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Abstract

Extracellular vesicles (EVs) are membranous nanoparticles released by cells that are
important mediators of intercellular communication via transfer of their cargoes to
recipient cells. For this reason, EVs have been harnessed as a novel targeted therapeutic
delivery platform. However, EV research faces numerous challenges that need to be
addressed if their potential as therapeutic devices is to be fully realised.

EV heterogeneity is arguably the most crucial challenge to be addressed. EVs differ in
size, biogenesis, and composition, and these characteristic differences have been linked
to functional differences which may impact EV therapeutic activity. Here, functionally
heterogeneous EV populations were identified among size-based and subclonal EV
populations. EVs were characterised revealing differences in marker and functional
protein expression, including integrins, cell adhesion proteins and EV marker proteins.
These differences may explain functional differences between EV subpopulations and
could aid selective purification of therapeutically advantageous EVs. Furthermore, the
subclonal nature of the analysed EV populations also indicated that EV heterogeneity
might be linked to cellular heterogeneity. Separately, changes in EV protein expression
were documented among EVs harvested at different time points, highlighting another
critical consideration for EV therapeutic development.

Advancement of in vivo EV biodistribution and purification techniques was also sought
to improve EV therapeutic development and characterisation. While requiring further
experimentation, EV DNA barcoding, a technique that labels EVs with synthetic DNA
identifiers, showed potential as a novel EV biodistribution and therapeutic siRNA delivery
tool. Additionally, Capto Core binding chromatography showed significant improvement
over size exclusion chromatography for purification of high concentrations of EVs from
high cell density cultures.

Overall, this research offers insights into EV heterogeneity and novel techniques to aid
therapeutics EV production. It also highlights the importance of understanding EV biology
and overcoming the challenges associated with EV research to improve EV therapeutic
development.
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1.0 Introduction

1.1 Intercellular communication

1.1.1 Fundamentals of intercellular communication

Cell-to-cell communication is a vital role of multicellular organisms that allows the
coordination of cell functions. Historically, it has been accepted that cells facilitate
intercellular communication by direct contact or release of soluble factors, including
cytokines, chemokines, neurotransmitters, and growth factors, into the extracellular
environment, which interact with specific receptors on recipient cells. However, in the
last few decades, membrane-bound nanoparticles called extracellular vesicles (EVs)
have also been identified as mediators of intercellular communication (EVs). EVs contain
proteins, lipids and nucleic acids and have been shown to play an important role in

intercellular communication by delivering their bioactive cargoes'™.

1.1.2 Extracellular vesicles

Extracellular vesicles (EVs) are membrane-bound nanoparticles released from eukaryotic
and prokaryotic cells'®. EVs have been identified in nearly all biological materials and
fluids, such as blood, urine, breast milk, synovial, ascites, and even seminal fluids®. EVs
are released naturally by cells under normal physiological conditions and
pathophysiological conditions. However, their release can be upregulated in response to

various stimuli such as changes in pH, hypoxia, injury, or complement activation®?®.

EVs were first identified by Chargaff and West in 1946 during an investigation of

procoagulants in the blood, wherein procoagulant platelet-derived particles in plasma
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that sedimented at 31,000 x g after centrifugation were observed®. Wolf (1967) later
coined the term “platelet dust” to describe these particles'®. During the 1970s and 80s,
various studies observed membranous particles in various biological fluids and in in vitro
cell culture preparations, and in 1983, EVs were first documented to be released by the
fusion of multivesicular bodies (MVBs) with the cell membrane'’. However, throughout
this period, EVs were regarded as a mechanism for waste disposal from cells™. It was
not until 1996 when a landmark study by Raposo et al. reported that EVs derived from B
cells could induce antigen-specific responses in recipient T cells, that EVs were
considered an important mediator of intercellular communication in health and disease™.
Subsequently, this led to a plethora of studies that reported the involvement of EVs in
intercellular communication through the transfer of their proteins, lipids and nucleic acids

%17 In the previous decade, the number of researchers studying

cargoes to recipient cells
EVs has grown substantially, resulting in the formation of the International Society for
Extracellular Vesicles (ISEV) in 2011 to unify the international EV research community and

establish guidelines for the research and publication of EV based research'®®,

1.2 Extracellular vesicle biogenesis and subpopulations

In the simplest of terms, EVs are membranous nanopatrticles that are derived from cells.
However, “extracellular vesicles” is a collective term that encompasses various vesicle
subpopulations mainly based on their biogenesis and physical characteristics. The most
extensively studied subtypes are exosomes and microvesicles (MVs). Figure 1.1 provides
an overview of the differences between exosomes and MVs, including their formation

and size range.
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Figure 1.1 Extracellular vesicle biogenesis and subpopulations. Extracellular vesicles
can be divided into two main subpopulations according to their route of biogenesis;
exosomes (green) and microvesicles (pink). Exosomes are formed within the
endolysosomal system. Multiple inward budding events fill endosomes with intraluminal
vesicles (ILVs). Once filled with ILVs, these endosomes are termed multivesicular bodies
(MVBs). MVBs can be trafficked to the cell membrane where they fuse and release
exosomes. Exosome formation occurs dependently or independently of ESCRTs. ESCRT
independent formation involves various other proteins for cargo sorting and release,
including ADP-ribosylation factor 6 (ARF6), phospholipase D2 (PLD2) and tetraspanins
CD9/63/81. MVBs displaying specific surface proteins, including HOP complexes,

HSP70/90 organising (HOP) complexes, vesicle-associated membrane proteins 7
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(VAMP7?), syntaxin (STX) 7/8 and RABT7A, are trafficked to lysosomes for degradation®®?".
Alternatively, Microvesicles bud directly from the cell membrane. Various proteins are
involved in MV biogenesis and cargo sorting, including ARF6, Ras homology (RHO) gene
family members, GTPases, tumour susceptibility gene 101 (TSG101) protein, ALG-2-
interacting protein X (Alix) and sphingomyelinases (SMAses). Exosomes have a size
range of 30 to 150 nm, while MVs have a size range of 50 to 1,300 nm. Due to the
significant overlap in size and the difficulty of selectively purifying EV subtypes, EVs less
than 200 nm are termed small EVs (S-EVs), while EVs larger than 200 nm are termed large

EVs (L-EVs)'. Figure adapted from Bonner & Willms (2021)%.

1.2.1 Exosomes

Exosomes are subpopulations of small EVs that range in size from 30 nm to 150 nm in
diameter®*** and are formed via the endolysosomal pathway. During exosome formation,
invaginations of the cell membrane form intracellular vacuoles known as endosomes.
Subsequent invaginations of endosomal membranes form membranous vesicles within
endosomes called intra-luminal vesicles (ILVs), which themselves are early exosomes.
Multiple invaginations of endosomal membranes fill endosomes with ILVs; endosomes
then become referred to as multivesicular bodies (MVBs)®. In the endolysosomal
pathway, MVBs displaying specific surface proteins fuse with lysosomes to degrade their
contents. These proteins include HSP70-HSP90 organising protein (HOP) complexes,
Ras-related protein Rab-7A (RAB7A), vesicle-associated membrane protein 7 (VAMP?7),
and syntaxin 7 and 8 (STX7/8). Alternatively, MVBs required to release their ILV contents
extracellularly are trafficked to and fuse with the cell membrane, releasing their ILVs

which are then termed exosomes?®?'.
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Exosomal formation in MVBs occurs dependently or independently of endosomal sorting

26,27

complexes required for transport (ESCRT-0-III) ESCRT-dependent exosomal
formation involves ubiquitylation of proteins for selective packaging into ILVs.
Ubiquitiylated membrane-associated proteins and lipids are clustered into microdomains
on the limiting membrane of MVBs by ESCRT-0 and ESCRT-I subunits. These
microdomains also recruit soluble components, including cytosolic proteins and RNAs

destined for packing as cargoes into exosomes. Subsequently, ESCRT-0 and -I subunits

recruit ESCRT-Il and -Ill, which aid in the budding and fission of exosomes?®.

In contrast, ESCRT-independent exosomal formation begins with hydrolysis of
sphingomyelin by neutral sphingomyelinase (N-SMase) to form ceramide®. Ceramide
allows the generation of MVB membrane subdomains which causes membrane curvature
and elicits sorting of cargoes into ILVs®*®'. The tetraspanins CD9, CD63 and CD81 aid
ILV biogenesis by forming into microdomains with other tetraspanins, transmembrane
proteins and cytosolic proteins that bud from the MVB surface®, or via formation of
CD81-rich domains which induce inward budding®. Syntenin-1 and ADP ribosylation
factor 6 (ARF6) are also involved in endosomal sorting by targeting exosomal cargoes to
endosomal membranes for packaging into ILVs®*. ARF6 is also involved in ILV budding

in a phospholipase D2 (PLD2) dependent manner.

1.2.2 Microvesicles

In comparison to exosomes, microvesicles are a subpopulation of larger EVs that range
in size from roughly 50 nm to 1,300 nm in diameter®*>*®. MV formation occurs via direct
budding of vesicles from cell membranes. This process is mediated by ARF6 and RHO

family GTPase-dependent rearrangement of the actin cytoskeleton®*. ARF6-positive
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recycling vesicles involved in trafficking cargo to the cell surface for incorporation in MVs
do, however, continue to take advantage of ESCRT-associated proteins for cargo
sorting. The ESCRT-I component, tumour susceptibility gene 101 protein (TSG101),
traffics to the plasma membrane and interacts with accessory proteins ALG-2-
interacting protein X (ALIX) for subsequent cargo sorting and MV release®.
Sphingomyelinases are also essential modulators of MV formation; neutral (N-SMase)
and acid sphingomyelinase (A-SMase) are involved in downstream activation of
receptors that trigger the release of MVs®**°. MV formation has also been shown to be
mediated by increases in cytosolic calcium concentrations, which modulates the activity
of membrane transporter proteins and leads to changes in lipid distribution and

membrane blebbing*®*".

Other examples of nanoparticles formed in a similar cell membrane-derived manner to
MVs have also been documented. Most prominently, apoptotic cells release
membranous nanoparticles termed apoptotic bodies by blebbing and fragmentation of
the cell membrane *. Apoptotic bodies have a broader size range than MVs of between
50 and 2,000 nm in diameter®. Additionally, cancer cells release populations of cell
membrane-derived nanoparticles termed large oncosomes due to their large sizes
relative to other EV populations of 1,000 nm to 10,000 nm in diameter and their ability to
transfer oncogenic material to recipient cells*. Large oncosome formation is associated
with overexpression and activation of Akt1, epidermal growth factor (EGF) and EGF

receptor (EGFR), and caveolin-1 (CAV1)*+.

1.2.3 Correct use of EV nomenclature
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Despite their differences in biogenesis, exosomes and MVs share similar physical
properties, including overlapping size ranges. As explained graphically in Figure 1.1, their
overlapping size ranges make them difficult to distinguish from one another once
released extracellularly. Many conventional EV purification techniques rely on physical
properties such as size or density to separate EVs from other constituents of the medium
into which they are secreted. Therefore, the selective purification of different EV
subpopulations, such as exosomes and MVs, remains a challenge for the field to address
the potential distinct functions of these subpopulations*’. So far, heterogeneity in EV
proteomes, transcriptomes and biological function have been observed in sub-150 nm
populations which include both exosomes and MVs?*“®>'. Consequently, in 2018 the
International Society for Extracellular Vesicles published guidelines that recommended
that in non-selective studies or studies where specific markers of subcellular origin
cannot be reliably identified, heterogenous EV populations should simply be classified
according to physical characteristics. For example, EVs can be classified by size as
“small EVs” (sEVs) for particles smaller than 200 nm, and “large EVs” (IEVs) for particles
larger than 200 nm. Alternatively, density (low, middle, high, with each range defined) or

biochemical composition (i.e. CD63+ or CD81+ EVs) can also be used™.

1.3 Biological function of EVs

1.3.1 EV interaction with cells

Once released into the extracellular space, EVs travel to recipient cells and evoke
physiological and pathophysiological changes by transferring their bioactive cargoes. For
this to occur, EVs must first interact with the plasma membrane to initiate their

internalisation or fusion via various signalling pathways. Alternatively, surface moieties
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on EVs may interact with the plasma membrane to initiate signalling and affect cellular
physiology and phenotype without internalisation®. How EVs interact with cells seems to
depend on the cell types that EVs are derived from, EV biogenesis, recipient cell
phenotype and the physiological effects of EVs®. However, this is yet to be fully
understood as various studies have documented functionally heterogeneous EV

subpopulations derived from the same parent cell population®*%,

Protein ligands enriched on the EV surface determine target cell specificity based on the
expression of corresponding receptors on recipient cells. Integrins play a prominent role
in these interactions by interacting with intercellular adhesion molecules (ICAMs)*,
fibronectin and laminin on recipient cells®. Differential expression of integrin subunits
has been shown to target EVs to different recipient cells®®. Conversely, integrins within
recipient cell membranes interact with exosomal tetraspanins to facilitate binding and
uptake. Differential tetraspanin expression on EV surfaces has also influenced EV
targeting®®°. Aside from these proteins, lectins, heparan sulphate proteoglycans, and
lipid binding proteins present on EVs and plasma membranes also aid the binding of

EVs®.

Once bound, EVs must be internalised or fused with recipient cells to facilitate cargo
delivery. Feng et al. (2010) identified phagocytosis as a non-selective method of EV
uptake via PI3-kinases mediated inhibition of phagocytosis in macrophages, significantly
reducing EV internalisation in a dose-dependent manner’’. Similarly, macropinocytosis,
a process by which a large volume of extracellular fluid is engulfed by a cell, is also
involved in EV uptake. Macropinocytosis of EVs occurs by stimulations of EGFR on

recipient cells with EGF in EV preparations’>. EGFR activation signals for

22



macropinocytosis via activation of the Rho family of small GTPase, Rac, which leads to

rearrangement of the actin cytoskeletal and eventual engulfment”".

Clathrin-mediated endocytosis (CME) is another well-documented mechanism of EV
uptake. In CME, clathrin triskelions assemble into lattices which help shape the plasma
membrane into clathrin-coated pits. Assembly protein complexes are then targeted to
the plasma membrane and interact with various adaptin subunits to sort cargo into the
pits. Dynamin, a multidomain GTPase, is then recruited to the necks of coated pits to
assist invagination, fission, and release of endocytic vesicles”. Inhibition of CME has
been shown to cause reduced uptake of EVs purified from bone marrow-derived
mesenchymal stem cells (MSC)™. Finally, EV uptake can also be mediated by clathrin-
independent endocytosis (CIE). CIE encompasses a variety of mechanisms, including

caveolae-, ARF-6, flotillin-1-, CDC42- and RhoA-dependent endocytosis’.

1.3.2 EVs in health and disease

Since Raposo et al. (1996) discovered that B cell and dendritic cell EVs stimulate immune
responses in recipient T cells via major histocompatibility complex (MHC) class Il
activation'®, many studies have documented the important physiological and
pathophysiological role of EVs. Table 1.1 summarises the various roles of EVs in normal
physiology that have been identified over the last few decades. In addition, many other
functions of EVs in normal physiology have also been proposed. However, due to the
heterogeneous nature of tissues, the complexity of biological systems, and a lack of
sensitive techniques, there is an absence of studies that can confirm the healthy

physiological roles of EVs’®,
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EV source

Function

Reference

Neutrophils

— Guiding leukocytes to sites of inflammation

Lim et al., 2015%
Nolan et al., 2008%

— Increase secretion of IL-8 from parent
neutrophils

— Increase E-selectin and vascular cell
adhesion molecule-1 in recipient endothelial
cells

Kolonics et al., 20218

— Form aggregates with bacteria and reduces
their growth rate

Timar et al., 2013%

Natural killer cells

— Cytotoxic activity against activated PBMCs
to mediate immunosuppression

Lugini et al., 20125

HEK293T cells stably expressing
angiotensin Il type | receptor
(AT1R)

— Maintenance of normal blood pressure in
response to hypotonicity

Pironti et al., 2015%

Murine kidney collecting duct
(mCCDC11)

— Transfer of aquaporin 2 (AQP2) to AQP2
deficient mCCDC11 cells to increase water
flow across cells

Street et al., 20115

Prostate gland acinar epithelial
cells (prostasomes)

— Transfer CD38 into sperm cells, inducing
cyclic ADP-ribose (cADPR) production,
which increases motility in a calcium-
dependent manner

Park et al., 2011%"

— Transfers of CD59 to sperm inhibit the
membrane attack complex and protect
sperm from complement-mediated lysis

Rooney et al., 1993%

Murine reproductive luminal
fluids

— Transfer of plasma membrane calcium
ATPase 4 (PMCA4) to sperm to increase
motility

Al-Dossary et al., 2013%°

Human skeletal myoblasts

— Myogenic differentiation of stem cells and
muscle regeneration

Choi et al., 2016%

Table 1.1 The various roles of EVs in normal physiology in different systems.

However, research has also implicated EVs in various pathological processes. Most

notably, the role of EVs in cancer development and progression has been extensively

studied. Firstly, tumour-derived EVs play an extensive role in immunomodulation,

including modulation of macrophage activity by transfer of miRNA cargoes

9192 "inhibition

of activated CD8+ T cell proliferation and signalling and expansion of suppressor CD4+

Treg cells®®*®. Tumour EVs also interact with vascular cells surrounding tumours to

promote angiogenesis®, and can transfer oncogenic cargoes to healthy recipient cells

leading to oncogenic transformation of healthy cells or aiding tumour cell metastasis®.
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Tumour-derived EVs can also aid metastasis by eliciting phenotypic changes in distant
tissue microenvironments to establish a pre-metastatic niche that supports tumour
establishment and growth, including initiating cancer-associated fibroblast transition and
extracellular matrix remodelling®—°. EVs also seem to be involved in facilitating metastatic
tumour cell adhesion, acting as scaffolds to anchor tumour cells at new sites prior to
proliferation®®1%%1%"  An example of the role of EVs in each of these processes was
recently reviewed in the context of ovarian cancer, where EVs travel to the abdominal
cavity, establishing a pre-metastatic niche, prior to ovarian cancer cell dissemination via
the peritoneal fluid and subsequent metastatic tumour formation'®?. EVs also appear to
be involved in chemotherapeutic resistance and removal of chemotherapeutics from

cancer cells'®'% Human epidermal growth factor receptor 2 (HER2) on cancer-derived

EVs has been shown to act as a decoy against Trastuzumab, an anti-HER2 antibody

therapeutic'®.

Aside from cancer, the role of EVs in neurodegenerative disorders has also been
extensively documented. The pathological activity of EVs in most major
neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis (ALS), seems to involve the transport of pathogenic proteins,
thereby exacerbating disease pathology. For example, in Alzheimer’s disease, EVs have
been shown to spread amyloid beta (AB) proteins and amyloid precursor proteins (APPs),

106-108

stimulate AB42 peptide aggregation and inhibit AB42 clearance by microglia cells

Similarly, in Parkinson’s disease, EVs have been shown to spread aggregated a-synuclein

1% causing degeneration of dopaminergic neurons. Additionally, in ALS, TAR

(a-syn)
DNA-binding protein 43 (TDP-43) has been detected in EVs isolated from ALS patient
cerebrospinal fluid (CSF), which may support ALS propagation'®. Furthermore,

superoxide dismutase 1 (SOD1) may also be propagated via exosomes in TDP-43
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negative cases of ALS from in vitro ALS models''"'"?. In contrast, in multiple sclerosis, as

opposed to pathogenic protein dissemination, EVs seem to be involved in autoreactive
leukocyte activation, causing demyelination, diffuse neurodegeneration, and

inflammation'®1"4,

Elsewhere, EVs have also been shown to be involved in disease pathology associated
with many other organ systems. The role of EVs in disease pathology associated with
different organ systems has been reviewed elsewhere, including cardiovascular
diseases''®, musculoskeletal pathology''®, renal diseases'"’, reproductive disorders''®,

119,120

gastrointestinal diseases , and immunological conditions"'?, EVs have also been

shown to be involved in infectious disease pathology''#*'%.

1.3.3 EVs as therapeutics

As demonstrated, in most cases, EVs elicit their biological functions through uptake and
transfer of their cargoes to recipient cells. The ability of EVs to shield cargoes and
facilitate targeted delivery to different sites presents EVs as attractive candidates for
development into therapeutic devices. Additionally, EVs are biocompatible, can be
personalised by deriving EVs from autologous patient cells, and have been shown to
cross biological barriers, including the blood-brain barrier'®>-'?’. Therefore, over the last
few decades, copious research has been conducted to utilise EVs for therapeutic delivery

and establish EVs as viable targeted therapeutic delivery vehicles.

In many cases, EVs are engineered to elicit therapeutic effects. EVs can be modified
exogenously or via endogenous modification of parent cell lines to display motifs on their

surface that may be therapeutically active, aid in EV targeting, uptake, or endosomal
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escape, or can be loaded with therapeutic proteins or RNA'?'%12° However, some EVs
possess innate therapeutic potential. Mesenchymal stem cell (MSC)-derived EVs have
been extensively explored for their innate therapeutic benefits. MSCs have regenerative
and immunomodulatory effects that have been harnessed to treat osteoarthritis,
cardiomyopathies, pneumopathies, and autoimmune diseases'’. Wiklander et al. (2019)
recently reviewed various preclinical and clinical studies that have utilised MSC EVs for
their innate regenerative properties to treat various diseases™'. Of these studies, the
most successful use of MSC EV has been in treating chronic kidney disease (CKD). In a
randomised, placebo-controlled, phase Il clinical trial, 40 CKD patients were divided into
two groups; group A, 20 CKD patients treated with two intra-arterial doses of MSC-EVs,
and a control group B of 20 CKD patients as a matching placebo group treated with
intravenous saline injections. Significant improvement in estimated glomerular filtration
rate, serum creatinine level, blood urea and urinary albumin creatinine ratio was observed
among group A participants, as well as significant increases in plasma concentrations of
TGF-B1 and IL-10 that exert immunosuppressive effects and a significant decrease in

plasma levels of the inflammatory mediator TNF-a'®.

Elsewhere, some of the most prominent uses of therapeutic EVs have been to treat
cancer. Ohno et al. (2013) endogenously engineered human embryonic kidney 293
(HEK293) cell-derived EVs to express GE11 on their surfaces, a strong EGFR targeting
ligand, and carry the tumour suppressive miRNA, let-7a. Together these EVs delivered
let-7a to EGFR expressing xenograft breast cancer cells in recombination activating gene
two protein” (RAG2™) immune-deficient mice, causing a significant (P < 0.05) ~60%
reduction in tumour size following weekly administration of GE11", let-7a* EVs for four

weeks'®. Similarly, Tian et al. (2014) engineered EVs derived from immature dendritic
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cells to express lysosome-associated membrane glycoprotein 2b (Lamp2b) fused with
iRGD, an integrin a-V targeting peptide. EVs were then loaded with doxorubicin by
electroporation and administered to female BALB/c nude mice transplanted with MDA-
MB-231 breast cancer cells, causing significant inhibition of tumour growth (P < 0.01) in
a targeted manner that resulted in significantly less cytotoxicity than free doxorubicin (P
< 0.05)"*. Moreover, in a more recent study that investigated the benefits of EVs derived
from T cells expressing chimeric antigen receptors (CARs), which themselves have
recently been explored as a novel treatment for a wide range of cancers', Fu et al. (2019)
observed that CAR-containing EV have anti-tumour activity both in vitro and in a severe
combined immunodeficient (SCID) mouse model. CAR-containing EVs highly expressed
cytotoxic perforin and granzyme B and did not express PD1; therefore, their anti-tumour
activity was not weakened by recombinant PD-L1 treatment'®. Each of these examples
utilises different EV cargoes with differing anti-tumour activities, highlighting the
versatility of EVs as targeted therapeutic devices. Thus, many other studies have also
explored EVs in cancer treatment. Further significant contributions to this area have been

reviewed elsewhere'" 137,

Independent of the use of EVs in cancer therapy, the use of EVs in neurodegenerative
disorders represents some of the most significant contributions to developing EVs for
targeted therapeutic delivery. Alvarez-Erviti et al. (2011) harvested EVs from mouse
dendritic cells transfected with a rabies virus glycoprotein (RVG)-Lamp2b fusion protein
to target EVs to the central nervous system. Electroporation was then used to load EVs
with siRNA against beta-secretase 1 (BACE1), a protease responsible for Alzheimer’s
disease pathogenesis via N-terminal cleavage of the APP, which produced AB. This

resulted in a significant 62% knockdown of BACE1 protein expression (P < 0.01) and
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61% reduction in total BACE1 mRNA expression (P < 0.01) in mouse cortical tissue, as
well as a significant 55% decrease in total AB42 levels (P < 0.05)'®. Similarly, Tian et al.
(2018) conjugated a brain lesion targeting peptide (c(RGDyK)) to EVs derived from bone
marrow-derived MSCs by click chemistry and administered them to transient middle
cerebral artery occlusion (MCAQO) mice to treat ischaemic stroke brain lesions. c(RGDyK)-
conjugated EVs loaded with curcumin targeted the lesion region of the ischemic brain

and caused suppression of inflammation and apoptosis’®.

