 1 pg/mL LPS, or vehicle for 24 hours. (C) DC activation was
quantified as the percentage of MHCII" and CD86™ cells. (D) DC antigen presentation of both
B16F10-OVA sEVs and MC38-OVA sEVs, respectively, was quantified as the percentage of
MHCI-SIINFEKL" cells. Positive control for experiments was treating the BMDCs with 1ug/mL
LPS and 10 pg/mL SIINFEKL peptide without sEVs. (n=1)



56

SM-treated and sEV-pulsed BMDCs activate OVA-specific cytotoxic T cells

Despite the discouraging results with the BMDC results in Figure 12, we nevertheless
assessed for OT-I activation in sEV pulsed and SM treated BMDCs. Surprisingly, there was a
decrease in OT-I viability in all conditions with LCL161 treatment (Figure 13A). This was unlike
JAWSII, where viability was consistent in terms of LCL161 versus vehicle treatment.

The activation of CD8" T cells was assessed by CD69" surface presentation. [ used a variety
of different treatment conditions pertaining to the source of B16F10-OVA sEVs. After co-culture
of OT-I cells along with sEV-pulsed BMDCs and treatment with SM, the sEVs with
LCL161groups displayed a 23.8%, 17.4%, 30.4%, 30.9%, 27.4%, and 27.7% (vehicle, SM, IFNy,
IFNy + SM, TNFa, and TNFa + SM) increase in CD69 expression compared to the 32.8% of
SIINFEKL pulsed positive control (Figure 13B).

Further, activation and potential exhaustion of CD8" T cells were assessed by PD-1 surface
presentation. After co-culture, OT-1 CD8" T cells displayed a 44.3%, 54.0%, 55.2%, 47.3%, 42.5%,
and 49.4% (vehicle, SM, IFNy, IFNy + SM, TNFa, and TNFa + SM) increase in PD-1 expression

on CD8* T cells, while SIINFEKL pulsed positive controls displayed 67.0% (Figure 11C).
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Figure 13. LCL161 and tumour derived sEVs enhances CD8" T cell activation but decrease
viability in T cells. (A) T cell viability quantified as the percentage of live/dead T cells. T cells
were co-cultured with B16F10-OVA pulsed sEV BMDCs that were previously treated with 1.0 uM
LCL161, or vehicle for 96 hours. (B) T cell activation quantified as the percentage of CD69" T
cells. Positive control for experiments was treating the BMDCs with 10 pg/mL SIINFEKL peptide
without sEVs. (C) T cell exhaustion and antigen driven activation was quantified as the percentage
of PD-1" cells. (n=1)
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4.1 SM sensitivity is cell line- and cytokine-dependent

SM sensitivity in the context of viability of both cancer cell lines and DCs can be seen as
variable and cell line dependent. Thus SM sensitivity is heavily context-dependent, shaped by the
survival signaling framework of each cell type!*. In cancer cells, SMs promote the degradation of
cIAP1/2 and shift TNFa signaling from pro-survival to pro-apoptotic NF-kB signaling. This allows
RIPK1- and caspase-8-associated cell death, providing a rationale behind why the synergy of
LCL161 and TNFa treatment can enhance cytotoxicity in LLC and MC38 models®®!140:141,
Moreover, a previous study showed that IFNy can synergize with SM to induce cancer cell death
through mechanisms independent of TNFa, signaling'4?; further showing that viability patterns are
not solely due to drug potency, but also evidence that cytokine exposure can reveal distinct
weaknesses in certain [AP-regulated pathways. Overall, this can be further applied in the context
of the TME, where SM treatment would function as sensitizing pressure, while the surrounding

inflammatory environment determines whether the tumour survives or undergoes programmed cell

death.

4.2 E0771 cancer cells display intrinsic sensitivity to low dose SM treatment

Through these experiments, E0771 cells have a heightened sensitivity towards varying doses
of LCL161, further suggesting that this tumour line may possess an intrinsic dependence on IAP-
regulated survival pathways. This experiment was consistent with a study showing that a subset of
human cancer cell lines undergo apoptosis following SM monotherapy due to endogenous death
signals, such as autocrine TNFa!%’. This is experimentally relevant in this research project as a
highly sensitive cell line may generate EVs under conditions of substantial cellular stress or death,

which would in turn alter particle abundance and associated cargos'#.
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4.3 SM increases tumour-derived sEV release without affecting size distribution
Interestingly, SM exposure promotes EV production in B16F10-OVA and MC38-OVA;
however, it does not decrease the viability of the cells after treatment. Treatment with SM suggests
that IAP antagonism may alter cancer cell secretory behaviour. Previous studies have shown that
stress-associated pathways, such as p53-dependent signaling, can increase sEV secretion through
TSAP6 mechanisms'*. The confirmation of SEV size was done not only using NTA, but were
further interpreted with TEM and western blotting'3-132145 Additionally, with western blotting,
ESCRT-dependent biogenesis of sEVs can be deduced. Future directions would be to explore
regulated vesicle biogenesis and cellular stress responses. This can be done through loss-of-
function experiments targeting Rab27a and Rab27b, as it has been shown that Rab GTPases
promote SEV secretion in cancer cells!46. Moreover, LPS served as a positive control due to its
well-established inflammatory effects and known outcome to enhance sEV release. Through the
activation of TLR4, LPS can engage NF-kB/IKK-associated pathways and promote sEV

secretion!4’