Aside from these major contributions to the therapeutic development of EVs, many other
studies have engineered EVs with therapeutic potential and exploited their inherent
therapeutic benefits. The use of EVs in the treatment of various diseases, including type
2 diabetes, myocardial infarction, inflammation, arthritis, hepatitis and even bone
fractures, to name but a few, have been investigated and reviewed extensively

elsewhere'"13°,

1.4 Current challenges in EV research

Despite considerable progress over the last few decades to understand EV biology and
harness EVs for their therapeutic potential, EV research is faced with many technical
challenges and unknowns that hamper further elucidation of EV characteristics, function,

and therapeutic development™.

1.4.1 Determining EV biodistribution
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Following in vitro development of EV therapeutics, EVs often progress into in vivo studies
using model organisms and, if successful, may progress into clinical trials. In in vitro
phases of development, the focus is often placed on the efficacy, dosing, and toxicity of
EV therapeutics. However, as EVs progress into in vivo studies, elucidation of EV
biodistribution is also necessary to ensure that EVs efficiently target their intended sites
within an organism. Additionally, EV biodistribution studies may also be meaningful in
studies of EV heterogeneity to determine, for example, how EVs with different sizes,
compositions, biogenesis, cellular origins, or functions distribute within organisms and,

in return, may aid future therapeutic EV development.

Current methods of determining EV biodistribution involve labelling EVs with fluorescent,
luminescent, or radioactive isotopes'®. However, these commonly used methods lack
sensitivity and specificity, producing false positives and negatives in EV biodistribution

140-144 Chapter 3 of this thesis describes the various methods of determining EV

studies
biodistribution and their associated pros and cons. The use of a novel EV biodistribution
tool that utilises short synthetic DNA sequences termed “barcodes” to determine EV

biodistribution more sensitively and specifically was also explored.

1.4.2 EV puirification

Since Chargaff and West first identified EVs in 1946°, various methods of purifying EVs
from biological materials, fluids, and cell culture supernatant have been developed,
including various precipitation, ultracentrifugation, affinity, and chromatographic
techniques, among other methods that continue to emerge. These purification
techniques were developed to improve EV purity, integrity, and yield, improve purification

speed and, in some cases, isolate specific EV subpopulations for downstream
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applications'*'*. However, access to appropriate equipment may present a barrier to
some researchers in using the most appropriate purification technique to suit their
downstream EV application, resulting in suboptimal EV purification quality and may
impact EV analysis. Additionally, a lack of standardisation of the multitude of EV
purification techniques has resulted in variations in the same techniques being
performed, creating variability in results reported between similar studies. This has
prompted ISEV to publish various studies and guidelines regarding the appropriate
purification of EVs by various techniques and the steps necessary to characterise EVs

before publication'®9147:148,

Additionally, as EV research and therapeutic development progress, upscaling cell
culture to attain high or clinically relevant EV concentrations is essential, and this is often
achieved using high-density cell culture techniques such as bioreactor or suspension

149151 However, with high EV yields comes high concentrations of contaminants

culture
such as host cell proteins and nucleic material, which popular EV purification techniques
struggle to overcome to produce pure EV preparations. Therefore, this highlights the
need to optimise a high throughput EV purification technique to purify EVs from high cell
density culture preparations. In chapter 4 of this thesis, various methods of EV
purification are described in detail, and the use of novel Capto Core binding

chromatography is compared to size exclusion chromatography to validate its use in the

purification of EVs from high cell density cultures.

1.4.3 EV heterogeneity
As previously described in section 1.2, “extracellular vesicles” is a collective term for

many different subpopulations of cell-derived membranous nanoparticles that are often
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further categorised as exosomes or MVs according to their route of biogenesis. Due to
their extensive crossover in size (demonstrated in Figure 1.1), exosomes and MVs form
a heterogenous assortment of EVs once released from cells. Furthermore, while
identifying specific markers of exosomes and MVs has proven to be complex, exosomes
and MV have also been shown to differ in protein expression and function*'%,
Additionally, other degrees of EV heterogeneity have been shown to exist linked to EV
size, cell type, cell state, protein expression and differentiation, and epigenetic

factors49,51 ,54,55,57,58,153

Identifying heterogeneity within EV populations is essential to determine the different
physiological and pathophysiological roles that EV subpopulations play. It may also
reveal novel EV targets in treating various diseases or identify optimal subpopulations for
therapeutic development. Furthermore, identification of the source or factors that affect
EV heterogeneity and the impact that EV heterogeneity has on EV function is also
important for therapeutic development'*. Therefore, chapter 5 of this thesis describes
various sources of EV heterogeneity previously identified in further detail. Additionally,
size-based heterogeneity is scrutinised to identify marker proteins and proteins
responsible for differential functions observed among EV subpopulations, and temporal
change as a source of EV heterogeneity is investigated. Finally, functional heterogeneity
among EVs derived from subclonal cell populations is also investigated to identify
markers and functional proteins and determine whether EV heterogeneity is linked to

cellular heterogeneity.
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1.5 Thesis aims

In summary, extracellular vesicles are membranous cell-derived nanoparticles that play

important roles in intercellular communication. EVs evoke functional activity in recipient

cells via transfer of their bioactive cargoes. However, notable heterogeneity exists within

secreted EV populations, which may impact EV function and therapeutic development.

Furthermore, the field faces numerous technical challenges that need to be addressed

to improve EV therapeutic development.

The following aims were addressed to confront some of these challenges:

1.

Develop EV DNA-barcoding technology to provide a more sensitive and specific
toolset for determining EV biodistribution in vivo. In addition to its potential benefits
for therapeutic EV development, EV DNA barcoding may also be beneficial for
investigating the effects of heterogenous EV populations in vivo, such as differences

in EV uptake, targeting and cargo delivery.

Optimise the use of Capto Core binding chromatography as a novel alternative to
purify EVs from high cell density cultures from host cell proteins and nucleic acids.
Additionally, the efficiency of Capto Core binding chromatography will be compared
to size exclusion chromatography to determine whether Capto Core is a valid and

beneficial alternative.

Identify functional heterogeneity between different EV subpopulations and scrutinise

their protein expression to identify patterns in functional protein expression that may
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explain functional differences between EVs. Additionally, characterisation will be
performed to discover markers of functional EV subpopulations that may be used to
help purify therapeutically beneficial EV subpopulations. Finally, EVs derived from
single cell sorted subclonal EV populations will be analysed to determine whether the
source of heterogeneity within EV populations is linked to the heterogeneity of single

cell precursors.
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2.0 Materials and Methods

In this chapter, materials and methods that were employed throughout chapters 3, 4 and
5 of this thesis are described. Subsequent chapters also contain descriptions of materials
and methods specific to or significantly different from the universal materials and

methods described here.

2.1 Cell culture

Throughout investigations within this thesis, various cells were cultured in vitro. Some
cell populations were expanded, and EVs were purified for use in further experiments.
Other cell populations were grown to use in various in vitro assays to test EV function.
Table 2.1 presents the various cell lines cultured, their source, and the mediums used for

each.
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Cells Cell source Culture medium

hTERT immortalised RPMI-1640 (Gibco, Waltham, MA,

bone marrow derived Kindly provided by Samir El USA), +10% foetal bovine serum
mesenchvmal stem Andaloussi (Karolinska Institutet, (FBS), + 1% 100x antibiotic/
y Stockholm, Sweden) antimycotic solution (A/A) (Sigma

cells (MSCs) Aldrich, MO, USA).

Human embryonic DMEM (Gibco, Waltham, MA, USA)

ATCC, Manassas, VA, USA

kidney (HEK) 293T +10% FBS, + 1% A/A
Neuro2a ATCC DMEM +10% FBS, + 1% A/A
SKOV3 ATCC DMEM +10% FBS, + 1% A/A

M.D. Anderson -
Metastatic Breast 231 ATCC DMEM +10% FBS, + 1% A/A
(MDA-MB-231)

MSC Basal Medium for Adipose,
Umbilical and Bone Marrow-derived
MSCs (ATCC) supplemented with
Mesenchymal Stem Cell Growth Kit for
Adipose and Umbilical-derived MSCs
- Low Serum (ATCC) supplements and

ASC52telo, hTERT 1% A/A (Gibco).

immortalised adipose ATCC

derived MSCs OptiMEM (Gibco) supplemented with
(SCRC-4000, ATCC) 2% FBS (Gibco), 1% A/A (Gibco), 5

ng/mL recombinant human (rh)
epidermal growth factor (EGF) (Novus
Biologicals, Littleton, CO, USA), 5 ng/
mL rh- fibroblast growth factor (FGF)
acidic (Novus Biologicals) and 5 ng/mL
rhFGF basic (Novus Biologicals).

MCDB131 medium with L-glutamine
(Sigma Aldrich) supplemented with
1.18g of NaHCO3 (Sigma Aldrich) and
1% A/A. The solution was divided in
two and 10% FBS and 10 ng/mL
rhEGF (Novus Biologicals)

Human microvascular
endothelial cells CDC, Atlanta, GA, USA
(HMEC-1)

Table 2.1 Cell lines and their culture medium. hTERT immortalised bone marrow-
derived MSCs were isolated from human bone marrow and immortalised by Mihara et al.

2003,

All cell lines were grown in tissue culture vessels (Star Lab, Brussels, Belgium) and
expanded to cell densities appropriate to their downstream applications. Cells were

incubated at 37°C in a humidified environment of 5% CO.,. Cell cultures were checked
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for mycoplasma contamination fortnightly using a PCR Mycoplasma Test Kit I/C

(Promokine, Heidelberg, Germany).

2.2 Bioreactor cell culture

hTERT immortalised bone marrow-derived MSCs (used in chapter 3) and HEK293T cells
(used in chapter 4) were expanded to 5 x 10° cells in 15 cm dishes (Star Lab, Brussels,
Belgium) and seeded into the extra-capillary space (ECS) of FiberCell Systems C2011
20kD MWCO hollow-fibre bioreactor (FiberCell Systems, New Market, MD, USA). Once
seeded, the glucose concentration of the complete culture medium in the reservoir was
checked daily using a Bayer Contour XT Glucometer (Bayer, Leverkusen, Germany). The

medium was renewed when 50% of the starting glucose was depleted.

2.3 Conditioned medium collection and concentration by tangential flow filtration

In preparation for harvesting conditioned medium from plate-based cell cultures, routine
culture medium was removed and replaced with serum and supplement-free medium. In
most cases, OptiMEM +1% A/A was used. However, in the case of HMEC-1 cells, serum
and supplement-free MCDB-131 medium +1% A/A was used. Cells were incubated for

48 hours prior to harvest.

DMEM +1% A/A was flushed through the extra-capillary space (ECS) via the side ports
and re-collected to harvest conditioned medium from the bioreactor. 22 mL of medium
from the reservoir bottle was then drawn through the hollow fibres into new syringes on
each side port and flushed among the syringes four times to dislodge material within the

ECS. This was repeated three times.

37



Resulting harvests were pooled, centrifuged at 700 x g for five minutes, then 4000 x g for
20 minutes. Subsequently, medium was concentrated to ~5 mL by TFF with a 100 kDa
MWCQO Sartorius Vivaflow 50R hydrosart filtration system (Sartorius, Géttingen,

Germany).

2.4 Size exclusion chromatography

Following TFF, concentrated conditioned medium intended for EV purification was
further concentrated to <2 mL with Amicon Ultra 100 kDa MWCO centrifugal filters
(Merck Millipore, Burlington, MA, USA) at 4000 x g. Subsequently, EV purification by size
exclusion chromatography (SEC) was performed on an AKTA Pure chromatography
system (Cytiva, Marlborough, MA, United States) with a Tricorn 10/300 column packed
with Sepharose Fast Flow 4 resin (Cytiva) to separate EVs from host cell protein. Elution
was performed in PBS at a flow rate of 0.5 mL/min and monitored through absorbance

at 280 nm.

2.5 Capto Core binding chromatography

Following TFF, concentrated condition medium intended for EV purification by Capto
Core binding chromatography was passed through a 5 mL HiScreen 700 Capto Core
(CC700) column (Cytiva) using an AKTA Pure chromatography system at 0.5 mL/minute.
Flow through containing purified particles was collected. Chromatography was
performed in PBS and monitored using absorbance at 280 nm. CC700 was cleaned

between runs using 0.5 mL/minute reverse flow of 1M NaOH in 30% isopropanol.
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2.6 Nanoparticle tracking analysis

Particle size and concentration were determined with a Nanosight NS500 (Malvern
Panalytical, Malvern, UK) using NanoSight NTA 3.3 software. Three 30-second videos
were recorded for each sample with a delay of 5 seconds between each video. For all
the recordings, the camera level was set at 13-14 with a well-adjusted camera focus for
maximum sharpness. Detection threshold was set at 5, screen gain at 1.0, while other

functions were set to automatic. Samples were diluted in 0.22pm filtered PBS.

2.7 Nanoflow cytometry

EVs were incubated with fluorescent antibodies, each of which is detailed in Table 2.2.
Samples were incubated for two hours at room temperature at 500RPM on a Thermo
Fisher Scientific Isotemp microtube shaker. After two hours, samples were made up to
100 pL with 0.22 pm filtered PBS to dilute unbound antibodies below interfering levels of

background fluorescence.
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Antibody
Mouse anti-CD81-PE
Mouse anti-CD63-PE

Mouse anti-CD9-PE
Mouse anti-CD63-FITC

Mouse anti-CD29-FITC

Mouse anti-CD107a
(LAMP-1)-FITC

Mouse anti-CD26-PE

Recombinant human anti-
HLA-A3-FITC

Recombinant human IgG1
anti-CD59-VioBright-FITC

Mouse anti-migG 1 isotype
control-PE

Table 2.2 Nanoflow cytometry antibodies.

Source

BD, Franklin Lakes, NJ, USA, 555676
BD, 556020

BD, 341647

Miltenyi Biotech, Bergisch Gladbach, North
Rhine-Westphalia, Germany 130-123-921

Miltenyi Biotec, 130-123-935

Miltenyi Biotec, 130-119-957

Miltenyi Biotec, 130-126-411

Miltenyi Biotec, 130-115-793

Miltenyi Biotec, 130-118-501

BD, 555749

Final Dilution

1:100

1:100

1:100

1:100

1:100

1:100

1:1000

1:100

1:100

1:100

Primary antibody

conjugated to

fluorophores (PE or FITC) used in nanoflow cytometry analysis, their source and final

dilution.

Labelling was assessed by nanoflow cytometry (NFC) using the NanoFCM Flow

NanoAnalyzer and NF Profession 1.15. System alignment was performed using 0.25 ym

Fluorescent Silica Microsphere (NanoFCM, Nottingham, UK), and sampling pressure was

set to 1 kPa. Side scatter and 488 nm (FITC) channel intensity were between 1,000 and

1,500 with =30 events. The 638 nm (PE) channel intensity was calibrated to between 500

and 1,000 with =30 events. Events were recorded for one minute for use as a

concentration standard. Size standard acquisition was performed using the 68-155 nm

S16M-Exo Silica Nanosphere Cocktail (NanoFCM). Events were recorded for one minute,

and a size standard curve was constructed.
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Samples were diluted with PBS to between 1x10° and 1x10° particles/mL, and between

2,000 and 12,000 events were sought after. A PBS-only sample was used as a blank.

2.8 Western blotting

For SDS PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis), samples
were diluted with lithium dodecyl sulphate sample buffer (Thermo Fisher Scientific) and
sample reducing agent (Thermo Fisher Scientific), heated ten minutes at 70°C and
separated on a 4-12% Bis-Tris polyacrylamide gel (Thermo Fisher Scientific)
accompanied by a Bio-Rad Dual Colour protein standard ladder (Bio-Rad). Proteins were
blotted onto a PVDF membrane and membranes and blocked for 1 hour in Intercept
Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA) at room temperature (RT).
Immune-labelling with primary antibodies was performed in Intercept Blocking Buffer
overnight at 4 °C or for 1 hour at RT. Details of primary antibodies can be seen in Table
2.3. Secondary antibodies included IRDye 800CW anti-mouse antibody (LI-COR
Biosciences, 926-32210, 1:10,000 dilution) and IRDye 800CW anti-rabbit antibody (LI-
COR Biosciences, 926-32211, 1:10,000 dilution). Imaging was performed on an Odyssey
Infrared Imager (LI-COR Biosciences) at 700 nm and 800 nm or on a Bio-Rad ChemiDoc

MP (Bio-Rad, Hercules, CA, USA) using IRDye 680RD and 800CW settings.
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Antibody Source Final Dilution
Rabbit anti-ALIX Abcam, Cambridge, UK, ab186429 1:1000
Mouse anti-syntenin Origene, Rockville, MD, US, TA504796 1:1000
Mouse anti-CD81 Santa Cruz, Dallas, TX, USA, SC-166029 1:1000
Rabbit anti-annexin A1 Abcam, ab214486 1:1000
Rabbit anti-calnexin GeneTex, Irvine, CA, USA, GTX 101676 1:1000
Rabbit anti-b-actin Sigma Aldrich, A1978 1:1000
Rabbit anti-TSG101 Abcam, ab125011 1:500
Rabbit anti-fibronectin FN1 Sigma Aldrich, F3648 1:2000
Mouse anti-CD44 BioLegend, 858802 1:500
Rabbit anti-annexin A2 Cell Signalling Technology, 82353 1:1000
Mouse anti-CD151 Santa Cruz, sc-271216, 1:500 1:500
Rabbit anti-CD29 SC;seslalgssignalling Technology, Danvers, MA, USA, 1:1000
Mouse anti-caveolin-1 1:1000

Novus Biologicals, NB100-615

Table 2.3 Western blotting primary antibodies. Primary antibodies used in western

blotting, their source and dilution.

2.9 Transmission electron microscopy

If required, the EV solution was diluted with water to a protein concentration of 100-200
pg/ml. Next, carbon coated 300 mesh copper grids were glow discharged and inverted
carbon side face down onto a 10 pl droplet of an EV suspension for 2 minutes.
Subsequently, the grid was blotted with filter paper and stained for 10 seconds with 2%
uranyl acetate, followed by blotting and air drying. Finally, grids were imaged in an FEI
Tecnai 12 transmission electron microscope (FEI Company, Hillsboro, OR, USA) at 120

kV using a Gatan OneView CMOS camera (Gatan, Pleasanton, CA, USA).
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3.0 Exploring EV DNA barcoding as a potential enhanced EV

biodistribution tool

3.1 Introduction

3.1.1 EV biodistribution and uptake

Following administration of EVs to a recipient, often systemically'®

, EVs perfuse
throughout the circulation and distribute to different sites within the body. Subsequently,
EVs can reach recipient cells and deliver their cargo to elicit physiological changes. For
this to occur, either ligands or receptors in the membrane of EVs must interact with their
counterparts on the cell membrane, evoking a signalling cascade that results in

physiological change. Otherwise, EVs must interact with cells and be internalised to

release their cargo and elicit change in cellular function™’.

While EV transportation and distribution mechanisms are yet to be precisely defined,
protein enrichment on the EV surfaces and receptor expression on recipient cells is the
most likely determinant of EV target cell specificity. Numerous examples of this
phenomenon have been recorded, including phosphatidylserine, CD11a, intercellular
adhesion molecule 1, and the tetraspanins CD9 and CD81 on EVs associating with
integrins and cell adhesion molecules on recipient dendritic cells to facilitate their
uptake®, Tspan8 on EVs interacting with integrins on recipient cells®*, and EVs
engineered to express rabies viral glycoprotein (RVG) specifically interacting with

acetylcholine receptors on recipient neuronal cells in the brain'.
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Likely due to heterogeneous expression profiles of EV surface proteins, EVs from
different sources and with different modifications present heterogeneous distribution
profiles. However, EV dose and route of administration have also been shown to affect
EV biodistribution'®. Therefore, identifying the different distribution profiles of EVs is a
critical step in developing EV therapeutics to discern their potential efficacy and safety.
Additionally, it is important to determine the impact that heterogeneity within EV
populations may have on EV biodistribution. With further understanding of how EVs
distribute within the body down to a single vesicle level, it may be possible to harness or

mitigate EV heterogeneity to improve the efficacy of EV therapeutics.

In addition to EV biodistribution, determining EV circulation half-life and factors affecting
EV clearance or uptake into recipient cells and tissues are also important factors to
determine during EV therapeutic development. In a systematic review of biodistribution
studies in animal models, Kang et al. (2021) presented that while EVs derived from
different sources may have different biodistributions, EVs accumulate in major organs of
clearance; liver, lungs, kidneys and spleen'*. Furthermore, numerous markers on the
surface of EVs have been suggested to promote or inhibit EV clearance. For example,
naturally present CD47 and the addition of polyethylene glycol have been shown to

129,159

increase EV circulation time and inhibit uptake and clearance by macrophages , While

phosphatidylserine is recognised by macrophages leading to EV clearance'.

Furthermore, Kang et al. (2021) also argued that while most biodistribution studies aim
to understand where EVs target and therefore where the EVs are most likely to elicit
biological effects, experimental restraints are responsible for the clearance of most

administered EVs from circulation. Such constraints include the administration of the EVs
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via a single bolus, resulting in excessive EV concentrations that do not reflect
physiological EV concentrations achieved by continuous release'*. Wiklander et al.
(2015) demonstrated this as while engineering EVs to express RVG resulted in increased
accumulation in the brain, a high quantity of EVs continued to localise to the liver, spleen,

lungs, and kidneys'®.

3.1.2 Detecting biodistribution

As interest in the potential of EVs as a biotherapeutic delivery platform has increased,
numerous methods have emerged to analyse EV biodistribution and clearance in vivo.
Many of these methods involve directly labelling EVs or their parent cells with moieties

that can be detected using various techniques and equipment ',

The most prominent category of EV labelling for biodistribution analysis is fluorescent
labelling. Here EVs are labelled with fluorophores which emit a fluorescent signal when
excited by specific electromagnetic wavelengths. Emitted fluorescent signals can then
be either visualised with a microscope fitted with appropriate fluorescent filters or
measured using a fluorometer or flow cytometer with appropriate filters and detectors.
Fluorescent labelling includes direct incubation of fluorescent lipophilic dyes or
membrane crosslinkers, intraluminal loading of fluorescent molecules and transfection or

modification of parent cell lines to include fluorescent proteins'®.

Various lipophilic fluorescent dyes have been employed for biodistribution analysis,
including PKH dyes (PKH26, PKH67) and carbocyanine dyes (DiD, DiL DiO, DiR) which
embed themselves in EV membranes. This method of EV labelling for biodistribution

analysis has been widely employed. It is simple to perform with direct incubation of dyes
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with EVs and provides a consistent signal for EV uptake and biodistribution studies'®'"'*,

Despite this, there are numerous pitfalls associated with lipophilic dye labelling. Firstly,
low fluorescence intensity and limited tissue penetration make biodistribution analysis
difficult. Furthermore, signal loss is experienced in cases where imaging techniques are
employed to assess distribution, and transfer of dyes to non-EV membranes can produce
false positives and background fluorescence in in vivo imaging, thus requiring organs to
be imaged ex vivo to mitigate background signals'®>'®®. False positives have also been
reported due to lipophilic dyes labelling lipoprotein particles that can copurify with EVs
and the presence of aggregated dye molecules that form nanoparticles of a similar size

to EVS141'167.

While less popular, covalent labelling of EV membranes is also employed to assess EV
biodistribution. NHS and maleimide are the most common covalent crosslinker used for
EV labelling, however various methods of click chemistry have also been employed'®'7°,
Much like lipophilic dyes, labelling EVs with covalent fluorophores is a simple process
that requires direct incubation. The method is intended to universally label EV
membranes while ensuring EV size is not affected and does not impact the function of
EVs on recipient cells'"'"2. However, covalent methods also present numerous issues,
including substantial non-specific labelling creating high background signal, including

labelling lipoprotein particles, and incomplete labelling of EV populations™"'*2,

EVs can also be labelled with fluorescent protein reporters by transfection of parent cell
lines with plasmids encoding fluorescent proteins fused with EV membrane proteins, i.e.
CD63-GFP'™®'" or -RFP'"*. This method can circumvent false positive detection through

non-specific labelling and aggregation observed in direct labelling techniques. Fusion
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proteins have also been modified to be pH-sensitive, enabling monitoring of their release,
transfer, uptake, and function over time. However, in some cases, weak fluorescence

174-

limited quantitative analysis and analysis of in vivo interactions'*""°. In other cases, only

low proportions of secreted EV populations contain the fluorescent protein'®, and

overexpression of modified EV surface proteins has had undesirable biological effects’”’.

Aside from fluorescence, bioluminescence is another frequently used method of

178182 Here, cells are transduced with protein reporter genes

assessing biodistribution
which emit luminescent signals. Released EVs express the protein internally or on the
membrane. Light is emitted from an enzymatic reaction wherein a substrate is added that
is converted by the luciferase enzyme to luciferin, which luminesces and signals are
quantified or imaged in a similar manner to fluorescence techniques. Bioluminescent
imaging has a high signal-to-noise ratio suitable for tracking EV biodistribution.
Furthermore, the visualisation of EVs using bioluminescent imaging is highly specific and
reliable. However, like fluorescence-based techniques, bioluminescence imaging also
suffers from low intensity, low tissue penetration and short half-life signals, and is more
time-consuming and resource-intensive to perform than most fluorescence-based

techniques™® 77178,

Nuclear imaging has also been employed to assess EV biodistribution. EVs are labelled
with a radioactive isotope, and emitted radiation signals are detected by gamma
cameras, positron emission tomography/computed tomography (ET/CT)'®'%¢ or even
magnetic resonance imaging (MRI) for better localisation of EVs. Nuclear imaging can be
applied to trace EVs or achieve high-sensitivity images with deep tissue penetration. The

major drawback of this issue is its safety and accessibility, as radioactive isotopes can
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harm human health, and training is required to handle these substances. Facilities in
which nuclear research is performed also need to be appropriately outfitted for general

140

health and safety'™.

Similarly, there are a small number of studies that have explored tomography for
assessing EV biodistribution. To perform tomography, EVs are labelled with nanoparticle
tracers and biodistribution determined by CT or MRI. Like nuclear imaging, tomography
enables deep penetration. Furthermore, tomography enables long-term observation of
EVs and presents high image resolution, enabling sites of EV accumulation to be
precisely determined'®*'®"'®8 However, tomography suffers from low sensitivity as a high
number of nanoparticles must accumulate in one place to be detected, and like
fluorescent labelling, nanoparticles labelled on or in EVs may release during circulation,
yielding possible false positives as they may accumulate in different places to EVs.

Access to specialist equipment may also be a barrier to using this technique''*.

Overall, various methods have been investigated and employed to assess EV
biodistribution and uptake. Each method has various advantages and may suit different
applications, but each also presents numerous drawbacks. Synonymous with the
observations of Kang et al. (2021), most methods referred to suffer from sensitivity issues.
Therefore, it is unlikely that many of these methods will be able to quantify EV
biodistribution using EV concentrations closer to physiological norms™*. As the
development of the therapeutic EV platform continues, sensitive and specific EV
biodistribution tools are required to understand the physiology and biodistribution of
therapeutic EVs in vivo and to understand how EV heterogeneity may impact therapeutic

efficacy.
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3.1.3 EV DNA barcoding

Until now, there have been few examples of the use of nucleic acid quantification as a
method of identifying or quantifying EVs. Various studies have investigated the microRNA
content of EVs, which seems to change depending on the cell source and its
physiological state'®. However, likely due to inconsistent expression of EV microRNA, it
has not been employed for EV biodistribution analysis. Other studies have developed
techniques similar to DNA-assisted immunoassays, where amplifiable oligonucleotides
are conjugated to antibodies or affinity probes and incubated with EVs. Specific proteins
on EV surfaces associate with specific DNA sequences, and by identification of these
sequences, EV surface proteomes can be quantified on a single-EV basis'®. However,
while these techniques have been used for EV detection and characterisation, they have

not been developed for biodistribution analysis™''%,

In this chapter, the aim was to develop a new EV biodistribution tool in the form of EV
DNA barcoding. In this technique, EVs are first incubated with DNA capture probes, short
synthetic single-stranded DNA sequences functionalised with a covalent crosslinker.
Capture probes can crosslink with EV membranes and then hybridise with a barcode, a
complimentary short synthetic single-stranded DNA sequence. Labelling EVs with a
precise, reliably reproducible quantity of DNA barcodes would allow for indirect
quantification of EVs by qPCR. If successful, EV DNA barcoding could overcome some
of the sensitivity and specificity issues encountered in other biodistribution analysis
methods, as qPCR has a theoretical lower limit of detection at 95% confidence of

194

between two and four target molecules™. Additionally, as the barcode sequences are

synthetic, there is no risk of amplifying naturally occurring genomic DNA sequences.
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Therefore, EV DNA barcoding offers the potential to identify accumulation of single EVs

in organs and tissues following administration.

50



3.2 Materials and Methods

3.2.1 EV DNA barcoding and EV labelling

EV DNA barcoding involves the decoration of EV surfaces with crosslinker functionalised
single-stranded DNA sequences and the subsequent hybridisation of a complementary
DNA barcode to the capture probe. Barcodes are then detected and quantified by gPCR.

Figure 3.1 describes the process in further detail.
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Figure 3.1 EV DNA barcoding. (A) Capture probes are single-stranded DNA sequences
conjugated to N-Hydroxysuccinimide (NHS) or maleimide (Mal) (Integrated DNA
Technologies, Coralville, IA, United States). (B) EVs were incubated with an excess of
capture probes to 10" EVs to first allow binding of capture probes to free amine (NH-) or
cystine (Cys) residues on the EV surface. (C) Following SEC to remove excess capture
probes, single-stranded DNA barcodes, with or without fluorophore conjugation
depending on final quantification technique, were added in 10x excess to capture

probes. Samples were topped up to 500 pL with PBS, and 50 pM Tris(2-
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carboxyethyl)phosphine (TCEP-HCI) (Fisher Scientific, Waltham, MA, United States) was
added. (D) Samples were incubated for two hours at room temperature on a tube rotator
to allow hybridisation of the single-stranded DNA barcode to capture probe sequences
on the EV surface. EVs were purified from unbound excesses by SEC using an AKTA
Start chromatography system (Cytiva) with a Tricorn 10/200 column packed with
Sepharose Fast Flow 4 resin (Cytiva). Elution was performed in PBS at a flow rate of 0.5
mL/min and monitored through absorbance at 280 nm. EV fractions were collected, and
EVs were re-quantified using the Nanosight. (E) gPCR using a master mix containing a
DNA directed DNA polymerase (DdDP) was performed as described in section 3.2.2 to
quantify the number of barcode copies in each sample. Barcode copies per EV were
calculated using NTA. Capture probe and barcode sequences are outlined in

Supplementary Table S3.1.

3.2.2 Quantitative polymerase chain reaction (qQPCR)
Labelling efficiency in experiments that used unlabelled barcodes was evaluated by
gPCR. A standard curve of barcodes was calculated using a known concentration range

and used to calculate copies of barcodes per EV using NanoSight data following clean-

up.

gPCR reaction mixtures were prepared using 6 pL KiCgStart® SYBR® Green gqPCR
ReadyMix™ (Sigma Aldrich) and 5 nM forward and reverse primers (Integrated DNA
Technologies). EV samples were diluted by up to 10,000x with nuclease-free water
(Ambion, Austin, TX, USA) to ensure they were in the range of barcode standards, and
1.5 pL was added to each reaction mixture. Each reaction mixture was made up to 10 pL

with nuclease-free water to achieve the quoted concentrations primers. Primer
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sequences can be seen in Supplementary Table S3.1. Barcode copies in EV samples
were quantified using the Step One Plus Real-Time PCR system (Applied Biosystems,

Waltham, MA, USA).

3.2.3 Fluorescent assay

Labelling efficiency in experiments that used barcodes conjugated to fluorescein
(Integrated DNA Technologies) were evaluated by a fluorescent assay. The assay was
performed in 96-well F-bottom Black FluoTrac microplates (Greiner Bio-One,
Kremsmiunster, Austria) and quantified in a Clariostar Plus Microplate Reader (BMG

Labtech, Aylesbury, UK).

A standard curve of fluorescent barcodes was calculated using a known concentration
range to calculate copies of fluorescent barcodes per EV using Nanosight data following

clean-up.

3.2.4 siRNA delivery

For siRNA delivery experiments, EVs were labelled in the same manner described in
section 3.2.4, but with the addition of a sense DNA strand (Integrated DNA Technologies)
and an antisense anti-luciferase siRNA strand (Integrated DNA Technologies) that
adhered to the sense DNA in the incubation process. siRNA sense and antisense siRNA
strands hybridised with sense strands which in turn hybridised to capture probe strands.

Sequences for each are outlined in Supplementary Table S3.1.

siRNA delivery using barcoding capture probes was assessed by incubating ~5 x 10° EVs

with 50,000 Neuro2a cells seeded 96 well plates that stably expressed firefly and renilla
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luciferase. The resulting luminescent signal was measured to determine the extent of
luciferase knockdown achieved by siRNA delivery. In addition to EVs labelled with siRNA,
PBS, EV only negative controls, and 1 and 50 nM siRNA transfection controls were used.
RNAIMAX (Thermo Fisher Scientific, Waltham, MA, USA) was used to transfect siRNA

following the manufacturer’s protocol.

Following 24-hour incubation at 37°C in a humidified atmosphere of 5% CO., a Dual Glo
Luciferase assay (Promega, Madison, WI, USA) was performed following the
manufacturer’s protocol. Relative percentage change of renilla and firefly luciferase
expression was calculated as outlined in the manufacturer’s protocol, where the positive
control was the 50 nM siRNA transfection, and the negative control was the EV-only

sample.
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3.3 Results

3.3.1 Optimisation of EV DNA Barcoding

MSC EVs purified from bioreactor harvests were characterised prior to the
commencement of DNA barcoding optimisation. Figure 3.2A presents NTA size
distribution analysis of particles derived from the bioreactor. Particles demonstrated a
typical EV size distribution of between 50 and 200 nm with a modal size of 125 nm, as
presented by the peak in the size distribution profile. Furthermore, as seen in Figure 3.2B,
TEM images displayed numerous cup-shaped patrticles typical of EVs in this format. In
addition, minimal other structures and dark staining material were visualised, presenting
EVs to be well purified. Finally, western blots shown in Figure 3.2C presented high
expression of typical EV markers of -actin, annexin A1, syntenin and CD81, and low to
no expression of co-isolate markers, fibronectin and calnexin, demonstrating high
representation of EVs in purified MSC bioreactor harvests. Overall, particles isolated from
the MSC bioreactor presented a typical EV morphology and proteome and were therefore

viable for use in barcoding optimisation experiments.
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Figure 3.2 Bioreactor-derived MSC EV characterisation. (A) EV size distribution from

B-actin

purified MSC bioreactor harvests, identified using the NS500 NanoSight. (B) TEM images
of EVs purified from MSC bioreactor harvests at 2 ym and 1 ym scale, respectively. (C)

Western blot characterisation of purified MSC bioreactor harvests presenting the
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expression of EV markers (B-actin, annexin a1, syntenin and CD81) and non-EV markers

(fibronectin and calnexin).

Following confirmation of successful MSC EV purification from bioreactors, optimisation
of the EV DNA barcoding protocol was commenced, beginning with investigating a one-
step incubation process instead of a two-step incubation process, as described in
sections 3.2.4 and Figure 3.1. In the first phase, EVs were incubated with DNA capture
probes to decorate EV surfaces prior to purification of decorated EVs by SEC to remove
excess capture probes. In the second phase, EVs were incubated with DNA barcodes
which hybridised with DNA capture probes, prior to purification of decorated EVs by SEC

to remove excess capture probes.

Firstly, the efficiency of decorating EVs with a one-phase protocol that included
incubation of EVs with both capture probes and barcodes as opposed to separate
incubations was compared to attempt to speed up the EV DNA barcoding protocol and
eliminate the need for a second purification step. Following EV purification and Nanosight
determination of EV concentration, the EV prep was divided into two sets of samples; the
first for a one-phase reaction and the second for a two-phase reaction. In both cases,
MSC-derived EVs were incubated with a 1,000x or 10,000x excess of maleimide-
functionalised capture probes to EVs and a 10x excess of barcode to capture probe. A
barcoding control was also prepared by omitting capture probes and incubating EVs with
a 10,000x excess of barcode to EVs (same quantity as 1,000x sample). As seen in Figure
3.3A, the two-phase reaction yielded more barcode copies per EV for both 1,000x and
10,000x excesses compared to the one-phase reaction. However, the two-phase 1,000x

sample vyielded extremely high barcode concentrations that Ilikely indicated
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contamination or sample preparation errors due to the number of barcodes per EV being
far greater than all other samples. Additionally, compared to the control, the one-phase
reactions yielded a surprisingly low number of copies per EV. However, Figure 3.3B
presents the EV concentration data of each sample. EV concentrations in the two-phase
reactions were roughly three to ten times lower than the one-phase reactions and close
to the limit of detection of the Nanosight. Together these results indicated that while the
two-phase protocol elicited a higher number of barcode copies per EV than the one-
phase protocol, substantial EV losses were seen, likely due to performing two purification
steps. This could create the illusion of a higher number of barcode copies per EV by

having fewer EVs after the two-phase protocol. Therefore, the one-phase reaction was

selected for further study.
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Figure 3.3 Optimisation of EV DNA barcoding. (A) MSC EVs incubated with capture
probes followed by barcodes (2-Step) or incubated with both simultaneously (1-Step).
1,000x and 10,000x excesses of capture probes to EVs were used. (B) EV concentrations
determined by Nanosight of purified 2-Step and 1-Step samples. (C) EVs incubated with
1,000x and 10,000x excesses of capture probes to EVs in pH 8.0 TE buffer. (D) EVs
incubated with immobilised TCEP (Im) prior to capture probe addition or soluble TCEP
(S) overnight at 4°C (ON) or for two hours at room temperature (2h). 1,000x excess of
capture probes to EVs was used. (E) EVs incubated overnight at 4°C (ON) or for two hours
at room temperature (2h) with a 16-nucleotide or 25-nucleotide capture probe. 1,000x
excess of capture probes to EVs was used. (F) EVs incubated with a 1,000x excess of
capture probes to EVs and either DNA barcodes or fluorescent DNA barcodes. A 10x
excess of barcodes or fluorescent barcodes to capture probes was used in all cases.
Controls represent EV incubations with DNA barcodes but without capture probes.

Values are means of technical replicates +SD; n=1.

Next, to investigate whether pH was the cause of low labelling efficiency in the one-phase
reactions, the reaction was conducted in pH 8.0 TE buffer (Sigma Aldrich). A 1,000x and
a 10,000x excess of maleimide capture probes to MSC EVs were used, along with a 10x
excess of barcodes to capture probes. As shown in Figure 3.3C, the inclusion of TE buffer
made little to no difference to labelling efficiency compared to the efficiency seen in 3.2A.

The 10,000x excess of barcodes to EVs also yielded no improvement in EV labelling.

Subsequently, as there is much debate as to whether TCEP helps or hinders membrane

195-198

crosslinking efficiency , it was investigated whether the cause of poor EV labelling

could be due to the inclusion of TCEP during the labelling process. Samples were
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prepared using 25 pL of Piece Immobilised TCEP (Thermo Fisher Scientific) as opposed
to soluble TCEP so that following reduction of disulphide bonds to expose free thiol
groups on EV surfaces, TCEP could be removed from the samples prior to the addition
of barcodes. Incubation time was also explored to improve labelling efficiency. In all
cases, a 1,000x excess of maleimide-functionalised capture probes to MSC-derived EVs
was used. EVs were incubated either overnight at 4°C with immobilised or soluble TCEP
prior to capture probe addition or soluble TCEP, or for two hours at room temperature
with immobilised or soluble TCEP prior to capture probe addition or soluble TCEP. Prior
to SEC, samples with immobilised TCEP were centrifuged at 1,000 x g for one minute to
remove immobilised TCEP. Barcoding controls were also prepared by omitting capture
probes and incubating EVs with a 10,000x excess of barcodes to EVs either overnight at
4°C or for two hours at room temperature. As seen in Figure 3.3D, immobilised TCEP
before capture probe addition seemed to continue producing the greatest labelling
efficiency with both overnight and two-hour incubation. However, labelling success was
very low compared to controls, and there was a wide variation among replicates.
Overnight incubation improved labelling efficiency when using immobilised TCEP but
reduced labelling efficiency with soluble TCEP. Overall, incubation of EVs with
immobilised TCEP followed by its removal prior to labelling reactions caused superior
labelling efficiency compared to soluble TCEP included within reactions. However,
immobilised TCEP could not continue to be used due to residual beads blocking the

liquid chromatography apparatus, thus soluble TCEP was used in further experiments.

Next, the use of a longer 25-nucleotide (25-mer) capture probe (Integrated DNA
Technologies) sequence was compared with the original 16-nucleotide (16-mer) long

capture probe with and without overnight incubation to explore whether an extended

60



capture probe sequence could improve EV labelling efficiency. In all cases, a 1,000x
excess of maleimide-functionalised capture probes to MSC-derived EVs was used. EVs
were incubated either overnight at 4°C or for two hours at room temperature. Barcoding
controls were also prepared by omitting capture probes and incubating EVs with a
10,000x excess of barcodes to EVs either overnight at 4°C or for two hours at room
temperature. As shown in Figure 3.3E, two-hour incubation with the 16-mer capture
probe produced the greatest labelling efficiency but was highly varied among replicates.
All other samples did not deviate far from the controls, and overall labelling efficiency
remained very low. Therefore, the original 16-mer capture probe continued to be used

with two-hour incubations at room temperature.

After numerous changes to the labelling protocol with little to no improvements in
labelling efficiency, to explore the possibility that barcode contamination or problems
with the gPCR method of quantification caused poor labelling efficiency, barcodes
conjugated to fluorescein (Integrated DNA Technologies) were instead used to quantify
labelling efficiency using a fluorescent assay and associated standard curve. Two sets
of samples were made up, one using unconjugated DNA barcodes, the others using
fluorescein-conjugated barcodes. A 1,000x excess of maleimide-functionalised 16-mer
capture probes to MSC EVs was used in all cases. EVs were incubated for two hours at
room temperature. A 10x excess of barcode or fluorescein-conjugated barcode to
capture probes was used. Barcoding controls were also prepared by omitting capture
probes and incubating EVs with a 10,000x excess of barcodes or fluorescein-conjugated
barcodes. As presented in Figure 3.3F, a far greater number of fluorescent oligos per EV
were calculated using the fluorescent assay rather than the gPCR-based system, though

the number of fluorescein-conjugated barcodes in the control also increased
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substantially. Due to the much higher labelling efficiency reported using fluorescent
oligos, the unknown reason for low labelling efficiency reported in the gPCR system, and
speculated barcode contamination in the gPCR-based system, we switched to using

fluorescent oligos until noticeable improvements were achieved.

The use of NHS functionalised barcodes instead of maleimide-functionalised barcodes
was explored using fluorescent oligos to improve EV labelling efficiency. MSC-derived
EVs were incubated with a 1,000x excess of NHS-functionalised capture probes and a
10x excess of fluorescent barcodes. As shown in Figure 3.4A, NHS capture probes
enabled EVs to be labelled with approximately 40 fluorescent oligo copies per EV. Copies
per EV were over double that of the control. As shown in Figure 3.4B, maleimide and
NHS capture probes were compared, and capture probe excesses were increased to
2,500x. NHS-functionalised capture probes prevailed as the better of the two capture
probes for labelling EVs, yielding roughly 136 fluorescent oligo copies per EV, while
maleimide probes labelled EVs with approximately 90 copies per EV. Therefore NHS-
functionalised capture probes were deemed the better of the two capture probes and

were used as the benchmark in further optimisation experiments.
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Figure 3.4 Optimisation of DNA barcoding using fluorescent oligo barcodes. (A)
MSC EVs incubated with a 1,000x excess of NHS-functionalised capture probes to EVs.
(B) EVs labelled with a 2,500x excess of maleimide or NHS-functionalised capture
probes. (C) EVs labelled with a 2,500x, 10,000x or 15,000x excess of maleimide or NHS-
functionalised capture probes. (D) EVs incubated with a 15,000x excess of NHS probes
to EVs and a no-capture-probe control incubated with a 150,000x excess of fluorescent
oligos to EVs to check for non-specific binding. A 10x excess of barcodes or fluorescent
barcodes to capture probes was used in all cases. Controls represent EV incubations

with DNA barcodes but without capture probes. Values are mean of technical replicates

+SD; n=1.
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Subsequently, increasing the excess of capture probes and barcodes to EVs was
explored to improve labelling efficiencies. EVs were incubated with a 2,500x, 10,000x or
15,000x excess of NHS or maleimide-functionalised capture probes and a 10x excess of
fluorescent barcodes. As shown in Figure 3.4C for both maleimide and NHS probes, the
10,000x excess of capture probes to EVs produced the greatest number of barcodes per
EV. NHS probes could capture and label EVs with a far greater quantity of fluorescent
barcodes than maleimide probes. However, a notable deviation in the sample replicates
was seen from the NHS 10,000x sample, with two points clustered around the 150 oligo
copies per EV mark rather than the ~500 copies average. Overall, the highest number of
copies per EV was achieved using the NHS capture probe with a 15,000x excess of

capture probes to EVs.

Finally, contamination of excess fluorescent barcodes was investigated due to concerns
that higher barcodes copies detected in samples incubated with high oligo
concentrations were due to non-specific binding or inefficient clean-up rather than
hybridisation with capture probes. A 15,000x NHS sample was prepared along with a
control of 150,000x excess of fluorescent oligos to EVs (ten times greater than 15,000x)
with no NHS capture probes. Results shown in Figure 3.4D revealed an unexpectedly
high concentration of fluorescent oligos per EV in the control sample, even though no
capture probes were incubated with EVs or barcodes in this sample. While the
concentration of fluorescent oligos per EV in the NHS 15,000x sample was double that
of the control, the high presence of barcodes in the negative control indicated that over
half of these oligos were not associated with capture probes. In conclusion, the high

number of barcodes in the control and a lower-than-expected increase in barcode
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decoration in the NHS capture probe sample suggested incomplete purification, non-

specific binding of fluorescent oligos to EVs or contamination of fluorescent oligos.

Altogether, the gPCR and fluorescent-based barcoding experiments to indirectly quantify
EVs revealed poor labelling efficiencies, inconsistencies in labelling success and

problems accurately and reliably determining the number of barcodes per EV.