. This further supports the hypothesis that due to how SM treatment, through its ability
to remodel intracellular signaling, promotes activation of the non-canonical NF-kB pathway and
induce interferon-associated transcriptional programs'¥. Thus, active inflammatory
reprogramming may play a role in SEV release for these resistant cancer cells.

To further address the lack of SEV production under LCL161 circumstances for EO771 cells, it
can be due to their heightened sensitivity towards SMs. Since SMs can induce rapid degradation
of cIAP proteins within the first few hours of treatment, cancer cell death occurs between 18 to 24

hours for sensitive cell lines'* 13!, Thus, reductions in SEV recovery following SM treatment may

be low or comparable to vehicle treatment as massive amounts of cell death occurs within the first
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2-18 hours of treatment. Further directions would be to normalize the particle secretion to viable

cells and explore the potential of altered EV-release and biogenesis pathways.

4.4 Tumour-derived sEVs with SMs may enhance DC activation and antigen presentation
When comparing the results from JAWSII, an immortalized dendritic cell line, compared to
BMDCs, a primary dendritic cell line, we see generally the same trends; however, differences in
the amount of expression on the surface of the cells. Looking at MHCII" and CD86" dendritic
cells, both JAWSII and BMDCs exhibited increased expression compared to vehicle control. One
difference noticed was that the levels of MHCII and CD86 were similar in expression level for
varying sEVs that were treated with vehicle or SM. BMDCs were differentiated from GM-CSF,
thus they are a heterogeneous primary culture containing DC-like cells and macrophage-like
populations. This can shift levels of MHCII and CD86 expression without changing the overall
direction of the response!>2. Further, studies have shown that tumour-derived sEVs can regulate
DC maturation at the costimulatory stage, suggesting that sEVs can have effects on DC phenotype
that are not always linearly reflected by MHCII and CD86'>3. As said, SM can directly promote
DC maturation in some immune cell contexts, however these effects may be greater in altering
cytokine output, antigen processing, and T cell stimulatory function rather than MHCII and CD86
levels!>*153 Thus, evaluating the ability of sEV-pulsed DCs that were co-treated with vehicle or
SM and its ability to elicit T cell activation would be a better predictor. Similarly, the lower antigen
presentation may reflect the heterogeneity and variable maturation state of primary GM-CSF-
derived cultures. A previous study showed that mature DCs that are pulsed with OVA-bearing
sEVs displayed increased peptide MHCI, MHCII, and co-stimulatory molecule expression, and

CDS8" T cell responses compared to OVA-pulsed immature DCs'>®, Thus, antigen presentation is
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dependent on the state of the DC. This may reflect the differences in sSEV uptake and intracellular

routing between JAWSII and BMDC:s.

4.5 SM-treated tumour sEVs promote CD8" T cell activation, but may also affect T cell
viability

In the JAWSII and OT-I T cell co-culture system, several sEV-treated and drug co-treatment
conditions increased the proportion of CD69" CD8* T cells relative to untreated or vehicle-
associated conditions, suggesting that DCs exposed to tumour-derived sEVs can provide early
activation signals to antigen-specific CD8" T cells. CD69 has been validated as a proven method

157

to measure T cell activation after antigenic stimulation'®’. The increase in CD69" was most

apparent in conditions involving SM-associated sEVs and SM-treated DCs, supporting the
explanation that SM exposure alters the activation state of the DC presenting said signals'>>.
Further, the reduced surface CD3 expression observed on CD8" T cells may reflect activation-
associated CD3/TCR downmodulation rather than a loss of T cell identity. A primary study
demonstrated that peptide MHC stimulation induces downmodulation of the TCR-CD3 complex
on CD8" T cells, with greater CD3 downmodulation associated with stronger functional avidity 8.

In parallel, PD-1 expression was increased across several activated JAWSII co-culture
conditions, indicating that CD8" T cells were not only activated, but also may be initiating
inhibitory feedback pathways downstream of antigen receptor engagement. A previous study
showed that PD-1 are induced on stimulated T cells following in vitro activation with anti-CD3,

reflecting recent activation rather than exhaustion alone'’.