3.3.2 N-Hydroxysuccinimide (NHS) universal protein labelling is insufficient to label
entire EV populations

Due to the low labelling efficiencies of EVs seen in the barcoding optimisation process,
the NFC Flow NanoAnalyzer was employed to assess the proportion of particles labelled
with NHS-functionalised capture probes and barcodes. This was performed to
investigate whether the low number of barcode copies calculated per EV was being
diminished by a proportion of the EV population not being labelled with barcodes. MSC
EVs were labelled with a 2,500x excess of NHS capture probes to EVs with a further 10x
excess of fluorescent barcodes to capture probes and a 1:500 dilution of anti-CD81-PE
antibody. Following labelling, EVs were purified using a Tricorn 10/200 column packed
with Sepharose 4 Fast Flow resin at 0.5 mL/min with a Cytiva Aktd Start liquid
chromatographer, and labelling quantified using the 488 nm and 638 nm lasers. Figure
3.5A presents the particle size distribution of the fluorescent barcoded sample. Particles
are distributed between ~45 nm and ~160 nm, with a peak at ~75 nm and a mean particle
size of 85.55 nm. This was typical of EVs, which adopt sizes between 30 and 1,300 nm
in diameter, and more so of small EVs that range in size from 30 to 150 nm. Furthermore,
Figure 3.5B displays the number of particles in the sample and PBS blank that were

excited in the FITC channel in which fluorescein is excited. 6,694 particles were counted
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in a one-minute period, of which 1,688 particles (27.1%) were fluorescein positive after
PBS blank correction. This was surprising as NHS is a universal protein label that binds
to free amine residue and should bind to all EV surfaces. However, despite incubation
with a high excess of capture probes to EVs, only a minority of particles were successfully
labelled. Therefore, this could substantially impact accurately calculating the number of
barcodes per EV. Additionally, Figure 3.5C shows the number of particles in the sample
and PBS blank that were excited in the PE channel and were therefore CD81-positive.
4,778 particles were counted in a one-minute period, of which 417 particles (10.1%) were
CD81 positive after PBS blank correction. As CD81 is an EV-associated protein, this
raised further concerns that not all the particles within purified barcoding samples were
EVs, creating further difficulties for accurately determining the number of barcodes per
EV, therefore the reliability of the barcoding protocol for in vivo biodistribution studies.
Altogether the results support the hypothesis that NHS cannot label all particles within
purified EV populations; however, CD81 labelling also suggested that a large proportion
of the particles may not have been EVs, therefore offering an explanation for the low

labelling efficiency seen here and in the barcoding optimisation experiments.
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Figure 3.5 Particle sizing and profiling of fluorescein barcoded and anti-CD81
labelled EVs. Nanoparticle flow cytometry of NHS fluorescein barcoded and anti-CD81-
PE labelled EVs. (A) Size distribution of particles in fluorescein barcoded and anti-CD81
PE labelled MSC EVs. (B) Profiling of fluorescein positive particles in MSC EV sample and

PBS control in FITC channel. (C) Profiling of CD81 positive particles in MSC EV sample
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3.3.3 NHS-functionalised DNA capture probes can deliver siRNA to recipient cells
in vitro

The problems experienced during the barcoding optimisation process indicated that
significant changes were required for the barcoding tools and, in their current form, would
likely be insufficient for determining EV biodistribution. Therefore, the barcoding reagents
were repurposed to test whether they could be used to deliver siRNA to recipient cells.
HEK293T-derived EVs were incubated with a 2,500x and 10,000x excess of NHS capture
probes to EVs and a 10x excess of sense and antisense siRNA. To test siRNA delivery in
vitro, EVs labelled with anti-luciferase siRNA were incubated with luciferase-positive
Neuro2a cells. EV-only negative controls and 1 and 50 nM siRNA transfection positive
controls were used. 1 nM siRNA was roughly equivalent to the quantity of siRNA used to
label EVs in the 10,000x samples. Following 24-hour incubation, luciferase knockdown
versus positive and negative controls was measured using Promega Luciferase Assays,
and relative percentage change of renilla and firefly luciferase expression was calculated
as outlined in 3.2.7 siRNA delivery. As seen in Figure 3.6, no significant differences were
seen between the NHS 2,500x sample and the PBS and barcoding control. Additionally,
while the NHS 10,000x sample elicited ~25% knockdown in luciferase expression on
average, this was also not statistically significant versus the PBS or barcode control.
Approximately the same amount of siRNA transfected into Neuro2a cells (1 nM) elicited
a roughly 50% knockdown in luciferase expression. However, no significant difference
was detected between the NHS 10,000x labelled EVs and the 1 nM transfection despite
a significant difference between the 1 nM transfection and the barcoding control.
Together this suggested that the trend in luciferase expression following incubation of
Neuro2a cells with the NHS 10,000x sample was consistent with the hypothesis that EVs

labelled with siRNA can elicit knockdown of luciferase expression in recipient cells.
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However, to confirm this hypothesis, further repetitions should be conducted until
concordance in the results is reached. 50 nM transfections produced highly significant
reductions in luciferase expression versus all samples and controls. Overall, while the
differences between siRNA labelled samples and negative controls were insignificant, the
trend in luciferase expression after incubation of Neuro2a cells with NHS 10,000x labelled
EVs indicated that with further development, the barcoding tools could be used for

delivery of siRNA to recipient cells.
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Figure 3.6 Anti-luciferase siRNA barcoded EVs knockdown luciferase expression in
modified Neuro2a cells in vitro. HEK293T EVs were incubated with 2,500x or 10,000x
excess of capture probes to EVs and a 10x excess of sense and antisense anti-luciferase
siRNA to capture probes. Barcode control represents EV incubations without capture

probes with sense and antisense siRNA equivalent to the amount used in the NHS 2,500x

69



sample. 1 nM and 50 nM siRNA samples were transfected with RNAIMAX into recipient
Neuro2a cells. 50,000 Neuro2a cells per well. 24-hour incubation with EV samples.
Values are mean percentage change relative to positive (50 nM siRNA) and negative

(PBS) controls +SD; n=3.
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3.4 Discussion

Over the last few decades, the development and exploration of EVs as biotherapeutic
delivery vehicles or as therapeutics themselves has increased substantially™'. An
important stage in this development process is determining EV biodistribution following
administration, whether natural or influenced by other factors such as targeting motifs.
Additionally, it is important to determine the impact of EV heterogeneity on their
biodistribution to discern how EV heterogeneity can be harnessed or mitigated to
improve the efficacy of EV therapeutics. Despite this, current techniques used to assess
EV biodistribution have various sensitivity and specificity limitations and temporal and

financial drawbackg'®”:177:183:184.199

. Therefore, EV-DNA barcoding was explored and
attempted to be optimized as a new tool for assessing EV biodistribution. EV DNA
barcoding has the potential to overcome sensitivity limitations imposed on other methods
due to the gPCR quantification method, which has a theoretical lower limit at 95%

confidence between two and four target molecules, offering a highly sensitive tool for

biodistribution*.

The most comparable previously published example of DNA barcoding is DNA-assisted
immunoassays wherein antibodies or affinity probes are conjugated to ampilifiable
oligonucleotides and incubated with protein-based samples to associate protein with
specific DNA sequences and allow protein detection and quantification on a single
molecule basis'???' With respect to EVs, DNA-assisted immunoassays have been
developed to detect prostate-derived exosomes'’, fluorescent detection of individual
EVs by flow cytometry using rolling circle amplification (RCA) of conjugated DNAs to

amplify the fluorescent signal'®®, and simultaneous profiling of 38 surface proteins by
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RCA of DNAs and subsequent next-generation sequencing to identify surface protein

composition on a single EV basis'®.

The most apparent difference between DNA-assisted immunoassays and EV DNA
barcoding is the coupling agent that conjugates DNA to EV surfaces. Immunoassays
utilized antibodies chemically conjugated to oligonucleotides'®'®®, whereas in DNA
barcoding, amine-reactive NHS or cystine-reactive maleimide crosslinkers were
chemically conjugated to oligonucleotides. Although, in contrast, labelling efficiency
using the antibody-functionalized oligos reported by Wu et al. (2019) (in a method dubbed
a proximity barcoding assay; PBA) was far more successful than the reactive chemical
groups used here, with a vast majority of EVs being successfully labelled with
immunoassay probes. Incubation of EV samples with no less than a 1,000-fold excess of
capture probes and a further 10-fold excess of barcodes resulted in less than 5% of the
barcodes associated with EVs reported by either gPCR or fluorescent assay (Figure 3.2
and 3.3). Investigating alternative EV crosslinking strategies could improve labelling
efficiency, although an immunoaffinity labelling strategy could result in the clearance of
EVs from circulation. Nanobodies may instead be better to mitigate potential EV

clearance issues®%?2%,

However, it is noteworthy that comparisons between this investigation, Wu et al. (2019)
and most other EV labelling or biodistribution optimization studies are imperfect as in all
other cases, the measure of labelling success is mostly binary, i.e., EVs are or are not
labelled with fluorescent probes regardless of labelling efficiency or quantity.
Comparatively, EV DNA barcoding aimed to reliably label EVs with a precise quantity of

barcodes per EV to ensure the accurate and sensitive determination of EV biodistribution.

72



In hindsight, the excesses used to attempt to label EVs may have been too high. Due to
a lack of sensitive techniques, the extent to which a single EV can be labelled has yet to
be determined. As was suggested by the results of the NFC experiments, a lack of free
amine or cysteine residues on EV surfaces or even steric hindrance of DNA barcodes and

capture probes could limit EV labelling®“.

Turning next to barcoding optimization experiments seen in Figure 3.3, overall, the results
of these experiments suggested that in all cases, EVs were labelled with at least one
barcode copy. However, the NFC experiments shown in Figure 3.5, which assessed the
efficiency of NHS-functionalised capture probes to label EVs, revealed that after
incubating EVs with a high excess of NHS capture probes and fluorescent barcodes, only
27.1% of the particle population was fluorescein positive. This was surprising as NHS is
a universal amine-reactive crosslinker that should be capable of labelling all EVs. Low
labelling could have been due to a high proportion of non-EV particles within the
preparation, such as lipoprotein particles, chylomicrons, or aggregates®®, which may be
suggested by the low identification of the EV marker protein, CD81, seen in Figure 3.5C.

208 Therefore

However, the expression of CD81 is not homogenous within EV populations
the 10.1% of particles that were CD81-positive likely do not represent the entirety of the
EV population. On the other hand, Melling et al. (2022) stained mEmerald-CD81 positive
MCF7 EVs with C5-Maleimide-Alexa633 and checked for colocalization of the mEmerald
signal with Alexa633 and also noted that only a proportion of the population was stained
with the universal maleimide label. Only a strikingly low 5.4%=+1.8 of the EVs were
positive for C5-Maleimide-Alexa633'*'. Not only does this corroborate the evidence

shown here that universal crosslinkers produce poor EV labelling efficiency, but it also

supports evidence shown in Figure 3.4 that NHS, while poor, is better for labelling EVs
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than maleimide as 27.1% of the EV population was reported as fluoresceine positive by
NFC while Melling et al. (2022) reported only 5.4%. Additionally, Melling et al. (2022)
reported poor labelling efficiency of the PKH26 lipid intercalating dye (4.6%+1.6) and the

formation of PKH26 dye aggregates''.

Numerous challenges were encountered during the barcoding optimization process, the
first of which was apparent particle losses following two EV purifications rather than one,
as seen in Figure 3.3A and B. Particle losses following SEC have also been noted in other
labelling studies. For example, Hwang et al. (2015) reported low EV yields following clean-
up of EV radiolabelling reactions by SEC'®. Viveiros et al. (2022) also reported an 80-
89% loss of particle yield following SEC, compared to 2,000 x g centrifuged conditioned
medium from cells stained with Dil (with prior measures to remove excess stain).
However, it should be noted that EV concentration was determined using fluorescent-
based particle detection (NTA with 405 nm laser and imaging flow cytometry)®’; thus, it
is plausible that losses detected could be due to free dye or dye aggregates reported
elsewhere'"'. Furthermore, by modifying CHO cells to stably express a CD81-GFP fusion
protein, Carrillo Sanchez et al. (2022) reported a 97% recovery of EVs following SEC?®.
Therefore, particles present in EV preparations before each purification step could
instead be contaminants such as aggregates or co-eluting particles falsely identified as

EVs.

Furthermore, throughout the barcoding optimization process, a high barcode signal was
seen in negative controls in both gPCR and fluorescent barcoding, although the issue
was exacerbated when using fluorescent barcodes. This may suggest a greater

propensity for fluorescent oligos to non-specifically bind to EVs or be removed from

74



labelled EV preps and was supported by an apparent proportional increase in the number
of barcodes per EV in subsequent controls incubated with higher barcode excesses.
However, as opposed to more non-specific binding, the higher number of copies per EV
in controls compared to qPCR controls may highlight the lower sensitivity of the
fluorescence oligo system, or background fluorescence/autofluorescence producing
false positives'® "9, Alternatively, if the non-specific binding was not the cause of high
barcode presence in controls, contamination of controls with barcodes could be
responsible. The source of contamination could be environmental, or a by-product of

experimental set-up caused by carry-over contamination®®.

Another problem encountered during EV DNA barcoding optimization was using TCEP
to break disulphide bonds and allow for easier access to protein residues for
crosslinking'®. There is much debate about whether TCEP helps or hinders labelling

195198 However, as shown in Figure 3.3, when immobilised-TCEP was

efficiencies
employed instead of soluble TCEP, in both overnight and two-hour incubations,
immobilized TCEP produced a higher number of copies per EV than soluble TCEP

remaining in the reaction mixture, and this has been mooted as an excellent alternative

to soluble TCEP within the literature'®.

Finally, despite being unable to achieve optimal labelling efficiency or quantification of
EV DNA barcoding, the barcoding tools showed potential as a therapeutic siRNA delivery
tool. As shown in Figure 3.6, following incubation of EVs with a 10,000x excess of capture
probes to EVs and a further 10x excess of anti-luciferase siRNA, labelled EVs elicited a
20% reduction in luminescence signal. However, transfection with an equivalent amount

of siRNA resulted in a 50% reduction in luminescence, presenting room for improvement.
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Comparatively, other studies utilizing novel EV-mediated siRNA delivery techniques
reported greater target gene knockdown but used much higher siRNA concentrations.
For example, O’Loughlin et al. (2017) used cholesterol conjugation to load siRNA into
EVs endogenously and reported that target gene expression reduced by 36% following
24-hour EV incubation with 400 nM siRNA?'°. Furthermore, Dar et al. (2020) used a
GAPDH-derived G58 peptide conjugated to dsRNA-binding motifs to load siRNA onto
EV surfaces. They reported ~70% knockdown of target gene expression following
treatment with 50 nM HTT siRNA bound to G58TF EVs for 48 hours®''. While capture
probe-mediated siRNA delivery could only elicit a ~20% knockdown, it used 50-400x
less siRNA when incubated for the same length of time or less. These insights reveal an

excellent potential for barcoding technology for siRNA delivery.

76



3.5 Limitations, future work, and conclusions

3.5.1 Limitations

The main limitation of the EV DNA barcoding optimization data is the lack of biological
replicates. While three technical replicates using the same purified EV preparation were
obtained for each optimization experiment, applying the same optimization steps to
separate EV purifications would have been beneficial to understand whether the
observed results were consequential of factors associated with individual EV
preparations opposed to the labelling protocol or mechanism itself. For example, high
amounts of non-EV particles, such as lipoprotein particles or protein aggregates, may

142,153,167.212  Nonetheless, variation between technical

impact EV labelling efficiency
replicates in some samples and labelling efficiencies below that of negative controls
highlighted the technical challenges discussed in section 3.4 that must be overcome to

make EV DNA barcoding a viable EV biodistribution tool.

Furthermore, assumptions were made regarding the level of labelling that could be
achieved by EV DNA barcoding. A goal of 1,000 barcode copies per EV was set based
on preliminary investigations conducted by a previous researcher (data not shown).
However, as discussed in section 3.4, this figure was not based on previously published
evidence regarding the extent to which a single EV can be labelled. Advancement of
single-vesicle analysis tools will help establish realistic expectations of EV labelling
efficiency based on the biological limitations of single EVs regarding spatial and resource

availability?'*.
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3.5.2 Future work

Despite the challenges faced in developing EV DNA barcoding, other studies have
demonstrated success using oligo-based EV labelling techniques for EV
characterisation'®. The evolution of capture probes to include immunoaffinity
crosslinkers instead of NHS and maleimide may improve labelling efficiency®?%,
Furthermore, changes to the readout method may improve the sensitivity and reliability
of EV DNA barcoding. Technology such as RCA could be employed as RCA offers
ultrasensitive detection of specific DNA or RNA sequences at a single nucleotide level.
Therefore, RCA may enable labelling to be performed with lower excesses. Furthermore,
barcodes could be utilized as a “padlock probe” to join ends of a circularizable DNA
oligonucleotide prior to RCA, providing high selectivity of amplification and detection of
barcodes after biodistribution, as perfect hybridization of padlock probes is necessary
for RCA*'*. Additionally, further development of single-vesicle analysis technologies is
necessary to understand the limits of engineering, such as the extent to which an EV can

be labelled due to the availability of free protein or due to steric hindrance blocking further

labelling®"®.

Using the EV DNA barcoding toolset to deliver siRNA to recipient cells in vitro resulted in
the knockdown of luciferase expression. However, variability between biological
replicates resulted in no significant difference in knockdown between negative controls
and siRNA-labelled EVs. Therefore, additional biological replicates should be performed
to obtain concordance in results and investigate whether differences in knockdown
between labelled EVs and negative controls are significant. If successful, the EV DNA
barcoding toolset could be investigated for therapeutic RNA delivery in vivo to discover

whether siRNA delivery can be replicated in a complex biological system. EV uptake
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experiments may also be beneficial in understanding how siRNA-labelled EVs interact
with recipient cells. Furthermore, due to the overhangs created by siRNA sequences
following hybridization to capture probes, therapeutic RNA could also be multiplexed
with a synthetic barcode sequence for simultaneous determination of biodistribution in

vivo to improve therapeutic efficacy.

3.5.3 Conclusion

Overall, the optimization of the EV DNA barcoding toolset for use as a novel
biodistribution tool was fraught with challenges, including suboptimal labelling efficiency,
loss of EVs, high background contamination signals and potential non-specific binding.
Ways of improving labelling efficiency were encountered, such as removing TCEP from
labelling reactions, reducing incubation steps, and changing crosslinkers. NFC
experiments revealed that NHS capture probes and fluorescent barcodes were only able
to label, at most, 27.1% of particles in EV samples. This suggested that NHS is an
inefficient method of labelling EV populations, synonymous with findings seen
elsewhere'"'. Further biological repeats across barcoding optimization experiments are
necessary to understand the extent of biological variation within labelling reactions and
produce reproducibility within results. While success using oligo-based EV labelling
techniques has been previously seen within the literature'®, if future developments do
not improve EV labelling efficiency or EV quantification, the toolset showed potential as

a siRNA delivery platform.
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3.6 Supplementary Figures

Name Sequence (5’ - 3’)
Capture probe /Maleimide/ or /NHS Ester/AGTTTAGAGTTTACCAT
Barcode G*C*T*CAGGTCATGCGTAGAAGGCGTGTTACCCGCCGCAGGGTATGGTAAACTCTAA*A*

Barcode forward primer GCTCAGCTCATGCGTAGAAGG

Barcode reverse primer AGTTTAAGATTACCATACCCTGCGG

Fluorescent barcode /56-FAM/ATGGTAAACTCTAAACT

siRNA sense rGrGrArCrGrArGrGrUrGrCrCrUrArArArGrGrACArUrGrGrUrArArArCrUrCrUrArArAr
siRNA antisense rUrCrCrUrUrUrArGrGrCrArCrCrUrCrGrUrCrCCG

Supplementary Table S3.1 DNA barcode, capture-probe, siRNA and primer
sequences. * = phosphorothioate protected ends. /56-FAM/ = fluorescein fluorescent

modification.
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4.0 Improved EV purification from high-density cultures with

novel binding chromatography

4.1 Introduction

4.1.1 General principles of EV purification

When cultured in vitro, EVs are released into cell culture medium. To accurately observe,
characterise, manipulate, or utilise EVs in an experimental or clinical setting, EVs must
first be purified from other contaminants such as cells, proteins, lipids, and nucleic acid
that are also present within the aforementioned fluids into which EVs are released.
Historically EVs have been purified from cell culture supernatant and biofluids using a
variety of different techniques, including various precipitation, ultracentrifugation, affinity,
and chromatographic techniques. These techniques were developed and optimised for
EV purification due to the various advantages and disadvantages associated with each,

including differences in EV purity and downstream applications of EVs'*>',

4.1.2 Ultracentrifugation

The most common method of EV purification in the last few decades has been
ultracentrifugation'®2'®, Ultracentrifugation can purify components of a solution due to
differences in centrifugal forces applied to different components based on the size, shape
and density of the components and the viscosity of the medium. The greater the
difference in density of elements of a solution, the faster and greater the separation. The
most common ultracentrifugation-based techniques employed for EV purification are

differential ultracentrifugation (dUC) and density gradient centrifugation (DGC)'*¢2'®,
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dUC exploits the size and density of particles to sequentially separate components of a
solution in a series of centrifugation steps at different speeds and for different lengths of
time®'’. Firstly, several slower centrifugation steps are performed in a benchtop centrifuge
at up to 1,000 x g, 2,000 x g, then 10,000 x g for 10 minutes each to remove preparations
of cells, cellular debris and large EVs such as apoptotic bodies and some microvesicles.
Next, the supernatant is ultracentrifuged at between 100,000 and 120,000 x g for
approximately 70 minutes to sediment EVs. EVs are then resuspended following the

#1821 While dUC is easy to perform, fluctuations in

discard of the supernatan
centrifugation time, temperature, and sample dilution are important factors in dUC
separation efficiency, and the various long centrifugation steps make it time
intensive?'®218220221  Adqditionally, EV samples purified by dUC can be contaminated with
protein aggregates, lipoprotein, and lipoprotein particles and can be damaged,

malformed, and aggregated?®?%,

Alternatively, DGC separates exosomes based on their size, mass and density using a
pre-constructed density gradient medium. Particles distribute to the position within the
medium that matches their density; low-density particles distribute to the top, and the
high-density particles distribute to the bottom?®®. Numerous mediums are available,

although sucrose and iodixanol are commonly used for EV isolation®*?

. An advantage of
DGC over dUC is that the gradient, in addition to differential speeds, aids the separation
of small EVs and large EVs'®, which can improve EV purity and enable separation from
contaminating small particles such as virus particles®®. However, DGC has longer cycle
times, produces lower EV yields, requires larger sample volumes and has presented high

levels of lipoprotein particles in processed samples?°2%,
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4.1.3 Precipitation

Precipitation of EVs is another common method of EV purification'*. Precipitation is often
performed using polyethylene glycol (PEG), a polymer that encircles water molecules and
causes other solution components to precipitate. Precipitated EVs can then be collected
by low-speed benchtop centrifugation?’. PEG precipitation is fast, easy to perform and
has a wide range of scalability?®>. However, a major disadvantage of PEG precipitation is
its lack of selectivity. Following PEG addition, protein, protein aggregates, lipoprotein,
lipoprotein particles and other particulate constituents of EV preparations also precipitate
out of solution along with EVs®*?%% Numerous studies that have compared various
common EV purification techniques have concluded that PEG precipitation produces EV
samples more highly contaminated with protein and lipoprotein than most other
techniques®*?®*, Numerous PEG precipitation commercial kits are also used for EV
isolation, including exoEasy (Qiagen), ExoPrep (HansaBioMed), Exosome Purification Kit
(Norgen Biotek), ExoQuick (System Biosciences), miRCURY Exosome Isolation Kit
(Exigon) and Total Exosome Isolation Reagent (Invitrogen). These kits also suffer from

the same disadvantages as standard PEG precipitation®*°.

As an alternative to PEG, lectins such as Concanavalin A or Phytohemagglutinin can be
used to precipitate EV. Lectins bind carbohydrate moieties on EV surfaces, changing
their solubility and causing them to precipitate out of solution. As biological samples or
conditioned medium is rich in carbohydrate-containing components, often the sample is
pre-treated to remove these contaminants. Samples are incubated with lectins overnight,

and EVs are precipitated the following day by benchtop centrifugation. The lectin
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precipitation methods are straightforward, requiring little time and expertise, and other

soluble components are usually only co-precipitated if they are highly glycosylated®'.

4.1.4 Immunoaffinity capture
Immunoaffinity capture-based techniques use antibodies against antigens expressed on
EV surfaces. Antibodies are attached to inert media such as gold nanoparticles or

magnetic beads?*??%*

, and EVs are then removed from suspension following capture.
Arguably, the greatest benefit of immunoaffinity techniques is their selectivity which
allows for specific subsets of EVs to be isolated from a preparation. Furthermore,
immunoaffinity methods result in a lower yield of isolated EVs but with higher purity than
other common purification techniques®?#?*. Despite this, immunoaffinity capture also has
various disadvantages. Firstly, the specificity of purification is limited by the specificity of
the antibody used, therefore, other non-EV components may also be co-isolated®®. For
this reason, immunoaffinity techniques are often used following ultracentrifugation or
ultrafiltration to reduce contamination®’. Furthermore, antibodies that can be used for
immunoaffinity capture are limited to antigens present on EV surfaces as antibodies will
not be able to capture antigens within the EV lumen. Furthermore, the technique is also
expensive due to using antibodies and has low scalability*®. Finally, the separation of
EVs from antibodies used during immunoaffinity capture purification when required for
functional studies, for example, requires harsh conditions such as high temperature or

low pH, which can damage EVs. However, recent advances in this area have shown that

0.5M NaCl incubation may be sufficient to facilitate intact release®®.
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4.1.5 Microfluidics
A more recent addition to the roster of techniques that has gained popularity for EV

148

isolation is the use of microfluidic devices'*. Microfluidic devices purify EVs in various

ways, including filtration through membranes with different pore sizes®®, subjection to

inertial lift force to distribute and separate EVs from contaminants®*°

, particle migration
caused by size-dependent elastic lift forces in a viscoelastic medium?*', size-based
separation by lateral deflection in an acoustic field®*?, separation of EVs based on their
dielectric properties®®, and sorting using deterministic lateral displacement arrays®*.
These microfluidic techniques benefit from high surface-to-volume ratios, low analysis
time, laminar flow, ease of use and high yields and purity*****’. Furthermore, microfluidic
devices have high selectivity for EVs in various sample types and have low processing
times and costs compared with other more common purification techniques®®. The
previously described variations of microfluidic purification can be classified as either
passive or active. Passive methods of particle sorting, such as filtration or deterministic
lateral displacement, do not require any external fields for particle sorting, while active
methods require external actuators, such as electric fields and acoustic waves®®. This
presents a potential drawback of these systems as it increases the complexity and cost
of the system. Furthermore, besides filtration, microfluidic purification can only operate
with micro-scale volumes of sample, and many devices can also suffer from clogging

issues?3%244,

4.1.6 Ultrafiltration
Ultrafiltration is another popular method of EV purification that purifies EVs based on their
size'®. During filtration, EV preparations are exposed to a membrane containing pores

which extrude larger particles while smaller particles can pass through. In some cases,
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pores are intended to be smaller than EVs, causing EV retention and removal of smaller
contaminants, or conversely, pores are larger, allowing EVs to pass through membranes
and leave behind larger contaminants. A drawback of this method is that EVs may
experience high pressure while passing through the membrane pores, which can damage
EVs, cause aggregation and even change their morphology which could impact EV
function or analysis following purification®*®. Furthermore, smaller particles can become
trapped in the membrane, causing clogging, resulting in EV losses, and may cause an
increase in pressure®®?'. Additionally, the purity of EVs obtained using this method is
relatively low as particles of a similar size, such as protein aggregates or lipoprotein
particles are not excluded by the membrane. The filter material itself can also impact EV

purification by ultrafiltration®'.

Sequential ultrafiltration has been used to improve EV purification efficiency and preserve
EV integrity instead of attempting to purify EVs in a single step. Here EVs are exposed to
membranes with different pore sizes in sequence. First, larger constituents such as cells
and cell debris are excluded while EVs pass through, followed by exposure to
membranes containing smaller-sized pores until purer EVs are obtained. This method

applies lower pressures to EVs therefore preserving their shape and integrity?*2°

Alternatively, EV preparations can be filtered by tangential flow filtration (TFF) to
circumvent clogging and high-pressure issues observed in many ultrafiltration methods.
In TFF, instead of applying the sample perpendicular to the filter membrane, a pump
mechanism creates a flow of samples along a membrane surface. This way, pressures
are lower, and clogging is less frequent®**2°, Furthermore, the membrane pores are large

enough to allow passage of free protein and even very small particles, but EVs are
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retained. TFF has high scalability and can be used to concentrate EVs following harvest.
EV purity can also be improved by diafiltering EV preparations with PBS, for

examp|6253,254,258-

4.1.7 Size exclusion chromatography

Between 2015 and 2019, there was a highly significant ~2.5x increase in the use of size
exclusion chromatography (SEC) for EV purification. This and an increase in a variety of
other methods has coincided with a decrease in the use of ultracentrifugation and made
SEC the second most popular EV purification method'®?">. SEC employs columns
packed with inert, porous, beaded resin that can be perfused with a liquid sample to
separate its components based on size. Components larger than the resin pores flow
around the beads and elute first. Smaller components can enter the beads, have a longer
path through the column and are eluted last. Components can be separated to varying
degrees depending on the resolving capabilities of the resin®’2*°, Traditionally, SEC is
performed using a liquid chromatography system that uses buffers, pumps, and capillary

tubes to transport a sample through a SEC column and separate constituents at a

260 220,261,262

constant flow rate”®. This method has been used with EV preparations , although
purchase of or access to a chromatography system presents a barrier to some
researchers. Therefore, some manufacturers have developed cheaper, more accessible,
gravity-fed SEC columns for EV purification that operate independently of

chromatography systems®®.

For conventional EV purification from cell culture preparations or low contaminant density
biofluids, SEC yields clean EV preparation that are intact and functional?2°26"264.265

Furthermore, the purity of EVs isolated by SEC has shown to be superior to the purity of
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EVs isolated by other techniques?°2°42%62%7 Processing times vary, but in comparison to
other techniques such as ultracentrifugation, SEC purification is relatively short, ranging
from 20 minutes to one hour??%#%8%12%5 - Additionally, unlike all other techniques, as
different sizes of column and resin with different fractionation ranges and resolutive
properties can be used, SEC has shown the potential to enable size-based fractionation
with EV populations. This can aid the study of EV heterogeneity, as shown by Willms
(2018)°". The superior purity, integrity, and functionality of EVs present SEC as an ideal
EV purification technique for therapeutic development and biomarker identification, as

well as accurate determination of EV characteristics and function.

However, SEC is not devoid of disadvantages. Firstly, SEC has been shown to cause
dilution of EV samples, which can negatively impact their use in downstream applications
such as functional assays or characterisation as the EV concentration may not be high
enough. The extent of dilution depends on the input volume, fraction size, column
parameters and the number of fractions, although dilution factors of between two- and
five-fold have been reported®*?%®, Furthermore, as SEC isolates EVs from preparation
based on their size, unfortunately, without prior processing, SEC can also co-isolate
similarly sized non-EV components such as cell debris, protein aggregates, low-density

lipoproteins, lipoprotein particles and chylomicrong'°%226:263.266:267

Finally, while many studies have reported that SEC yields high concentrations of pure
EVs, every SEC column has limits to its resolutive capabilities and pressure limits. These
limits create difficulties for the purification of EVs by SEC from preparations with high EV
concentrations or high densities of contaminants such as protein, DNA, or lipoprotein®®.

Therefore, as the need to upscale EV production arises, such as for attaining clinically
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relevant EV concentrations, SEC no longer presents as a viable purification technique.
To attain complete purity, repeated runs or multiple techniques may need to be
employed, which are highly time-consuming and resource intensive and may result in

lower EV yields, defeating the purpose of upscaling.

4.1.8 Binding chromatography

Binding chromatography (also known as bind-elute chromatography or multimodal
chromatography) is an emerging method of EV purification that has risen to prominence
due to a lack of stringent purification techniques in the field and numerous drawbacks
associated with commonly used technigues®®°. Numerous studies for large biomolecule
purification have reported binding chromatography as a time-efficient and scalable
method that yields intact product and consistently high yields®**?"°2"2, Like SEC, binding
chromatography uses columns packed with resin, although the modality of the resin is
different to SEC. Resin particles with an inert shell are permeated with size-selective
pores surrounding an absorptive core. Pores allow entry of contaminating proteins and
small molecules into the resin beads, wherein they bind to the core. Pores are small
enough to exclude large biomolecules and nanoparticles such as EVs allowing purified
particles to be collected in the flow-through. Columns are then washed to remove bound

contaminants and can be reused.

Capto™ Core (CC) is a range of binding chromatography resins produced by Cytiva Life
Sciences that have previously been explored in conjunction with other methods for EV
purification®°270271:273274 Figure 4.1 provides a visual description of the functionality of
Capto Core binding chromatography resin. Resin particles are composed of an inert

crosslinked agarose shell permeated with either 700kDa (CC700) or 400kDa (CC400)
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molecular weight cut-off pores. Inside each particle is an octylamine (CHs(CH2);NH-)
ligand functionalised core. Due to its ionic capacity and high hydrophobicity, the core
can bind a broad range of proteins and small molecules with high salt tolerance.
Furthermore, CC700 has demonstrated a high binding capacity for bovine serum albumin
(Mr ~65 kDa) and thyroglobulin (Mr ~660 kDa) (55 and 105 mg/mL of total resin volume,
respectively)?”®. This suggests that binding chromatography may be useful for EV
purification from biological preparations with high protein densities, or in instances where
upscale of EVs or biomolecule production is necessary. Furthermore, as binding
chromatography columns also utilise chromatography systems, this method may be an
accessible alternative for SEC users when purifying EVs from high EV or contaminant

density samples.

Capto
Core bead

Protein —5'.
impurity

Figure 4.1 Capto Core binding chromatography functionality. Capto Core beads are
composed of an inactive shell with pores of a defined size and a ligand activated core.
Large molecules such as EVs pass around the beads and elute from the column, while
smaller contaminants enter the beads and are bound by the hydrophobic, positively

charged octylamine core, producing pure EV preparations.

Various groups have begun to explore the use of binding chromatography for EV

purification, in most cases in conjunction with other methods?®**#70273274276  Corso et al.
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(2017) recently performed minimal essential comparisons of the use of SEC and CC700
for the purification of EVs from TFF concentrated cell culture medium?”°. However, Corso
et al. (2017) did not compare other commercially available Capto Core columns, focused
analysis on EV purification from lower EV and contaminant density cell culture
preparations, and did not include some of the minimal information required for the study
of extracellular vesicles when making comparisons between SEC and CC700'. A step-

by-step analysis of purification was also lacking.

This chapter provides a more comprehensive comparison of SEC and CC700 for the
purification of EVs from bioreactor-derived high cell density culture preparations, which
produce high EV and contaminant densities. In addition, the best commercially available
Capto Core column for EV purification from protein and nucleic acids was also identified.
Similarly, Capto Q anion exchange chromatography was also explored to further purify
EVs from nucleic acids. Resolving the issue of efficient EV purification from high cell
density cultures when scaling up EV production was essential to later investigations
conducted within this thesis, as high concentrations of EVs were necessary to investigate

EV functional heterogeneity presented in chapter five.
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4.2 Materials and methods

4.2.1 Capto Core binding chromatography

Following TFF, samples destined for Capto Core binding chromatography were purified
by Capto Core binding chromatography as described previously in chapter 2. In cases
where nucleic acid removal was explored, TFF concentrates were incubated with 150

units/mL of benzonase (Merck Millipore) for one hour at 37°C.

In addition to standard Capto Core binding chromatography, various commercial Capto
Core columns were also used to assess their purification efficiency. Using an AKTA Pure
chromatography system, concentrate was passed through either a 1 mL HiTrap 400, 1
mL HiTrap 700 or 5 mL HiScreen 700 Capto Core (CC700) column (Cytiva) at 0.5
mL/minute and flow through containing purified particles was collected. Chromatography
was performed in PBS and monitored using absorbance at 280 nm. Columns were
cleaned between runs using a 0.5 mL/minute reverse flow of 1M NaOH in 30%

isopropanol.

4.2.2 Anion exchange

Samples destined for Capto Q anion exchange were subjected to binding
chromatography with prior incubation of 150 units/ml of benzonase (Merck Millipore) for
1 hour at 37 °C. The 1 mL Capto Q column (Cytiva) was primed with five column volumes
of Tris HCI pH 8.0. Once purified by CC700, a 5 mL sample from the CC700 peak was
taken and passed through a Capto Q column with Tris HCI pH 8.0 as the mobile phase.
The elution step was conducted using NaCl as the mobile phase and following the

manufacturer’s instructions. Chromatography was performed at 0.5 mL/min and
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monitored using absorbance at 280 nm. Samples from the flow-through and elution

phases were collected and pooled separately.

4.2.3 Protein quantification
Protein concentrations were determined using Pierce Micro Bicinchoninic Acid (BCA)

protein assay kits (Thermo Fisher Scientific) following the manufacturer’s protocol.

4.2.4 Silver staining

Silver staining was performed to visualise total protein in differently purified samples.
Gels were fixed for one hour at room temperature in 50% ethanol (Fisher Scientific), 5%
acetic acid (Fisher Scientific) in double distilled water, followed by a 30-minute wash at
room temperature in 50% ethanol. Subsequently, the gel was sensitised for one minute
in 0.02% sodium thiosulphate (Sigma Aldrich) solution, followed by washing in two
changes of double distilled water. Next, the gel was stained for 30 minutes in 0.1% silver
nitrate (Sigma Aldrich) solution and then washed in two changes of double distilled water.
Silver nitrate stain was developed in 250 mL of a 2% sodium carbonate (Sigma Aldrich),
0.04% paraformaldehyde (Sigma Aldrich) solution until the desired staining was
achieved. Development was stopped in 5% acetic acid solution for 15 minutes before

rinsing in 2 changes of double distilled water for 5 minutes each.

For preparation of whole cell lysates (WCL), cells were removed from culture vessels with
trypsin and centrifuged at 700 x g for 5 minutes. Next, cells were washed with PBS and
resuspended in RIPA buffer (Merck Millipore). After incubation on ice for 15 minutes with
frequent vortexing, the solution was centrifuged for 10 minutes at 14,000 x g at 4 °C.

Supernatant was removed and stored at -20 °C until required.
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4.2.5 Nucleic acid quantification

DNA+RNA concentrations were determined using the Quant-iT RiboGreen RNA assay kit
(Thermo Fisher Scientific) following the manufacturer’s protocol. DNAse included in the
kit to quantify RNA only was omitted from the protocol to ensure all nucleic acids were

quantified.
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4.3 Results

4.3.1 Size exclusion chromatography is insufficient to purify EVs from high protein
density cultures

Firstly, to investigate the efficiency of SEC to purify EVs from high cell density culture
preparations, conditioned medium from HEK293T bioreactor harvests were concentrated
by 100 kDa MWCO TFF to ~5 mL and further concentrated to ~2 mL with Amicon Ultra
100 kDa MWCO spin filters. The concentrate was passed through a Tricorn 10/300
column packed with Sepharose 4 Fast Flow resin using a Cytiva Akta Pure at 0.5 mL/min.
Figure 4.2A displays a UV chromatogram produced following an EV purification from a
concentrated low cell density culture preparation harvested from 15x 15 cm dishes of
HEK293T cells. In most SEC-based EV purifications, “peak a” represents the EV/particle
peak, while “peak b” represents soluble protein and other impurities®°2¢', This is due to
the general principles of SEC, where larger material elutes first due to having a shorter
path through the column by moving around resin beads, while smaller material takes a
longer path through the column by moving through the beads, eluting later. In contrast,
run 1 in Figure 4.2B presents the result of passing a concentrated high cell density
bioreactor preparation through the Tricorn 10/300 column (SECx1). Extensive crossover
in both peaks was seen compared to low-density purification in Figure 4.2A, indicating
incomplete separation of the constituents of both peaks. After running 1, “peak a”
fractions were pooled, concentrated to ~2 mL using 100 kDa MWCO spin filters and
reapplied to the SEC column, resulting in the run 2 chromatogram, although crossover
between “peak a” and “peak b” was still present. Finally, concentration and SEC were
repeated a third time, resulting in the run 3 chromatogram to achieve complete

separation of “peak a” and “peak b”. However, a marked reduction in mAU in “peak a”
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was also seen, indicating potential reductions in EV yield. In summary, while SEC could
efficiently separate EVs from contaminants after a single run from a low cell density
culture preparation, three consecutive SEC runs were necessary to achieve complete

separation between EVs and contaminants (SECx3).
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Figure 4.2 Comparison of UV chromatograms from SEC and Capto Core EV
purification from low protein density plate-based culture and high protein of
bioreactor culture. (A) Chromatogram from EVs purified by SEC from 15x 15 cm dishes
where “a” represents the EV/particle peak, and “b” represents soluble protein and other
impurities. (B) Chromatograms from three consecutive SEC purifications of the same high
cell density bioreactor culture are required to attain complete separation of particle (a)

and protein peaks (b). (C) Representative Capto Core purification chromatogram from a
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bioreactor harvest applied to a HiScreen Capto Core 700 column. In all chromatograms,

red lines on x-axis denote fractions collected.

Following the investigation of SEC to purify EVs from concentrated high cell density
bioreactor preparations, Capto Core binding chromatography was investigated as a
more efficient and potentially preservative method of EV purification. TFF concentrated
HEK293T bioreactor harvests were passed through Cytiva Capto Core binding
chromatography columns using a Cytiva Akta Pure system at 0.5 mL/min. Figure 4.2C
presents a chromatogram acquired by passing the media through a HiScreen Capto Core
700 (5 mL) column (CC700). The broad peak represents the entirety of the purified
product due to the inert, size-exclusive shell of the Capto Core beads that excludes EVs
and the hydrophobic and electrostatic binding functionality of the core, which binds
smaller impurities such as protein. In addition, a shoulder on the right side of the
chromatogram demonstrated minor size separation effects. Overall, due to the differing
functionality of the CC700 column, the resulting chromatogram presented differently
from the SEC chromatograms, however it was hypothesised that CC700 was

successfully able to purify EVs in a single run.

Following analysis of chromatograms, further investigation was necessary to investigate
the purification efficiency of these techniques and characterise the obtained EVs. TEM
imaging and silver staining were performed to provide initial assessments of EV
purification efficiency. Figure 4.3A and B show TEM images from SECx1 and SECx3
samples. Spherical, membranous particles with cup-shaped morphology were observed
that were characteristic of EVs. However, some EVs appeared warped, and many dark-

stained contaminants were seen in both samples, though with arguably more in SECx1.
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SECx3 samples appeared cleaner, although similar dark staining contaminants were also
observed, as well as extensive EV aggregation. In comparison, Figure 4.3C presents
CC700 TEM images. EV purifications appeared far less muddied by contaminants such
as protein aggregates, and EVs were more clearly visible. Moreover, markedly less EV
aggregation was present, and EVs appeared less warped than in SEC samples. Figure
4.3D presents a silver stain of differently purified HEK293T bioreactor samples, including
TFF, SECx1, SECx3 and CC700. Silver staining provided a visual representation of the
remaining protein in the samples. TFF concentrated conditioned medium, and SECx1
samples were saturated in proteins greater than 55 kDa, while SECx3 removed most of
the contaminating proteins between 55 and 171 kDa. However, a high concentration of
proteins greater than 171 kDa were co-purified with EVs in SECx3 samples. In contrast,
CC700 removed nearly all darkly stained contaminating proteins greater than 55 kDa
seen in the TFF, SECx1 and SECx3 samples. Together, both TEM images and silver
staining showed CC700 as more efficient than SEC in removing contaminating protein

and producing intact, non-aggregated EVs.
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Figure 4.3 TEM and silver stain characterisation of SEC and Capto Core purified
samples. (A) TEM images from SECx1 and (B) SECx3 purifications presented typical
“cup-shaped” EV particles amidst other darkly stained contaminants. Some EVs
appeared warped and aggregated. (C) TEM images from Capto Core purifications
presented typical “cup-shaped” EV particles with far less darkly stained contamination
and aggregation. (D) Silver stain of TFF concentrated conditioned medium, SECx1,

SECx3 and Capto Core samples. 10 pg was loaded per well.
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4.3.2 Capto Core binding chromatography is an attractive alternative to SEC to
purify EVs from high protein density cultures

Following initial comparisons of SEC to CC700, other commercially available Capto Core
columns were compared to identify the most efficient binding chromatography EV
purification method. Fractions from the Capto Core peak (shown in Figure 4.2C) were
pooled, creating a ~2 mL sample to identify and analyse whether binding
chromatography was better at purifying EVs from free protein. This sample was then
subjected to SEC using a Tricorn 10/300 column packed with Sepharose 4 Fast Flow
resin to separate any remaining free proteins co-purified with EVs following Capto Core
binding chromatography. As shown in Figure 4.4A, the resulting chromatogram
presented a characteristic EV peak (a), free protein/contaminant region (b) and a “right-
peak” (c), later attributed to components of DMEM +1% A/A (Supplementary Figure
S4.1). Following SEC, fractions from the free protein/contaminant region (b) were
analysed by BCA assay to determine the free protein concentration remaining following
EV purification using different commercial Capto Core columns. Figure 4.4B shows that
the 5 mL HiScreen Capto Core 700 column was superior to the 1 mL HiTrap 400 and 1
mL HiTrap 700 columns, leaving just 21.74 pg/mL of free protein remaining in solution,
roughly 5x lower than the next best alternative, the HiTrap 400 with 111.4 pg/mL
remaining. Overall, EVs purified from high cell density culture preparations by the 5 mL
HiScreen Capto Core 700 column (CC700) were the purest from contaminating host cell
protein, and this column was selected as the best Capto Core option for further

comparison to SEC.
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Figure 4.4 CC700 binding chromatography presents significantly improved EV
purity compared to SEC. (A) 2 mL samples from the top of the Capto Core peaks were
subjected to SEC to separate any remaining free protein or contaminants from the EV
peak, presenting the displayed representative chromatogram where “a” represents the
EV peak, “b” the contaminant peak and “c” the DMEM constituent peak, as
demonstrated in Supplementary Figure S4.1. Red lines on x-axis denote fractions

collected. (B) Concentration of soluble protein remaining in Capto Core purified

bioreactor samples obtain for “b” peaks following SEC separation. (C) Total protein
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content of bioreactor harvests following SECx1, SECx3 and CC700 purification. (D) Total
particle counts of bioreactor harvests following SEC and CC700 purification. (E)
Particle/protein ratios of bioreactor harvests following SEC and CC700 purification. (F)
DNA and RNA content of purified harvests assessed by Quant-iT RiboGreen RNA Assay
following SEC and CC700 purification. (G) Particle/ug of DNA and RNA in SEC and
CC700 purified samples. (H) NTA size distribution of particles from SEC and CC700
purifications. Smoothed best-fit splines with 50 knots generated with Prism 9 GraphPad
Software. (I) Western blot of SEC and CC700 purified samples for expression of EV
proteins (ALIX, beta-actin, syntenin, CD81, annexin A1 and TSG101) and non-EV proteins
(fibronectin and calnexin). WCL = whole cell lysate. Values are mean concentrations +SD;

n=3. One-way ANOVA with Tukey’s multiple comparisons tests (* = P <0.05).

Next, total protein, particle yield and particle-protein ratios from CC700 and SEC purified
bioreactor preparations were determined and compared. TFF concentrated bioreactor
preparations were purified by CC700 or SEC and analysed by BCA assay and NTA.
Interestingly, as presented in Figure 4.4C, the total protein that remained after CC700
purification was approximately 4,000 ug, similar to the total protein in SECx1 samples. In
contrast, SECx3 total protein was over 4x lower. On the other hand, Figure 4.4D presents
the number of particles yielded following CC700 purification was roughly 8x higher than
the total particles yielded after SECx3 and roughly 2x higher than SECx1. Consequently,
particle/protein data shown in Figure 4.4E demonstrated a significantly higher purity of
CC700 purified EVs than SECx1, followed by SECx3, which presented only slightly higher
purity than SECx1. Altogether, CC700 samples presented far greater total protein than

SECx3 samples, but this was concurrent with a much higher amount of particles in

102



CC700 than SECx1 and SECXx3, resulting in a significant difference between the purity of

EVs purified by SECx1 compared to CC700 and a comparable improvement over SECx3.

Following analysis of the ability of the CC700 columns to purify EVs from free protein, the
ability of the CC700 columns to deplete DNA and RNA in high cell density harvests was
investigated. Quant-iT RiboGreen assays were performed to determine the amount of
DNA and RNA remaining in each sample, and the same NTA values as previous were
used to calculate particle-DNA+RNA ratios. As shown in Figure 4.4F, SECx3 was the best
method of depleting DNA and RNA from high cell density harvests. CC700 yielded the
highest amount of remaining DNA and RNA, although with a high standard deviation.
CC700 was closely followed by SECx1, which also presented DNA and RNA quantities
of over 250 pg. However, in a similar manner to particle-protein ratio data presented in
Figure 4.4E, despite apparently high nucleic acid levels seen in CC700 samples,
particles-DNA+RNA ratios displayed in Figure 4.4G show that EVs purified by CC700
produced 2x purer EV preparations than SECx3. In summary, while higher amounts of
DNA+RNA were present within CC700 samples, CC700 produced preparations that were

purer per particle from DNA and RNA.