However, it is important to
acknowledge that PD-1 expression has also been associated with dysfunctional or exhausted CD8*

T cell states during chronic antigen exposure. As an example, during times of chronic viral
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infection, PD-1 blockade restores function in exhausted CD8" T cells, suggesting that future
experiments can utilize anti-PD-1/PD-L1 inhibitors in combination with tumour-derived sEVs and
QM 160,161

In the BMDC and OT-I T cell co-culture system, CD69 expression is also increased in sEV-
treated and SM-associated conditions, suggesting that the activation phenotype observed with
JAWSII cells are also physiologically relevant with the use of primary cells. Unlike JAWSII, the
BMDC co-culture experiment showed a notable reduction in OT-I viability across several
treatment conditions, particularly in groups that had BMDCs receive LCL161. This suggests that
activation and loss of T cell fitness may occur when exposed to LCL161. A previous study has
shown that SMs can inhibit human T cell proliferation and may not uniformly enhance T cell
effector function'®?. However, in this experiment, SM was not applied directly to the CD8" T cells,
suggesting that the observed reduction in T cell viability may reflect an indirect or secondary effect
of the treatment conditions rather than direct SM-mediated cytotoxicity.

This dual effect is consistent with the broader biological effects of SMs, which can promote
anti-tumour T cell responses in certain immune contexts while also directly altering cell survival
and function depending on cell type, dose, and combinational cytokines®®!63, Future directions
would be to explore a washout assay as well as a viability assay for BMDC and OT-I co-culture

experiments.

4.5.1 IFNy pre-treatment increases CD8" T cell activation
IFNy pre-treatment appeared to further increase CD69* OT-I cells in both JAWSII and BMDC
co-culture systems. This suggests that inflammatory priming of cancer cells enhances the ability

of DCs to stimulate antigen-specific CD8" T cell activation. IFNy is known to induce MHC
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expression!®*, Thus, treatment of IFNy on cancer cells in combination with LCL161 may elicit
greater T cell activation. Further, [IFNy may be able to present at a higher expression level of MHCI
on tumour-derived sEVs!'®. As well, IFNy can induce MHCI upregulation in cancer cells, further
supporting the possibility that IFNy-conditioned tumour-derived EVs may be more efficiently
recognized in downstream immune assays'%®. Overall, this model remains consistent with previous
publication that tumour-derived EVs can provide antigenic material for cytotoxic T cell cross-

priming and how IFNy is able to improve overall MHC expression'®’.

4.6 Limitations to study

Overall, this study provided important evidence that SM treatment may influence tumour-
derived sEV release, DC antigen presentation, and downstream CD8" T cell activation; however,
there are several limitations that should be addressed when interpreting these findings.

In terms of biological replicates, much of the work was performed using only a single
biological replicate. This limits the ability to determine whether the observed changes are
reproducible across independent experiments or statistically significant

Another limitation is that this project utilizes LCL161, a monovalent SM. There are many
different types of SMs ranging from varied monovalent, such as LCL161, AT-406, GDC-0152, and
bivalent SMs such as Birinapant, BV6, and SM-16419-170 Tt is important to note that SMs can
vary in their affinity, potency, and ability to degrade cIAP1/2 and XIAP. This means that the
observed effects on sEV release and immune activation may be compound- and dose-dependent.
With this, it is important to acknowledge that different concentrations may impact the amount of

sEV release. Thus, it is important for a future direction of this study to also use a range of
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concentrations to validate the selected concentration of LCL161 for sEV release, DC activation,
and T cell stimulation.

Furthermore, restricting the analysis to a single tumour model also has its limits in
interpretation of the findings as cancer cells are heterogenous in their sensitivity to SMs, antigen
expression, and EV-cargo. It is important for the study to also look at the effects of T cell activation
in semi-sensitive and sensitive models, such as the MC38, LLC, and E0771 cells.

The OVA/OT-I system is another limitation. This systems allows a highly controlled antigen-
specific model that may not fully reflect endogenous tumour antigen recognition!’!. Aspects such
as effector differentiation, memory formation, and expansion kinetics can be altered with TCR-
transgenic CD8" T cells!”!. Thus, future in vivo studies should include SIINFEKL tetramer or

dextramer staining, and non-OVA tumour controls.

4.7 Future directions

4.7.1 Evaluate the potential synergistic effects of SMs and immune cell derived sEVs

To extend the potential of sEVs in the context of cancer therapeutics, it would be
informative to evaluate whether SM treatment can enhance the immunostimulatory function of
immune cell-derived sEVs. More specifically, analyzing the effects of DC-derived sEVs that have
been exposed to tumour-derived sEVs and SM or combination therapies. In literature, it is already
known that DC derived vesicles can induce antigen-specific CD8" T cell responses in vivo!%®. By
being able to pulse BMDCs with tumour-derived sEV's and use SMs to contribute to the maturation

and potentially increase SEV release will allow a robust approach in activating CD8* T cells!7>!74,
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It has been shown that mature DCs that have been pulsed with sEVs elicit a more robust CD8" T
cell response!”. Thus, it would be beneficial to compare sEV pulsing on immature BMDCs,
mature BMDCs, to SM-treated BMDC:s.

Moreover, CD8" T cell-derived sEVs should be explored as activated T cells can release
vesicles carrying TCR/CD3-associated signaling complexes and adhesion molecules, further
suggesting that these EVs may participate in immune communication beyond direct T cell
contact!7%177 Tsolating sEV's from OT-I cells after co-culture with SM-treated sEV-pulsed BMDCs
would determine whether these activated T cells are able to release functionally active immune
sEVs. These sEVs could then be assessed for cytotoxic cargo such as, granzyme B, and tested to

see eradication of SM resistant and sensitive tumours (Figure 14)'78,
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Figure 14. Modified overview of the CI cycle highlighting the role of SMs and sEVs. Tumour
cell death releases antigens that are captured by DCs, a process enhanced by SMs through
increased tumour cell killing and antigen availability, while tumour-derived sEVs can also possess
tAgs and immunomodulatory signals. SMs promote DC maturation, improving antigen processing
and presentation, and may also influence the immunogenic cargo of DC- and tumour-derived sEVs.
These effects enhance T cell priming and activation, with sEV's further contributing to intercellular
communication across the cycle. Finally, SMs sensitize tumour cells to apoptosis and support T
cell mediated killing, reinforcing the CI cycle.
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4.7.2 Proposed in vivo model for therapeutic evaluation of SM-treated tumour sEV-pulsed
BMDCs

Extending past the in vitro findings, a proposed in vivo model will provide more insight in
physiologically relevant settings. Due to the potential of DC therapies, exploring tumour sEV-
pulsed BMDCs can mediate anti-tumour immunity against OVA-expressing syngeneic tumours
would be interesting as both a prophylactic and therapeutic model. This approach has been studied
in previous work displaying that tumour-derived sEVs can transfer tumour antigens to DCs, which
then cross-prime CD8" cytotoxic T cells and mediate anti-tumour effects in vivo!”. This model
would include isolated sEV's from SM-treated B16F10-OVA, E0771-OVA, LLC-OVA, and MC38-
OVA cells being applied to BMDCs that are also exposed to LCL161. This would allow for BMDC
maturation and activation, while also increasing antigen presentation. Further, the synergistic use
of IFNy pre-treatment and LCL161 can be utilized to provide a more robust CD8" T cell activation.

To test this, C57BL/6 mice will receive intravenous administration of BMDCs pulsed with
sEVs derived from corresponding tumour models. The timeline will be representative of Wang et
al., as multiple intravenous administrations will allow a boost of anti-tumour immunity!®°. This
will be done in parallel to appropriate controls such as using a non-OVA-expressing wild type to
distinguish antigen-dependent immunity as well as PBS administrations as a negative control.
Primary assessments of mice would include tumour growth kinetics and overall survival. Further
frequency of OVA-specific CD8" T cells and broader phenotyping of tumour-infiltrating and
lymphoid immune populations will be assessed by flow cytometry.

It is anticipated that BMDCs that are exposed to sEVs from SM-treated cancer cells and paired
with the LCL161 treatment, will generate a stronger anti-tumour immunity compared to controls.
Furthermore, the comparison of vehicle-derived sEVs and SM-derived sEVs can be done. If it

shows that SM-derived sEVs has an increased OVA-specific CD8" T cell response, it suggests that
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SM treatment alters tumour-derived sEVs in a way that improves their ability to support antigen

presentation in downstream T cell priming.

4.8 Conclusion

Overall, this study suggests that SM treatment does not produce a uniform effect across all
tumour and immune cell models, but instead alters the viability, sSEV release, DC antigen
presentation, and CD8" T cell activation in a context-dependent manner. While there are some cell
lines that are semi-sensitive or sensitive to SM, others respond through altered sEV release and
enhanced immune crosstalk, further supporting the idea of SM as an agent of immune modulators
rather than just an anti-cancer drug. These findings serve as a foundation for a proposed model in
which SM-treated tumour cells release immunologically altered sEVs that are taken up by DCs,
leading to improved antigen presentation and early activation of tumour-specific CD8" T cells.
Future work should determine whether molecular cargo within these sEVs and its translation
towards a durable anti-tumour immunity in vivo. Thus, this thesis supports a broader framework

in which SMs and sEV's may be integrated into a novel immunotherapeutic strategy.
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