Finally, EVs purified by SEC and CC700 were characterised. NTA and western blotting
were performed to obtain size distributions and EV protein expression profiles from
differently purified samples. Figure 4.4H displays the size distributions of differentially
purified particles obtained by Nanosight. Results are presented as an average
percentage of the greatest number of particles that occupy a single size in each dataset.
Most particles in both SECx1 and SECx3 were less than 200 nm, typical of small EVs'®,

with pronounced peaks at 50 and 80 nm. Furthermore, CC700 purified particles also
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presented a size distribution conducive to EVs, though a greater percentage of particles
occupied sizes less than 200 nm, potentially suggesting a higher proportion of small EVs
in CC700 samples than SEC samples. Western blotting showed high expression of CD81,
ALIX, TSG101, syntenin and annexin A1 in both SEC and CC700 samples versus low to
no detectable expression of these markers in HEK whole cell lysate was characteristic of
EVs. SECx1 samples appeared to present a noticeable increase in purity due to reduced
intensity of CD81, annexin a1l and TSG101 EV marker expression in SECx1 samples
compared to SECx3. SECx3 and CC700 protein expression was very similar, suggesting
that CC700 was able to purify EVs at least to the same extent as SECx3. However, a
higher expression of the extracellular matrix protein, fibronectin, was seen in SECx3
samples compared to CC700, suggesting that SEC remained unable to fully purify EVs
from contaminating protein. Although interestingly, the expression of the secretory
pathway-associated protein, calnexin, appeared to be potentially higher in CC700
samples than in SECx3 samples. Overall, EVs purified by SEC and CC700 presented
typical EV size distribution profiles with peaks around 80 nm, and western blot data
revealed high expression of typical EV markers for both SEC and CC700 EVs though it

did not provide further conclusions regarding EV purity.
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4.3.3 Capto Q anion exchange further reduces DNA and RNA concentrations
following Capto Core EV purification

As previously shown, despite the higher particle/ug data seen in CC700 samples, a high
amount of DNA and RNA remained in CC700 samples compared to SEC; therefore,
further reducing DNA and RNA in CC700 EV purifications was explored. Firstly, TFF
concentrated bioreactor harvests were incubated with 150 units/mL of benzonase for 1
hour at 37°C before CC700 purification. Furthermore, following benzonase incubation
and CC700 purification, some EV samples were passed through a Capto Q anion
exchange column to explore whether this method could further increase EV purity from
DNA and RNA. Quant-iT RiboGreen assays were performed on purified EV samples to
determine free DNA and RNA levels. Figure 4.5A presents the consecutive steps taken
to reduce DNA and RNA concentration, beginning with TFF concentration of bioreactor
harvests, followed by CC700 with prior benzonase incubation and ending with Capto Q
anion exchange. CC700, with prior benzonase incubation (CC benzonase), lowered DNA
and RNA levels from 763.8 pg to 165.8 pg; a ~64% depletion of total DNA and RNA
compared to TFF levels (shown in Figure 4.5B). Moreover, subsequent Capto Q lowered
DNA and RNA levels further to 21.0 pyg, a ~96% depletion of total DNA and RNA
compared to TFF levels (shown in Figure 4.5B). However, interestingly, as seen in Figure
4.5C, both CC benzonase and Capto Q anion exchange caused a marked reduction in
particle yield, reducing particle counts near those seen following SECx3 purification.
Although, particles-DNA+RNA ratios shown in Figure 4.5D presented that EVs yielded
from Capto Q were over 3x purer from nucleic acids than those obtained by SECx3. CC
benzonase also remained purer from DNA and RNA than SECx3, despite the reduction
in particles. CC700 without benzonase treatment had a higher number of particles/ug of

DNA and RNA than bezonase treatment, though with a large standard deviation.
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Altogether, the data showed that while benzonase and Capto Q treatment were able to

reduce DNA and RNA levels in CC700 samples and yield high-purity EVs, particle yields

were far lower than if benzonase or Capto Q were used at all.
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Figure 4.5 Capto Core with benzonase treatment (CC benzonase) and Capto Q

purification are superior to SEC for EV purification from DNA and RNA. Following

TFF, to further deplete nucleic acids in some Capto Core destined preps, 150 U/ml of

benzonase were incubated EV preps at 37°C for one hour (CC benzonase). Following

Capto Core purification, some preps were subjected to Capto Q anion exchange. The

flow through and elution phases were collected and assessed for nucleic acid content.

(A) Total micrograms and (B) percentage of DNA and RNA at each phase of EV
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purification, including after TFF, CC benzonase and Capto Q. (C) Total particle counts
following each purification method. (D) Particle/ug of DNA and RNA following each
purification method. (E) NTA size distribution of particles from Capto Q purification.
Smoothed best-fit splines with 50 knots generated with Prism 9 GraphPad Software. (H)
TEM images from Capto Q flow through and elution phases of Capto Q purification. (G)
Western blot using 10 ug of each loaded sample to detect EV proteins (ALIX, beta-actin,

syntenin, CD81, annexin A1 and TSG101) and non-EV proteins (calnexin and fibronectin).

Finally, EVs purified by Capto Q were characterised by NTA, TEM imaging, and western
blotting. As seen in Figure 4.5E, the size distribution profiles of particles purified by Capto
Q were consistent with EVs. Like Capto Core purification alone, a much greater
percentage of particles purified by Capto Core occupied sizes less than 200 nm than
SEC purified particles. Although interestingly, Capto Q purification eliminated a peak at
~40 nm seen in all other assessed purification methods. TEM images displayed in Figure
3F presented characteristic cup-shaped EVs in Capto Q flow-through fractions.
However, once again, EV purity was visibly seen to have further improved compared to
SEC and CC700. Images were remarkably less soiled by dark stained contaminants
enabling EVs to be very clearly visualised. Capto Q purification also presented less EV
aggregation than SEC purified samples, although notably more aggregation than in
CC700 samples seen previously. Despite the negative charge of EVs, only a small
minority were recovered in the elution phase of the Capto Q protocol compared to the
flow-through stage. A large amount of dark-stained contaminants were also eluted in this
phase. Western blot characterisation of Capto Q purified EVs shown in Figure 4.5G
presented expression of typical EV markers: CD81, ALIX, TSG101, syntenin and annexin

A1, versus low to no detectable expression in HEK whole cell lysate samples, aside from

107



ALIX that was more highly expressed in the whole cell lysate. The band intensities of
every protein marker in the Capto Q samples were heavily diminished compared to
samples from SEC and Capto Core. This may reflect the lower EV yields in Capto Q
samples, although similar EV yields were seen in SECx3 samples with higher EV marker
expression. Altogether, EVs purified by Capto Q presented typical EV size distribution
profiles, TEM images revealed clear images of typically cup-shaped EVs and western
blot data revealed expression of typical EV markers despite diminished expression

compared to SEC and CC700.
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4.4 Discussion

Upscaling EV production is often necessary to attain high or clinically relevant EV
concentrations. This can be achieved using high-density cell culture techniques such as
bioreactor or suspension culture. However, these techniques come at the cost of high
concentrations of host cell proteins and nucleic acids within harvests. Consequently,
conventional EV purification methods such as size exclusion chromatography (SEC)
struggle to purify EVs harvested from these cultures. Here SEC was compared to novel
Capto Core binding chromatography, with additional benzonase pre-treatment and
Capto Q anion exchange, as an alternative to purify EVs derived from high-density
bioreactor culture. This was particularly important to the research conducted within this
thesis as upscaling EV production was necessary to attain high concentrations of EVs to

investigate EV heterogeneity, as described in chapter 5.

We first assessed the ability of SEC to purify EVs from high cell density culture
preparations by comparing UV chromatograms obtained from both low and high-cell
density cultures. The low cell density culture preparation produced two resolved peaks,
whereas the high cell density culture preparations produced two much larger unresolved
peaks (Figure 4.2A). Nordin et al. (2015) also reported and analysed the same
observation; SEC of pre-filtered EV preparations produced two resolved peaks, with the
first eluted peak containing almost all particles, while most of the protein from the
preparation was detected in the second peak®'. The extensive crossover of the UV
chromatogram peaks from the first SEC run (SECx1) of the high cell density culture
preparations was initially assumed to have resulted in extensive crossover of
contaminant protein into the EV peak. This was later confirmed as shown in the silver

stain (Figure 4.3D) and BCA total protein quantification (Figure 4.4C), where high protein
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signals were seen in SECx1 samples, and successive SEC runs of high-density cell
culture preparations (SECx3) resulted in complete resolution between UV chromatogram

peaks and lower protein signals.

In contrast, the UV chromatograms obtained using Capto Core columns to purify EVs
from high cell density culture preparations were compared to those produced by SEC.
As seen in Figure 4.2A, a single large peak was produced, which was expected, as the
primary method of function of Capto Core columns is the retention of small impurities
that can pass into Capto Core beads and bind to the core. Some size exclusion effects
were seen as indicated by the shoulder on the right of the chromatogram, although the
columns used were not large enough to elicit complete separation of preparation
constituents that remained unbound. Similarly, Corso et al. (2017) also report the
production of a single large peak corresponding to purified EVs following Capto Core

purification of pre-filtered cell culture preparations®®

. This supported initial assumptions
that the Capto Core columns were functioning correctly to purify EVs from high cell

density cultures.

TEM imaging and silver staining of SEC and CC700 purifications were performed to make
initial comparisons of EV purity prior to further investigation by BCA, NTA and RiboGreen
DNA/RNA assays. In all TEM images in Figure 4.3, numerous cup-shaped, globular
particles of varying sizes were observed. This morphology is typical of EVs in TEM
imaging and is highly represented?'*?"*®_ EV's are believed to present this way due to
their adsorption onto hard surfaces and drying®®’. Aside from EVs, there was a high
amount of small <50 nm light staining non-EV particles also present in SEC samples, with

considerably more in SECx1 samples than in SECx3. The size and presentation of these
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particles are synonymous with other reports of lipoprotein particles in EV preparations®'.
In contrast, little to none of these particles were seen in the Capto Core samples. These
findings support previous studies that report the co-isolation of lipoprotein particles by
SEC™321228 " Fyrthermore, EVs in SEC images appeared aggregated and warped,
whereas EVs from Capto Core were not aggregated and appeared spherical. This was
interesting as previous studies utilising SEC to purify EVs have not reported EV
aggregation or changes in morphology?°2¢'2642%¢_This phenomenon is more typical of
differential ultracentrifugation, where high shear forces cause aggregation and rupture of
EVs?228%  As opposed to a feature of SEC, it is possible that due to the high EV and
contaminant concentrations of the cell culture preparations used in this study, high
pressure may be exerted on EVs when attempted to be purified by SEC due to exceeding
the maximum load of the column, therefore causing aggregation. Altogether, along with
the observations of notably more dark stained non-EV constituents and high background
in SEC images compared to the clear and detailed images of spherical EVs in the Capto
Core images, TEM analysis provided strong initial evidence that Capto Core was superior
to SEC for the purification of EVs from high cell density culture preparations. Silver
staining of SECx1, SECx3 and Capto Core samples also supported TEM observations.
Successive SEC runs saw a marked reduction of contaminant protein in TFF and SECx1
samples between 117 and 55 kDa, though the CC700 sample was further cleared of
contaminant protein. This supported the suggestion that CC700 was superior to SEC for

the purification of EVs from high cell density cultures.

Following initial comparisons, host cell protein that remained within preparations purified
by different Capto Core columns was compared to select the best column for purifying

EVs. This was conducted using the same analysis method as Corso et al. (2017). Pre-
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filtered high cell density culture preparations passed through different Capto Core
columns were separated from their remaining constituents by SEC?°. Here BCA protein
assay quantification was used on pooled fractions from the contaminant peak from SEC
purifications to assess remaining contaminant protein. Corso et al. (2017) used this
method to evaluate contaminant protein and RNA that remained when using the HiScreen
Capto Core 700 only?”®. However, this investigation represents the first instance where
the purification efficiency of different commercially available Capto Core columns has
also been assessed. HiScreen Capto Core 700 (CC700) columns elicited the greatest
reduction in total contaminant protein (Figure 4.4B); therefore, this was selected as the
best column to use for the remainder of the investigation. In the context of other studies
that have investigated Capto Core columns for the purification of EVs, this was significant
as most other studies also employed HiScreen columns, therefore validating their
findings as the best possible representation of EV purification using commercially
available Capto Core columns®*®?70273274 ‘McNamara et al. (2018) were the only group to
use a HiTrap Capto Core 700 column. Interestingly, McNamara et al. reported a
particle/ug value of approximately 2.5 x 10° particles/ug, which was slightly higher than
the 1.16 x 10° value reported here for CC700 presented in Figure 4.4E?’®. This may be
due to the prior purification steps performed by McNamara et al., including ultrafiltration

and PEGylation that removed high amounts of contaminant proteins prior to Capto Core.

Other studies that have compared the efficiency of different EV purification methods such
as precipitation, ultracentrifugation and immunoaffinity binding have reported that SEC
yields EVs of the highest purity with respect to protein. These studies have compared the
ability of these techniques to purify EVs from serum which offers further similarity to this

investigation due to the high protein density of serum?®??%2%¢ Here, as seen in Figure
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4.4E, CC700 was reported as superior to SEC for the purification of EVs from high cell
density culture preparations. Similarly, Veerman et al. (2021) also compared the efficiency
of common EV purification methods to deplete DNA and RNA from EV preparations and
reported that SEC yielded among the purest EVs per microgram of RNA for both
conditioned medium and plasma purifications®®. However, as shown here, while the
deviation between biological repeats was high, CC700 produced higher purity EVs per
microgram of DNA and RNA than SECx3 (Figure 4.4G). Additionally, as shown in Figure
4.4F, total DNA and RNA amounts were much higher than presented by Veerman et al.
(2021) due to working with high cell density culture preparations®®, presenting the high
dynamic range of CC700. Furthermore, CC700 is an inexpensive and accessible
technique, particularly for researchers that routinely utilise SEC due to its similarity and
utilisation of the same equipment. CC700 is also far more time efficient than all other
common techniques?'®?®®, Here the scalability of CC700 for EV purification from high cell
density culture preparations and large volumes is demonstrated, and its ability to yield
high-quality, clinically applicable EVs. Altogether, CC700 binding chromatography
presents a marked improvement over SEC for EV purification from free protein, although
further investigations should simultaneously compare CC700 binding chromatography to

other common methods of EV purification.

While CC700 presented as the better of SEC and CC700 for the purification of EVs from
DNA and RNA in high cell density culture, total DNA and RNA remained as high as in
SECx1 samples, as shown in Figure 4.4F. On the other hand, a far greater particle yield
was obtained by CC700 than SECx3, which had a far lower total remaining DNA and
RNA. This may suggest that remaining DNA and RNA were directly associated with EVs,

either as cargoes or associated with RNA binding proteins on EV surfaces®*.
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Nonetheless, solutions were explored to further reduce total DNA and RNA levels and
increase EV purity. Interestingly, treatment with benzonase saw both a reduction in DNA
and RNA (Figure 4.5A, B) and total particles (Figure 4.5C). Total particle losses may have
been due to damage to EVs following digestion of EV-associated DNA and RNA or to
degradation of some EVs after incubating TFF concentrates for one hour at 37°C.
However, other studies investigating this hypothesis did not report a loss of EVs or a
change in EV integrity?®*?%*. As seen in Figure 4.5A and B, Capto Q anion exchange
caused a marked reduction in EV DNA and RNA levels and, as seen in Figure 4.5D,
yielded the highest purity EVs per microgram of DNA and RNA. However, this was also
accompanied by low total particle yields. Other studies investigating anion exchange for
EV purification have reported improved particle purity and EV vyield versus
ultracentrifugation®°>%72%8_ Although, when investigating particle retention, Rautaniemi et
al. (2021) reported between a 35.3% and 54% loss of EVs by anion exchange®®.
Additionally, these studies only examined particles from the elution of phase of anion
exchange and did not include EVs from the flow-through phase. A possible explanation
for EV losses seen in this investigation and elsewhere following anion exchange could be
due to the overall negative charge of EVs, causing them to be bound to anion exchange
resin®®®. However, as shown in Figure 4.5F, far fewer EVs were identified in the sodium
chloride elution fractions than in the flow-through of Capto Q, suggesting that EVs did
not bind to the Capto Q column. Together the data suggest that benzonase treatment of
TFF filtered high cell density culture preparations followed by CC700 and Capto Q anion
exchange produces the highest purity EVs from DNA and RNA; however, reductions in

EV concentration present a notable trade-off to achieve this outcome.
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Turning to the characterisation of EVs derived from CC700 and SEC, the high expression
of the EV-associated proteins ALIX, B-actin, TSG101, annexin A1, syntenin and CD81 in
both CC700 and SECx3 samples (Figure 4.41), and a higher expression in these samples
than in SECx1 and whole cell lysate provided further evidence for the presence of purified
EV in both of CC700 and SEC samples'®. Interestingly, a high expression of calnexin was
seen in all samples. Calnexin has previously been reported as a non-EV marker',
although more recently, it has been suggested as a marker of large EVs (larger than 150
nm)'®. This may explain the slightly greater calnexin band intensity in the CC700 sample,
as the CC700 size distribution profile presents a greater percentage of post 150 nm
particles than in SECx1 and SECx3 samples (Figure 4.4H). Other studies have reported
a low expression of calnexin from SEC and CC700 purification by western blotting®®”?%.
However, as image contrast and brightness if often altered in western blotting to achieve
a clear image, without densitometric analysis and comparison, it is difficult to compare
expressions between studies. Additionally, the greater fibronectin band intensity in the
SECx3 sample may indicate a greater purity of CC700 EVs than SECx3 EVs, as
fibronectin is a secretory protein not typically associated with EVs and only associates
with EVs by binding to promiscuous receptors on the EV surface'®?*". In contrast, little to
no detection of EV markers in Capto Q samples, as seen in Figure 4.5G, provided further

evidence for the loss of EVs following this purification method.

Lastly, as seen in Figure 4.5E, a higher proportion of sub-200 nm particles were retained
by CC700 and Capto Q purifications than by SECx1 and SECx3. Other studies have also
reported differences in the size of particles yielded by different purification techniques.
SEC tends to yield fewer particles with a smaller average size and a narrower size

distribution than other techniques?¢2%+2%¢2%_Corso et al. (2017) also showed that CC700

115



yields EVs with an average modal size of roughly 120 nm?”°, while Brennan et al. (2020)
report a modal size of roughly 60 nm for EVs isolated by SEC and a low relative yield of
large EVs. Furthermore, Brennan et al. (2020) suggest the reason for the smaller modal
particle size and narrower size distribution of EVs purified by SEC is the disproportional
amount of protein aggregates or could indicate the presence of LDL and VLDL?®.
Altogether this corresponds with the observations in this investigation, including
potentially a larger proportion of lipoprotein particles in SEC samples as discussed
previously in association with the TEM images. Alternatively, differences in size
distributions could be due to the much lower total particle counts in SECx3 compared to
CC700. Finally, compared to CC700, a population of small particles seemed to be
removed following Capto Q purification, as presented by the differences between the
CC700 and Capto Q size distribution curves. This could correspond to the removal of

aggregates or lipoprotein contaminants®®

, particularly as Capto Q TEM images appeared
the cleanest of all TEM images. On the other hand, this population could represent
exomeres which average around 35 nm, although these particles are reported to have a

weaker negative charge®.
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4.5 Limitations, future work, and conclusions

4.5.1 Limitations

Overall, compared to SEC, clear improvements in purity among EVs derived from high
cell density cultures were seen in CC700 samples. However, notable variability among
biological repeats was seen in almost all assays, causing differences to appear
insignificant. The experiments seen here would benefit from further biological repeats to
produce concordance in the data and any significant differences. Alternatively,
comparisons of CC700 versus SEC or other techniques may benefit from performing
paired analysis to observe any significant differences by dividing TFF concentrated EV
preparations in two before performing subsequent purification techniques. However, this
may not accurately represent the capability of any assessed techniques to purity EVs
from high cell density cultures due to the reduction in contaminant and EV yield by

dividing a preparation in two.

Certainly, particles/pg data, western blotting and TEM imaging provided strong evidence
of improved EV purity following CC700. However, assessments of protein and nucleic
acids remaining in purified EV preparations by BCA and RiboGreen assays, respectively,
did not reveal reductions in soluble protein and nucleic acids exclusively. Further
investigations into CC700 EV purification may benefit from purifying EVs from cells
modified to release a fluorescent or traceable soluble protein. Alternatively, a fluorescent
EV membrane protein to distinguish between proteins contaminants and EV protein could
be used'®'*?2 Fluorescent oligos could also be spiked into EV preparations and tested
in the same manner. In this way, the efficiency of a technique to separate EVs from

contaminating protein can be monitored through the reduction in fluorescence of purified
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EV samples and may provide a more specific representation of CC700 purification

efficiency.

Additionally, while the ability of CC700 and SEC to remove contaminating proteins and
nucleic acids was assessed, the level of non-EV particles such as lipoprotein particles

that remained in EV preparations was not specifically tested'***'>?7

. Identifying these co-
isolates in EV preparations will strengthen purification efficiency analysis, as the presence
of non-EV particles may skew particles/ug data towards higher values, giving the
impression of purer EV preparations. If non-EV patrticles are confirmed to be a constituent
of CC700 preparations, the CC700 purification protocol could be further developed to
address the high unmet need for purification techniques that isolate EVs from non-EV

particles, such as lipoproteins?’®2%2,

Finally, while the function of CC700 and SEC purified EVs was not compared within this
chapter, functional assays in chapter 5 present CC700-derived EVs as functionally active
in vitro. Future studies should perform this comparison to ensure that CC700 EVs are not

only pure but retain their functional activity.

4.5.2 Future work

The data in this chapter describes the suitability of CC700 for the purification of EVs from
high cell density culture. While other studies have demonstrated the suitability of CC700
to purify EVs from lower density cell culture preparations®®#70272274276 it ig likely that
CC700 will also be suitable for EV purification from low cell density culture. This is
particularly interesting as it suggests that CC700 could serve as a replacement for SEC,

particularly given its accessibility, inexpensiveness and time efficiency. However, to
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further validate the use of CC700, future studies should compare CC700 EV purification
with other commonly used methods for the purification of EVs from low and high-cell
density culture preparations. Additionally, comparing CC700 to other purification
techniques for EV purification from biofluids such as serum and plasma will also be
valuable due to the high protein and nucleic acid concentrations within these
preparations and the few studies that have compared EV purification methods from
biofluids. Furthermore, while SEC combined with ultracentrifugation has been shown to
produce pure EVs from serum and plasma samples #¢2% CC700 could offer a much

faster alternative.

Otherwise, while Capto Q anion exchange presented a promising addition to CC700 to
reduce total DNA and RNA levels in EV preparations, significant reductions in total
particle counts and EV marker expression highlight the need to optimise anion exchange
to improve EV yield. As other studies have reported successful EV purification using anion
exchange, adopting protocols used elsewhere may help improve Capto Q yields?*>?728,
Furthermore, similar comparative and functional studies to those proposed for CC700
would also be beneficial in combination with anion exchange. Additionally, work should

be done to categorise the particle population that was seemingly removed following

Capto Q anion exchange, as seen in Figure 4.5.

Once optimised, CC700 presents a valuable tool for purifying high, clinically relevant EV

concentrations for therapeutic delivery. Although, in vivo toxicity studies should be

performed to ensure the safety of EVs purified by CC700.
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4.5.3 Conclusion

Overall, CC700 binding chromatography was superior to SEC for the purification of EVs
from high cell density culture preparations. During conventional SEC-based EV
purification, SEC columns are exposed to EV and contaminant concentrations far beyond
their separation capabilities, causing incomplete resolution of protein and nucleic acid
contaminants from EVs. For high cell density cultures, SEC must be performed multiple
times on the same preparation to achieve complete purification of EVs. However, this
results in significant EV losses, defeating the purpose of utilising high cell density culture

preparations.

CC700 offers an inexpensive and accessible alternative to SEC, with high scalability and
yields high-quality, clinically applicable EVs over twice as pure from contaminating
protein and nucleic acids as EVs purified by SEC. CC700 also offers high scalability.
Although numerous studies comparing EV purification techniques conclude that SEC
represents the current gold standard of commonly used EV purification techniques, this

study presents CC700 as a new gold standard of EV purification.

120



4.6 Supplementary Figures
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Supplementary Figure S4.1 Validation of “DMEM constituent peak” following SEC
purification of DMEM + 1% A/A. 2 mL of DMEM + 1% A/A passed through a Tricorn
10/300 size exclusion chromatography column packed with Sepharose 4 Fast Flow resin
producing the displayed chromatogram showing a ~30 mAU peak beginning after ~15
mL of elution. The resulting peak is close to identical to the “DMEM constituent peak”

described in Figure 4.4A. Red lines on x-axis denote fractions collected.

121



5.0 Identifying EV heterogeneity to improve therapeutic potential

5.1 Introduction

5.1.1 EV heterogeneity

As previously described, “extracellular vesicles” is an umbrella term that encompasses
many subtypes of cell-derived membranous nanoparticles that are often further
categorised as exosomes or microvesicles according to their route of biogenesis.

236 whereas microvesicles are sized

Exosomes are sized between 30 and 150 nm
between 50 and 1,300 nm*?‘. Once released from cells, the crossover in size ranges
results in the formation of a heterogenous mix of EVs, which also differ in their respective
proteomes and cargoes. However, aside from biogenesis, further degrees of EV
heterogeneity have been shown to exist that are associated with EV size; cell type, state,

protein expression and differentiation; and epigenetic factors®’>">%°557.58.153

, evoking
questions regarding the true source and determinants of EV heterogeneity, or whether

EV heterogeneity occurs more stochastically.

A study by Kowal et al. (2016) demonstrated these degrees of heterogeneity by first
separating small EVs (sEVs), and large EVs (IEVs) derived from dendritic cells using both
differential ultracentrifugation (dUC) and density gradient centrifugation (DGC) and
performing LC-MS/MS proteomics analysis to assess differences in EV proteomes. sEVs
with a majority size range of 50 to 150 nm were exclusively enriched in syntenin-1,
TSG101, ADAM10, and EHD4, which are often associated with exosomes. However,
both sEVs and IEVs with a majority size of over 150 nm were also enriched in other

markers thought to be exclusive to exosomes, including MHC class Il or class |, heat-
122



shock proteins 70, flotillins, and actin, despite the majority presence of EVs larger than
the normal exosome size range. The universal expression of these markers demonstrates
the mix of EVs secreted from cells and the challenge that EV researchers face to separate
subtypes of EVs to understand or mitigate EV heterogeneity. Kowal et al. (2016) also
isolated EVs based on their expression of CD9, CD63 and CD81 by immunoaffinity
binding®. These tetraspanins have previously been shown to be exosome-
associated'®22%2%  glthough the presence of CD63 and CD9 was also confirmed on
IEVs. Proteomics analysis of EVs in each of these tetraspanin populations showed
differential protein expression and some proteins that were exclusively associated with
one tetraspanin than the others®. This further presents the extent of EV heterogeneity
within EV subtypes and the complexity of distinguishing between different EVs within a

heterogeneous population.

5.1.2 Size-based EV heterogeneity

Historically, in EV-based studies, researchers are often quick to categorise EVs as either
exosomes or microvesicles to attempt to explain or attribute EV characteristics to a
specific subtype of EVs. However, as explained previously, EVs are naturally
heterogeneous in particle size, and crossover in size ranges makes isolation of exosomes
or microvesicles challenging to isolate and study selectively. In addition to various
proteins considered markers of EVs in general, various proteins have also been proposed
as markers of exosomes or microvesicles'®**'*2, However, various studies have shown
that identifying these specific EV subsets is not so simplistic as heterogeneity has been
observed among these assumed EV subsets themselves*'*?. Instead, one of the most

common methods of studying EV heterogeneity has been according to EV size, to
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establish if size itself is a delineating factor in determining EV contents or functional roles

as opposed to biogenesis.

Numerous studies have demonstrated significant differences in EV proteomes and
transcriptomes that accompany differences in size. Xu et al. (2018) used sequential
ultrafiltration to separate sEVs, and IEVs derived from LIM1863 colon cancer cells. LC-
MS/MS Proteomics analysis revealed 354 differentially expressed proteins in sEV and
606 differentially expressed proteins in IEVs, with 256 proteins in common and 350
uniquely enriched proteins in IEVs. Unlike the study performed by Kowal et al. (2016), Xu
et al. (2018) presented highly significant (P < 0.0005) functional differences between sEVs
and IEVs; |IEVs elicited a three-fold higher invasion of non-invasive recipient fibroblast
cells than sEVs. These differences were attributed to differential enrichment of proteins
involved in invasion, migration, and cell motility among the two EV populations®.
Similarly, Willms et al. (2016) used density gradient centrifugation to isolate low- and
high-density EVs that the authors termed “LD-EXO” and “HD-EXO”, respectively. These
EV populations differed in size, with the majority of LD-EXOs ranging from 75 to 200 nm
with a modal size of 117 nm, while the majority of HD-EXOs had a size range of 50 to
120 nm with a modal size of 66 nm. Once again, the authors present differences in
function elicited by the two differently sized EV populations. HD-EXO altered the
expression of 1116 genes, whereas LD-EXO altered the expression of only 257 genes,
compared with PBS treatments. Subsequently, altered gene expression significantly
impacted protein expression®. Lastly, Zhang et al. (2018) were able to optimise the use
of asymmetric flow field-flow fractionation to fractionate EVs into different size-based
subpopulations, including 90-120 nm (Exo-L), 60-80 nm (Exo-S). In addition, they were

the first to characterise a sub-50 nm, non-membranous nanoparticle population termed
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exomeres with a proteome substantially different from that of Exo-L and Exo-S. Exo-S
were predominantly enriched in proteins associated with endosomes, multivesicular
bodies, vacuoles and phagocytic vesicles, while Exo-L were specifically enriched in the
plasma membrane, cellular contact/junctions, late-endosome and trans-Golgi network

proteins®-#%°,

The studies mentioned above have used different techniques to separate EVs into
different size-based populations, including ultrafiltration density gradient centrifugation
and asymmetric flow field fractionation. In most cases, a population of post-150 nm IEVs
were produced, as were a population of sub-150 nm sEVs. However, size-based
heterogeneity has been shown to exist among sub-150 nm EV populations, thus
highlighting the need for higher resolution techniques to separate EVs into EV populations
with narrower size ranges to explore the extent of size-based heterogeneity further. To
explore this further, Willms (2018) used a Cytiva XK-16/70 column packed with Sephacryl
S1000 resin to fractionate SKOV3 ovarian cancer EVs into four different populations. The
four populations were selected according to the resulting UV chromatogram profile
produced by the XK-16/70 corresponding to sample elution at different times following
size separation. NTA analysis showed marked differences in size distribution profiles of
each pool, with incrementally smaller EVs ranging from roughly 175 nm to 45 nm across
all four pools. Willms (2018) later showed significant differences in the facilitation of
SKOV3 cell adhesion by EVs from each of the four pools and unfractionated SKOV3 EVs,

which was linked to CD29 expression on EVs®'.

Given the vast heterogeneity of secreted EVs, the numerous factors that can affect their

composition, and the plethora of cell sources, it has been difficult to clearly attribute any
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given function to a particular subset of EVs. Furthermore, currently available EV
purification methods are arguably unable to distinguish EVs based on their subtype or
biogenesis due to overlapping sizes of EVs subtypes and continued uncertainty
surrounding biogenetic markers, resulting in heterogeneous EV populations of diverse
origin®“8. Advances in EV purification methods and the use of novel high-resolution and
single-particle characterisation techniques will enable significant advancements in
understanding EV heterogeneity, and the precise role of EVs in physiological and
pathophysiological processes such as cancer will aid the advancement of the therapeutic

EV platform.

5.1.3 Composition-based EV heterogeneity

As previously described, aside from size, EV heterogeneity has also been associated with
cell type and state, and differences in cellular protein expression. Therefore, as opposed
to studying EV heterogeneity based on size, the composition of EVs has been used as a
focus for studying EV heterogeneity. Immunoaffinity isolation techniques have been used
to isolate EVs with heterogeneous protein compositions from different types of cells, cells

in different states or cells exposed to different stimuli that may affect EV heterogeneity.

In a study that demonstrates the value of composition-based EV heterogeneity studies,
Pietrowska et al. (2021) isolated EVs from the plasma of 15 melanoma patients and
performed magnetic bead-based immunoaffinity purification to separate chondroitin
sulfate peptidoglycan 4 (CSPG4)-positive EVs from CSPG4-negative EVs, as CSPG4 is
overexpressed in melanoma cells. The authors identified 73 proteins upregulated in
melanoma-associated CSPG4-positive EVs, including 13 proteins such as ALIX and heat

shock protein 90-beta, whose levels discriminated patients with progressive metastatic
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melanoma from those who had no evident or stable disease after therapy®®’. Identifying
these differences in protein expression between EVs may help produce a melanoma
liquid biopsy or serve as a prognostic marker. In a similar study, Mathivanan et al. (2010)
isolated EVs positive for colon cancer-specific marker glycoprotein A33 (GPA33) from
LIM1215 colorectal cancer cells by immunoaffinity binding, revealing 394 proteins that
were unique to GPA33-positive EVs compared to EVs isolated by ultracentrifugation. Of
these 394 proteins, more than 50% were categorised in at least one of the seven cancer

hallmark attributes®’

. Therefore, these findings could serve as a basis for a potential anti-
cancer therapy and highlights the impact that composition-based EV heterogeneity
studies could have on therapeutic development. In a separate disease context, EVs
expressing neural cell adhesion molecule L1 purified from the plasma and serum of
Alzheimer’s disease (AD) patients have shown to be enriched in p-T181-tau and p-T231-
tau, which are highly involved in the development of AD*%. This could provide a liquid

biopsy to contribute to the diagnosis of AD, or a therapeutic strategy to slow the

progression of AD.

Elsewhere, Herwitz et al. (2016) assessed the heterogeneity of EV populations derived
from 60 cancer cell lines to identify common EV protein cargoes and biomarkers specific
to different cancer types. 6071 proteins were identified in EVs by LC-MS/MS proteomics,
of which 213 were common to all cell lines. Of EV-specific proteins, only CD81, ALIX, and
heat shock protein 8 (HSPA8) were common to all samples, while many of the other EV
proteins varied greatly in their expression between EVs derived from different cell lines.
LC-MS/MS analysis also revealed similarities between EVs derived from cells with similar

299

metastatic potentials Despite these differences, EVs were purified by PEG

precipitation and ultracentrifugation, which may have included impurities within EV
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preparations®*%??%22%; therefore, replications of these studies using more strenuous

purification techniques may be beneficial. As with other examples, comparisons of EV
heterogeneity between cell lines may provide novel diagnostic or therapeutic avenues.
Various studies have also focused on EVs derived from cells exposed to differences in
environmental factors such as heat stress, hypoxia, and nutrition, revealing differences

in EV heterogeneity as a result®®>%,

5.1.4 Advancing understanding of EV heterogeneity

Considerable progress has been made in documenting, understanding and utilising EV
heterogeneity. However, many questions remain regarding the factors that may impact
EV heterogeneity, the source or determinants of EV heterogeneity, and the impact that
EV heterogeneity may have on the function of EVs, particularly for therapeutic
development. In this chapter, numerous findings that further present the extent of EV
heterogeneity with respect to numerous factors and the impact of heterogeneity on EV

functions are described.

Firstly, while Willms (2018) showed the high resolutive capability of XK-16/70 SEC for
separating sub-150 nm EVs and demonstrated the functional heterogeneity of SKOV3
EVs in different size-based subpopulations, until now, the proteome of these EVs has not
been extensively scrutinised®’. In this chapter, the protocol of Willms (2018) was
replicated to separate SKOV3 EVs into the same four size-based subpopulations and
analyse their differences in protein expression. NanoView ExoView R100 was utilised to
assess the tetraspanin profile of each EV subpopulation, structured illumination
microscopy to assess colocalisation of CD81 and CD29 among each of the EV

subpopulations, and performed LC-MS/MS proteomics analysis to gain detailed insights
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into the differences in EV proteomes among each of the four pools. The analysis in this
investigation provided further evidence of the heterogeneous nature of EVs, showed the
association between EV size and protein expression at a higher resolution than seen
elsewhere in the literature, and presented differences in the expression of functional

proteins and protein classes that suggest different functions for different sized EVs.

Furthermore, while heterogeneity with respect to EV biogenesis, size, protein expression,
cell type and external factors has been explored®®, whether temporal changes in EV
protein expression occurs has yet to be explored. In addition to assessments of size-
based EV heterogeneity, within this chapter conditioned medium was harvested from two
different subclones of MDA-MB-231 breast cancer cells on a weekly basis for seven
weeks, and changes in expression of EV surface proteins were determined by MACSPlex
Exosome Flow Cytometry. This data presented an additional source of EV heterogeneity
that had not previously been documented and further displays the complexity of EV

heterogeneity due to its many sources.

Finally, in the study of EV heterogeneity, it is important to remember that once released
from cells, EVs travel to recipient cells and deliver their cargoes to elicit biological effects.
Due to the vast heterogeneity in EV cargoes and protein expression, these differences
may translate into heterogeneous EV functions. Indeed, various studies have
documented differences in function between different subsets of EVs derived from the
same parent cell population, and these differences have been linked to EV size,
biogenesis, and functional protein expression®°%, This highlights the differential function
of EVs derived from the same cell type and suggests that some EVs within a total cell-

derived EV population may not be involved in certain functions, potentially dampening or

129



even having an antagonistic effect on EV efficacy. Therefore, functional heterogeneity is
an important factor to determine in the development of EV therapeutics, as the use and
engineering of a total EV population may yield EV therapeutics that have an
unintentionally lower efficacy. Characterising functionally heterogeneous EV
subpopulations may aid industry therapeutic development strategies by providing the
necessary data to selectively purify therapeutically advantageous EVs. Furthermore,
whether heterogeneity in EV function is directly mirrored in parental cells and is a direct
cause of EV heterogeneity is yet to be determined. While biologists habitually assume
uniformity of the clonal cell populations grown in vitro, numerous studies have shown
differences between single cells in clonal populations. This is suggested to arise due to
genetic variability, somatic mutations, epigenetic factors, and stochastic fluctuations.
Cellular heterogeneity has been shown to affect the function of a cell, its differentiation
and even affect EV production and EV function®*=%, Therefore, in the final investigation
that took place in this chapter, subclonal populations of mesenchymal stem cells were
generated by single-cell sorting, and EVs were harvested from each subclone.
Subsequently, in vitro assays assessing various functions of isolated EVs were performed
to identify functional heterogeneity. The proteome of EV populations was then assessed
by LC-MS/MS proteomics analysis to provide possible explanations for the differences
in function and identify markers that could be used to identify these functional EV

subpopulations in other EV preparations in the future.
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5.2 Materials and methods

5.2.1 EV fractionation by XK-16/70 size exclusion chromatography

To further separate particles according to size, EVs purified by Tricorn 10/300 SEC were
pooled and were subjected to a higher resolution SEC protocol using an AKTA Pure
chromatography system and an XK-16/70 SEC column (Cytiva) packed with Sephacryl®
S-1000 Superfine SEC medium (Cytiva). Chromatography was performed in PBS at a

flow rate of 0.5 mL/min and monitored using absorbance at 280 nm.

Thirty individual 4 mL fractions were collected and stored at 4°C. Fractions were pooled
together according to the positions of peaks on the UV chromatogram. Pooled fractions

were concentrated using Amicon Ultra 10 kDa MWCO centrifugal filters (Merck Millipore).

5.2.2 Adhesion assay

The adhesion assay protocol was adapted from Willms (2018)°. 1 ug of each sample was
coated, in triplicate, onto 96-well plates (Corning, NY, USA) overnight at 4°C. PBS alone
was used as a negative control. After incubation, wells were washed with PBS to remove
unbound sample. Cells were washed with PBS, trypsinised, and resuspended in
supplement-free medium (the final concentration of SKOV3 cells was 200,000 cells/mL,
whereas, for MSCs, it was 100,000 cells/mL). 100 pL of this cell suspension was added
to each well and left to incubate and adhere for 30 minutes. Subsequently, each well was
washed in three changes of PBS to remove unadhered cells. Images were taken on an
EVOS FL Cell Imaging System (Thermo Fisher Scientific) to evaluate the level of adhesion;

the number of adhered cells was quantified using Imaged — Analyse Particles.
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Alternatively, the IncuCyte ZOOM (Essen BioScience, Newark, UK) was used to take

images of each well and count cells using built-in software after washing.

Raw results for each n-number were summed. Individual results were then divided by the
sum and multiplied by 1000 to compensate for fluctuations in cell adhesion due to

experimental error.

5.2.3 NanoView ExoView R100

Single particle characterisation of SKOV3 EV populations was performed using the
ExoView R100 (NanoView Biosciences, MA, USA), operated by NanoView Biosciences
personnel. EVs were diluted in Solution A (a proprietary formulation containing Tween-
20) to a concentration of 1 x 10® EVs. 35 pL of each sample were incubated at room
temperature on ExoView Tetraspanin chips (NanoView Biosciences) printed with anti-
CD63 (clone H5C®6), anti-CD81 (clone JS81), or anti-CD9 antibodies (clone H19a), or

mouse IgG1k isotype control antibodies.

Chips were washed in three changes of 1 mL Solution A for three minutes, followed by
incubation for one hour at room temperature with a 1:5000 dilution of fluorophore-
conjugated tetraspanin antibodies (anti-CD9-Alexa Fluor 488 [AF488], anti-CD81-AF555,
and anti-CD63-AF647) in Solution A with 2% bovine serum albumin. Subsequently, chips
were washed in Solution A, three changes of Solution B, then a wash in filtered deionised
water and dried. Chips were then imaged with the ExoView R100 reader. Images were

acquired and analysed using ExoViewer software.
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Sizing was obtained by interferometry-based label-free particle measurements between
50 and 200 nm performed on each spot. Mean size was calculated from three spots for
each capture antibody. Particle number was defined in terms of normalised particles

(number of particles in a 150 uym area of the antibody capture spot).

5.2.4 LC-MS/MS proteomics analysis
Before LC-MS/MS analysis, EV samples needed to be digested and desalted and
proteins needed to be purified. 10 pg of purified EVs were used for each sample and

made up to 200 pL with PBS.

Firstly, to digest the EVs, dithiothreitol (Thermo Fisher Scientific) was added to each
sample to a final concentration of 5mM, vortexed and incubated for one hour. Next,
lodoacetamide (Sigma Aldrich), an alkylating agent, was added to each sample to a final

concentration of 20 mM and incubated for one hour.

Proteins were then precipitated by the methanol/chloroform extraction method. 600 L
of methanol (Fisher Scientific) and 150 pL of chloroform (Sigma Aldrich) were added to
each sample and vortexed. 450 pL of Milli-Q water was added to samples, and they were
vortexed again. Samples were centrifuged at 17,000 x g for one minute, separating the
solution into phases. The upper phase was carefully pipetted, ensuring not to disrupt the
interphase solution. 450 pyL of methanol was added to each sample, and they were
vortexed and centrifuged again at 17,000 x g for two minutes. The supernatant was
discarded from each sample, and precipitated proteins were resuspended in 50 yL 6 M
urea (Sigma Aldrich) buffer by vortexing. The urea concentration was reduced to a final

concentration of less than 1 M by adding 250 pL of Milli-Q water and vortexing. 0.2 pg of
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sequencing grade modified trypsin (Promega) was then added to achieve a 1:50 ratio of
trypsin to protein and digest proteins into small peptides. This was performed overnight

at 37°C.

Finally, peptides were purified and concentrated using Thermo Scientific Pierce C18 Spin
Column (Thermo Fisher Scientific). Two solutions were made up: 0.1% trifluoroacetic
acid in 2% acetonitrile (solution A), and 0.1% trifluoroacetic acid in 65% acetonitrile
(solution B). 200 pL of solution B was added to each column. Columns were centrifuged
at 1500 x g for one minute, and the flow-through was discarded. This was repeated a
second time. 200 pL of solution A was added to each column, and columns were
centrifuged at 1500 x g. The flow-through was discarded, and this was repeated a
second time. Digested samples were then added to the columns, and columns were
placed in new receiver tubes and centrifuged at 1500 x g for one minute. The flow-
through was recovered, re-applied to the column, and centrifuged again at 1500 x g to
ensure complete binding of the peptides to the column. 200 pL of solution A was added
to each column, and columns were centrifuged at 1500 x g for one minute to wash the
peptides bound to the columns. The flow-through was discarded, and the wash was
repeated. Finally, columns were placed into new receiver tubes, and 20 pL of solution A
was added to each column to elute the bound peptides. Columns were centrifuged at

1500 x g for 1 minute, and the elution with the same receiver tube.

Samples were dried using a ScanVac Scanspeed 40 vacuum centrifuge and submitted
to the Target Discovery Institute, University of Oxford, for label-free mass spectrometry
analysis. Before analysis on the Q Exactive (Thermo Fisher Scientific) or Fusion Lumos

(Thermo Fisher Scientific), peptides were separated using an Ultimate 3000 RSLCnano
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system (Thermo Fisher Scientific). The Q Exactive was operated in a data-dependent
manner, selecting the top 10 precursors for fragmentation by HCD. The survey scan was
performed at 70.000 resolution from 400-1600 m/z, with a max injection time of 100 ms
and a target of 1 x 10° ions. For generation of high-energy collision dissociation
fragmentation spectra, a max ion injection time of 140 ms and automatic gain control of
1 x 10° were used before fragmentation at 30% normalised collision energy, 35.000
resolution. Precursors were isolated with a width of 2 m/z and put on the exclusion list

for 70 s. Single and unassigned charge states were rejected from precursor selection.

Analysis was performed using MaxQuant Perseus v2 (Max Planck Institute of
Biochemistry, Munich, Germany), and graphs were constructed in Prism 9. Raw intensity-
based absolute quantification (iBAQ) scores were filtered to remove protein duplicates,
reverse variables, contaminants, and any protein hits included in only one of three n-
numbers. Data was also transformed on a log. scale, and width adjustment normalisation
was performed. Gene Ontology (GO) term enrichment and overrepresentation analysis
were performed using the Protein Analysis Through Evolutionary Relationships

(PANTHER) software, as outlined in Sork et al. (2018)°®.

5.2.5 Structured illumination microscopy and colocalisation analysis

SKOV3 EV populations were incubated with recombinant rabbit anti-CD81 (Abcam,
ab219209, 1:100) and mouse anti-CD29 antibodies (Genetex, GTX44230, 1:500)
overnight at 4°C. Subsequently, EVs were incubated with donkey anti-rabbit IgG Alexa
Fluor® 647 (Abcam, ab150075, 1:1000) and donkey anti-mouse IgG Atto-488 (Jackson
ImmunoResearch Europe Ltd, Ely, Cambridgeshire, UK, 715-545-150, 1:500) for one

hour at room temperature. After incubation, structured illumination microscopy (SIM) was
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performed without needing further EV purification due to labelled EVs being identifiable
above background levels. 200 pL of labelled EV samples were pipetted into separate
wells of ibidi p-Slide 8 Well Glass Bottom slides (ibidi GmbH, Gréafelfing, UK) and
incubated at room temperature for 30 minutes. Samples were then aspirated, wells were
washed with one change of PBS, and 200 pL of PBS was re-applied to each well.
Samples were imaged with the Zeiss Elyra 7 with Lattice SIM? (Carl Zeiss, Oberkochen,

Germany) using 532 nm and 642 nm lasers.

Colocalisation analysis of SIM images was performed using the EzColocalization plug-in
for FiJi as described in Weston et al. (2018)*™. Briefly, images from the 532 nm (CD29-
positive) and 642 nm (CD81-positive) channels were loaded into Imaged. The brightness
and contrast were adjusted for both images to make positive particles more visible. A
Gaussian blur was applied to both images to enable EzColocaliztion to identify crossover
between colocalised signals in each channel. The 642 nm channel image was then
duplicated, thresholded and converted to a binary format, and inverted. This image was
then used as a mask for EzColocalization. Images from both channels were loaded into
EzColocalization along with the mask, and threshold overlap scores were generated. 1.0
indicates complete colocalization between CD81 and CD29, 0.0 indicates no relationship
between CD29 and CD81, and -1.0 indicates complete anti-colocalization between CD81

and CD29.

5.2.6 MACSPIex flow cytometry assay and temporal variation analysis
MACSPIex exosome flow cytometry was carried out as described by Wiklander et al.
(2018)*"". 120 pL of centrifuged conditioned medium from each MDA-231-MB (MDA cell

culture was incubated with 15 pL of MACSPlex capture beads (Miltenyi Biotech, Bergisch
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Gladbach, North Rhine-Westphalia, Germany) overnight with gentle rotation. Beads were
then washed in MACSPlex buffer and incubated with CD81-APC, CD63-APC and CD9-
APC conjugated antibodies (Miltenyi Biotech) for one hour. Beads were then washed in
two changes of and resuspended in MACSPlex Buffer. Fluorescence of the 39 bead
populations was assessed using a CytoFlex S flow cytometer (Beckman Coulter, Brea,
CA, USA). Bead populations were resolved in FITC (B525) and PE (B585) channels. Data
was analysed by assessing the median fluorescence intensity (MFI) for APC (R660) for

each gated bead population.

Background bead mean APC fluorescence intensities were subtracted from the
respective sample mean APC fluorescence intensities. Values were relativised to the
mean APC fluorescence intensities of CD63, CD81 and CD9 bead populations at week
one of harvesting, respective of MDA cell subclone (lung or brain variant). Subsequently,
the sum of fluorescence intensities for each sample was made equal to 1,000. The mean
of each weekly set of samples for each MDA cell subclone was calculated, and this was
used to display the most highly expressed proteins on a weekly basis and rank proteins
in order of their expression in week one of harvesting. Finally, proteins were normalised
to their expression in week one, and log. was derived to show the change in protein

expression on a weekly basis.

5.2.7 FACS single cell sorting

MSCs were removed from their culture vessels using trypsin and centrifuged at 700 x g
to pellet the cells. Supernatant was discarded, and cells were resuspended in 4 mL of
0.22 pm filtered complete culture medium (MSC Basal Medium for Adipose, Umbilical,

and Bone Marrow-derived MSCs supplemented with Mesenchymal Stem Cell Growth Kit
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for Adipose and Umbilical-derived MSCs — Low Serum and 1% A/A) to wash cells and
remove trypsin. Cells were again centrifuged at 700 x g to pellet cells. Cells were then
resuspended in 1 mL of 0.22 ym filtered complete culture medium. 150 pL of complete

culture medium was pipetted into each well of 96-well plates.

Dead cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) to distinguish live cells
from dead cells. The BD FACSAria-ll, operated by Robert Hedley, was used to gate for
the live cells and sort a single live cell into each well of a 96-plate. Following single cell
sorting, 96-well plates were re-incubated at 37°C in a humidified environment of 5% CO..
Single-cell populations were monitored and expanded into larger vessels upon
outgrowing 96-well plates. MSC single-cell subclonal populations were named according
to the wells of 96-well plates they were derived from; for example, MSC subclone B4

cells were derived from well B4 of a 96-well plate.

5.2.8 T cell proliferation assay
As shown in Grist et al. (2018), T cell proliferation is proportional to extracellular lactate

production®?

. Therefore, to indirectly measure the effects of MSC subclone-derived EVs
on CD4+ and CD8+ T cell proliferation, the Promega Lactate-Glo Assay (Promega) was

employed.

CD4+ and CD8+ T cells derived from healthy patient blood samples were identified by
flow cytometry and kindly provided by Ashwin Jainarayanan. 50,000 cells of each type
were seeded in triplicates in 96-well plates corresponding to the number of EV samples

to be tested. A further two triplicates of each cell type were established to be used for
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positive and negative controls. Once seeded, cells were incubated for 48 hours at 37°C

in a humidified environment of 5% CO..

Following acclimatisation, 5 x 10’ EVs were added per well for each condition in the 96-
well plate generating a 1:1000 ratio of cells to EVs. Positive and negative controls were
applied to designated wells. The positive control consisted of 2 pL of flow cytometry
purified IL-2, provided by Ashwin Jainarayanan. The negative control consisted of 150
pL of serum-free OptiMEM. Wells were topped up to 200 pL with serum-free OptiMEM
containing 1% A/A. 96-well plates were reincubated at 37°C until in a humidified

environment of 5% CO..

After 48 hours, 96-well plates were removed from incubation and centrifuged at 1,000 x
g to sediment the T cells. 1 pyL of the suspension in each well was transferred to a new
96-well plate and diluted with 49 pL of PBS. Subsequently, T cell proliferation was
assessed by measuring extracellular lactate using the Promega Lactate-Glo assay and

following the manufacturer’s protocol.

5.2.9 Migration assay

The migration assay protocol was adapted from Willms (2018)°'. Briefly, a 10 pyL sample
of HMEC-1 or wild-type MSC cells were stained with trypan blue (Sigma Aldrich). The
number of live and dead cells was counted using a LUNA-II Automated Cell Counter
(Logos Biosystems, Gyeonggi-do, South Korea). 50,000 live HMEC-1 cells or 5,000 live
MSC cells suspended in the serum-/supplement-free medium were seeded per well in
96-well IncuCyte® ImageLock Plates (Essen BioScience). Cells were incubated overnight

at 37°C in a humidified environment of 5% CO. to form a confluent monolayer.
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The next day scratches in confluent cell monolayers were made using a Woundmaker 96
(Essen BioScience), and detached cells were washed away with PBS. Subsequently, the
cells were treated in triplicate with a 1,000x excess of EVs to cells. Migration of the cell
monolayer was followed over time using IncuCyte ZOOM (Essen BioScience), which was
set to take images every hour. Migration was quantified using a FiJi plug-in kindly written

by Oliver Gerrit De Jong.

5.2.10 Dipeptidyl peptidase-4 (DPP4) activity assay

To assess dipeptidyl peptidase-4 (DPP4) activity in MSC subclone-derived EVs or cells,
EVs or cells from each subclone and parental wild-type MSCs were added in triplicate to
96-well plates. The volume of each well was made up to 50 pL with PBS. Subsequently,
a DPP4-Glo Protease Assay (Promega) was performed following the manufacturer’s
protocol. Briefly, a 1:500 dilution of DPP4-Glo substrate in Luciferin Detection Reagent
dissolved in DPP4-Glo Buffer was made up. Then, 50 pL of this solution was added to
each well of the 96-well plate containing EVs or cells diluted in PBS, as well as PBS
negative control and 1 ng/mL purified recombinant human DPP4 protein (Enzo Life
Sciences, Exeter, UK). The assay was then incubated for 30 minutes at room
temperature, and DPP4 activity measured via luminescence using the Clariostar Plus

Microplate Reader (BMG Labtech).

A standard curve of MSC subclone B10-derived EVs ranging from 1 x 10° EVs and 1 x

10° EVs were constructed in triplicate in a 96-well plate to approximate the appropriate

amount of EVs to use for each sample without infringing the limit of detection of the
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assay. A standard curve of MSC subclone B10 cells ranging from 25 to 2,500 cells were

also constructed for the same purpose.
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5.3 Results

5.3.1 SKOV3-derived EV subpopulations present differential effects on SKOV3
adhesion in vitro

As previously described in section 5.1.2, secreted EV populations are heterogeneous in
terms of both their physical characteristics and their associated physiology. EV size is
one such factor related to functional and physical EV heterogeneity. Numerous studies
have documented EV heterogeneity, often with respect to EV biogenesis or EV
populations with broad size ranges (i.e. sEVs and IEVs). However, whether size-based
heterogeneity exists between narrower size ranges, and whether EV size is linked to EV

heterogeneity irrespective of EV biogenesis is yet to be fully understood.

To test the link between EV size and heterogeneity, high-resolution size-based separation
of SKOV3-derived EVs performed by Willms (2018) was replicated using an XK-16/70
SEC column packed with Sephacryl S1000 resin (XK-16/70)°". Following the same
methodology for the fractionation of EVs according to the UV chromatogram, four EV
subpopulation pools were identified and characterised. Figure 5.1A presents a UV
chromatogram from a SEC XK-16/70 Sephacryl S1000 EV purification to separate
SKOV3 EVs into four subpopulations. Fractions 1 to 8 formed Pool 1, 10 to 15 formed
Pool 2, 17 to 20 formed Pool 3, and 22 to 30 formed Pool 4. Two fractions were skipped
between each pool to reduce possible carryover of the constituents of one section of the
elution profile into another. Pool 1 encompassed the large peak on the left side of the
chromatogram. Pool 2 encompassed the second broad peak. Pool 3 included a small

number of fractions on the decline of the second peak. Finally, Pool 4 included a small
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peak on the right side of the chromatogram. Altogether, four EV pools were obtained by

successfully replicating XK-16/70 fractionation of SKOV3 EVs.
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Figure 5.1 Fractionation and characterisation of fractionated and unfractionated

SKOV3 EVs. (A) UV chromatogram of SKOV3 EVs separated using an XK-16/70
Sephacryl S1000 and the subsequent pools formed from resulting fractions. (B) Particle
size distribution of fractionated and unfractionated SKOV3 EVs determined by NTA. (C)
Western blot characterisation of unfractionated SKOV3 EVs demonstrating high
representation of EV marker proteins (B-actin, annexin a1, syntenin and CD81) in EV

samples and low to no expression of co-isolate proteins (fibronectin and calnexin).

Following this, the size distribution of particles in each population was determined by
NTA to confirm that XK-16/70 was able to separate EVs of different sizes, and the
expression of EV markers in SKOV3 purified preparations was determined by western

blotting to confirm EV content and purity. Figure 5.1B shows the size distribution profiles
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of each of the four SKOV3 EV subpopulations and SKOV3 EVs that were not fractionated
by the XK-16/70 column (unfractionated). All populations presented particle size
distributions typical of EVs with peaks at around 100 nm or less. However, the size
distribution of each population varied. Broad size distribution was seen in pool 1 with a
modal size of 110 nm, but in contrast, a much tighter size distribution was seen in pool
4 with a modal size of roughly 50 nm. Differing modal sizes were also observed in pools
2 and 3, although a higher proportion of particles was seen in these populations. As
expected, the size distribution of unfractionated EVs was presented as an average of all
four EV subpopulations. As shown in Figure 5.1C, the expression of typical EV markers
B-actin, annexin A1, syntenin and CD81 was observed in SKOV3 EV samples, although
a comparatively low expression of annexin A1 was reported. Fibronectin and calnexin
expression were undetectable in EV samples presenting that EVs were successfully
purified from non-EV contaminants. Overall, differences in size distributions and the
average size of particles detected by NTA showed that XK-16/70 was successfully able
to separate EVs in four different size-based populations, and the identity of SKOV3 EVs

was synonymous with a purified EV population.

Following the characterisation of EVs by NTA and western blotting, TEM images of XK-
16/70 fractionated and unfractionated SKOV3 EVs were taken to further confirm the
identity of particles in each fraction in line with MISEV2018 guidelines. TEM images of EV
populations shown in Figure 5.2A present particles in each population with an intact,
spherical, cup-shaped morphology typical of EVs in this format. In all cases, preparations
of particles appeared clean and devoid of dark stained contaminants or other unknown
structures. Similar to NTA size distribution data, upon visual inspection, EV particles in

each pool appeared to vary in size, with much larger particles seen in pool 1 and much
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smaller in pool 4. To confirm whether the observed differences in size were measurable
and significant, EVs in TEM images were measured in Fidi. Figure 5.2B shows violin plots
of the sizes of EVs in each population. Highly significant (P < 0.0001) differences in EV
sizes were observed between each population, except for unfractionated EVs and pool
3, where a less significant difference was seen (P < 0.05). No significant differences were
seen between pool 4, the unfractionated EVs, and pool 3 EVs. Sizing data confirmed
original observations of a decreasing trend in size from pool 1 to pool 4, with median
sizes of 120.0 nm, 65.1 nm, 41.8 nm, and 39.2 nm from pool 1 to 4, respectively. The
range and inter-quartile range of particle sizes also got noticeably smaller, with each
particle size presenting clear separation of EVs of different sizes into different pools.
Unfractionated SKOV3 EVs had a median size of 49.4 nm presenting EVs in this
population as an assortment of sizes from all four subpopulations. Altogether, TEM
images presented particles of typical EV morphology with significant differences in sizes
between each EV pool, presenting the ability of XK-16/70 SEC to successfully separate

EVs into size-based subpopulations.
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Figure 5.2 TEM analysis of unfractionated SKOV3 EVs and XK-16/70 SEC
fractionated SKOV3 EV subpopulations. (A) TEM images of respective SKOV3 EV

samples with a scale of 1,000 nm. (B) Fidi size analysis from TEM images of
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unfractionated and fractionated SKOV3 EVs. Five representative images analysed per
population. The total number of particles measured for each population was as follows:
unfractionated = 432, pool 1 =78, pool 2 =222, pool 3 = 116, pool 4 = 45. Solid horizontal
lines denote medians. Dashes lines denote upper and lower quartiles. One-way ANOVA
with Tukey’s multiple where significance is indicated by P < 0.05 (=P < 0.05, ™™ =P <

0.0001, ns = non-significant).

Following the characterisation of EVs in SKOV3 EV pools, the differential function of these
EV subpopulations was investigated. Due to the involvement of cancer-derived EVs in
assisting cancer cell adhesion and establishing metastatic niches, an in vitro cell
adhesion assay was conducted to assess differences in cell adhesion that may be elicited
by both unfractionated and fractionated SKOV3 EVs. 1 ug per well of each sample was
coated, in triplicate, onto 96-well plates. SKOV3 cells or soluble protein from Tricorn
10/300 SKOVS3 EV purifications were added to each well and incubated for 30 minutes
to adhere. After washing to remove unbound cells, images of each well were then
captured and analysed using the IncuCyte ZOOM. Results were relativised as explained
in section 5.2.2. As seen in Figure 5.3, unfractionated SKOV3 EVs (Unf) elicited the
greatest SKOV3 cell adhesion. Surprisingly, unfractionated SKOV3 EVs evoked
significantly greater cell adhesion than both pool 4 EVs (P < 0.05) and the soluble protein
negative control (P < 0.01). No other significant differences were identified, although
notable differences were seen among EVs from each of the four pools, with pool 3 EVs
facilitating the greatest SKOV3 cell adhesion of the four subpopulation pools. EVs from
pools 1, 2 and 4 all induced a similar level of SKOV3 cell adhesion. In summary, size-

based SKOV3 EV subpopulations facilitated differences in cell adhesion, with
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significantly greater cell adhesion observed between unfractionated EVs and pool 4 and

soluble protein.
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Figure 5.3 Size-based SKOV3-EV subpopulations present differential effects on
SKOVS3 cell adhesion in vitro. 1 ug of EVs from each pool and the unfractionated sample
were coated in triplicate on to a 96-well plate, followed by incubation of SKOV3 cells and
counting using the IncuCyte ZOOM. Raw results of each n-number and relativised to
make results comparable. One-way ANOVA with Tukey’s multiple comparisons versus
the unfractionated EV sample where significance is indicated by P < 0.05 (* = P < 0.05,

** = P < 0.01). Values are mean relativised values +SD; n=3.
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5.3.2 SKOV3-derived EV subpopulations present differential expression of EV
tetraspanins

After identifying functional heterogeneity between SKOV3 EV pools, differences in EV
tetraspanin expression between subclone EVs were investigated to identify a potential
marker of these EV populations. CD9, CD63 and CD81 were analysed on a single particle
basis using the NanoView ExoView R100. SKOV3 EVs from each subpopulation were
incubated with chips coated with anti-CD63, anti-CD8 and anti-CD9 antibodies or mouse
IgG1k isotype control antibodies. Chips were then imaged with the ExoView R100 reader

and analysed using ExoViewer software.

Initially, unfractionated SKOV3 EVs were analysed for tetraspanin expression using the
ExoView R100. Figure 5.4A presents the results of co-incubation of unfractionated
SKOV3 EVs with ExoView tetraspanin chips and anti-tetraspanin antibodies. Each group
category represents EVs bound to the respective tetraspanin capture spot on ExoView
chips, and coloured bars represent the colocalisation of free anti-tetraspanin antibodies
to EVs. CD81 was the most abundant tetraspanin to the extent that it was the highest
expressed tetraspanin among EVs bound to all three tetraspanin capture spots. CD63
was the next most common tetraspanin among EVs that were CD63- and CD81-positive.
However, among CD9-positive EVs, CD63 was the lowest expressed tetraspanin. CD9
was the lowest expressed tetraspanin among CD81- and CD63-positive EVs. However,
overall, the number of EVs bound to the CD9 capture spot seemed to be higher than the
number of EVs bound to the CD63 capture spot. Figure 5.4B displays a representative
image of SKOV3 EVs bound to the ExoView anti-CD81 capture spot and co-localised
with other anti-tetraspanin antibodies. Epitope fluorescence reflected the spread of

tetraspanin expression seen in Figure 5.4A, with most EVs bound to the CD81 capture
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spot also bound with anti-CD81 (green) antibodies. CD63 (red) and CD9 (blue)
fluorescence were far less abundant to the extent that it was difficult to distinguish
whether either was more abundant than the other. Colocalised fluorescence of CD81
with CD63 or CD9 was sparse, although several triple positive EVs were identified,
appearing white due to crossover in green, red, and blue fluorescence. Overall, CD81
was the most abundant tetraspanin on unfractionated SKOV3 EVs and outcompeted
CD63 and CD9 on their respective capture spots, causing CD63 and CD9 expression to

be diminished in comparison to CD81.
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Figure 5.4 Pattern in EV tetraspanin expression is conserved across all four SKOV3
EV subpopulations, but the number of tetraspanin-positive particles differs. (A)
Normalised total SKOV3 EVs bound to respective capture spots co-stained with CD81,
CD63, CD9, or MiIgG isotype control antibodies. (B) Representative image of SKOV3 EVs
bound to ExoView anti-CD81 capture spots and co-stained withed anti-CD81 (green),

anti-CD63 (red) and anti-CD9 (blue). (C) Number of fractionated SKOV3 EVs bound to
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respective tetraspanin or MIgG isotype control capture spots and co-stained with CD81,
CD63 or CD9 antibodies. (D) Percentage of SKOV3 EVs in unfractionated and
fractionated samples bound to CD81 capture spots that either expressed CD81 alone or
co-expressed CD63, CD9 or both. Normalised particle counts are defined as the number

of particles in a 150 pm area of the antibody capture spot. Mean +SD; n=1.

Following analysis of unfractionated SKOV3 EVs, tetraspanin expression across all four
EV subpopulations was assessed. Figure 5.4C shows CD81 persisted as the most
abundant tetraspanin across all four pools on every tetraspanin capture spot, including
MIgG controls. The highest number of tetraspanin-stained EVs was present in pool 2,
followed by pools 3, 1 and 4 in descending order. The same trend in tetraspanin
identification seen in the unfractionated EV sample (Figure 5.4A) was seen across all four
EV pools, demonstrating minimal heterogeneity in EV tetraspanin expression across the
EV subpopulations. The main difference between subpopulations was the number of
particles that expressed a particular tetraspanin, not a difference in expression pattern.
Finally, Figure 5.4D presented that 70 to 80% of particles in each EV population captured
with CD81 were not positive for other tetraspanins, except for pool 3, in which 56% of
EV expressed CD81 alone. This trend is reflected in the representative image seen in
Figure 5.4B. Interestingly a slightly higher colocalisation of CD81 with CD63 and CD9
was seen in pools 2 and 3 as the percentage of vesicles positive for CD81 alone reduced.
Very few vesicles were positive for all three EV tetraspanins, and this trend is also
visualised in Figure 5.4B. Altogether, ExoView analysis of SKOV3 EVs showed no
differences in tetraspanin expression pattern between each subpopulation that could
serve as a marker of a particular subpopulation, although CD81 was highly expressed

across all subpopulations.
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Due to some differences between TEM and NTA EV sizing analysis, SKOV3 EVs were
also sized using the ExoView to provide more certainty regarding the size of EVs in each
pool. Sizing was obtained by interferometry-based label-free measurements on each
spot, and mean size was calculated from three spots for each capture antibody. As seen
in Figure 5.5, for each tetraspanin in each population, peaks were seen between 50 and
60 nm, and the size distributions of tetraspanin-positive particles in each pool were
roughly the same. Size distributions were dissimilar to those reported by both NTA and
TEM. This may highlight the drawbacks of light scatter-based measurements to obtain
particle sizing data. Alternatively, narrowing the data to only include particles positive for
the EV tetraspanins may skew the data in favour of a specific particle size range,
particularly as EV tetraspanin expression is usually associated with exosomes that have
a smaller size range compared to other EV subtypes. Overall, particle sizes measured by
ExoView did not agree with TEM and NTA data, which may have been due to exclusive

exosome sizing rather than the previously employed non-selective sizing techniques.
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Figure 5.5 Tetraspanin positive particles possessed similar size distributions across
unfractionated and fractionated SKOV3 EV samples. Size distributions of different
tetraspanin  positive particles determined by interferometry-based label-free
measurements performed on each spot on ExoView chips. Mean size calculated from
three spots for each capture antibody. Normalised particle counts are defined as the

number of particles in a 150 um area of the antibody capture spot. Mean +SD; n=1.
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5.3.3 CD81 and CD29 are anti-colocalised in unfractionated and fractionated
SKOV3-derived EVs

In section 5.3.1, differential cell adhesion was facilitated among the SKOV3 EVs
subpopulations. Cancer cell-derived EVs have previously been shown to be involved in
cancer cell adhesion pre-metastatic niche establishment in vivo®'%'' and CD29, also
known as integrin beta-1 (ITGB1), expressed on the surfaces of EVs, has been implicated
in EV-mediated cell adhesion'®. Willms (2018) also previously showed that blockade of
CD29 on SKOV3 EVs inhibited SKOV3 mediated cell adhesion in vitro®"*'**'*, Moreover,
as CD81 was identified in high abundance among SKOV3 EVs by ExoView analysis in
section 5.3.2, CD81 was used as a marker of SKOV3 EVs to determine relative CD29
abundance in separate SKOV3 EV subpopulations and assess CD81/CD29
colocalisation by structured illumination microscopy (SIM). Data obtained would provide
further comparisons to the study by Willms (2018) and assess the role of CD29 in

differential EV-mediated SKOV3 cell adhesion.

SKOV3 EVs were labelled with anti-CD81 (Alexa647 secondary) and anti-CD29 (Atto-488
secondary) antibodies. EVs were imaged via SIM in 561 nm and 633 nm channels. Ten
images from the unfractionated and each fractionated EV samples were captured by
structured illumination microscopy, and colocalisation of CD81 and CD29 tagged EVs

was analysed using the EzColocalization plug-in for FiJi*™

. Representative images,
including control samples incubated without primary antibodies for each secondary
antibody, can be seen in Supplementary Figure S5.1 and S5.2. Representative
colocalisation heatmaps in Figure 5.6 present colocalisation in the form of red, white, and

blue colouration; red denotes colocalisation, blue denotes anti-colocalisation, and white

denotes neither colocalisation nor anti-colocalisation. Atto-488 and Alexa647
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fluorescence intensity is grouped into categories of fluorescence intensity, where the
highest percentage indicates the entirety of the fluorescent populations, and the lowest
percentage indicates only the fluorescent particles with the strongest intensities. Across
all four subpopulations and the unfractionated samples, the top 30% of all fluorescent
signals corresponding to CD29 and CD81 were completely anti-colocalised with one
another. Colocalisation was only observed among the top 30% of fluorescent signals in
one channel and the top 70% of signals in the other, thus further denoting anti-
colocalisation. This was surprising due to the abundance of CD81 identified in ExoView
experiments and suggested that CD29 expression was far lower than CD81, and because
of the association between CD29 and EV-mediated cell adhesion shown by Willms
(2018)°". In summary, SIM microscopy presented complete anti-colocalisation between

CD81 and CD29.
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Figure 5.6 CD81 and CD29 are anti-colocalised across all SKOV3 EV subpopulations

and unfractionated EVs. Fractionated and unfractionated SKOV3 EVs labelled with anti-

CD81 (Atto-488) and anti-CD29 (Alexa647) were imaged by SIM. Ten images of each

sample and control were taken, and colocalisation analysis was performed using Fidi with

the EzColocalization plug-in. Heatmaps shown are representative of the ten images

taken. The highest percentiles include all fluorescent signals, while the lowest percentiles

filter out low-intensity fluorescent signals and include only the strongest signals. Red

colouration denotes colocalisation between CD81 and CD29, blue colouration denotes

anti-colocalisation, and white denotes no trend in colocalisation. Fluorescence intensity

is grouped into percentiles. Heat maps are representative of ten technical replicates.
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5.3.4 Heterogeneity in EV proteomes exists between SKOV3 size-based
subpopulations

Having observed differences in size and function of fractionated SKOV3 EV
subpopulations, LC-MS/MS proteomics was performed to analyse the association
between EV size and protein expression. The proteomics analysis aimed to identify
proteins that may explain differences in cell adhesion, identify protein markers that could
identify SKOV3 subpopulations in the future, and identify other functions for different-
sized EVs. To provide enough EVs in each pool to achieve the 3 x 10 ug necessary to
perform LC-MS/MS proteomics with three technical replicates, three separate harvests
of SKOV3 EVs were pooled and fractionated by XK-16/70 SEC. Therefore, the one
biological replicate denoted in the data shown here consists of EVs from three
biologically distinct harvests. Data was analysed using MaxQuant Perseus v2 and

PANTHER pathway analysis.

Firstly, principal component analysis was performed to assess the overall protein
expression differences between the SKOV3 EV populations. Results of principal
component analysis shown in Figure 5.7A presented similarities between pool 2 and pool
3 EVs as populations clustered closely together. Pool 1 and the unfractionated sample
also clustered closely together, presenting similarities in protein expression between
these populations. In contrast, EVs in pool 4 clustered separately from the other
populations presenting these EVs as phenotypically distinct from the other EV
populations. Similarly, Figure 5.7B presents volcano plots of protein expression from
each pool versus the unfractionated control. Again, some similarities can be drawn
between pools 2 and 3, while not many proteins in pool 1 were significantly different to

the unfractionated control, again emphasising the similarity between the two populations,
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and pool 4 presented further differences in protein expression. In summary, principal
component analysis and volcano plots revealed similarities in protein expression
between unfractionated EVs and pool 1, and EVs in pools 2 and 3, while pool 4 EVs
presented a distinct protein expression profile, further presenting the heterogeneity

among the size-based SKOV3 EV subpopulations.
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Figure 5.7 Principal component analysis and volcano plots reveal distinct
differences in proteomes of fractionated EV pools. (A) Principal component analysis
of SKOV3 EV subpopulations. Principal component 1 (PC1) and PC2 account for 35%
and 17% of total variance, respectively. (B) Volcano plots presenting fold change in

expression of all proteins in each fractionated EV sample vs unfractionated controls and
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their associated intensities where red colouration indicates statistically significant

deviation determined by t-test (P < 0.05). Mean, n = 1, three technical replicates.

Next, to observe differences between the different classes of protein that were enriched
in each subpopulation, gene ontological analysis using PANTHER and selecting for
protein classification was performed, showing protein classes that were overrepresented
or underrepresented in each pool versus unfractionated EVs. As displayed in Table 5.1,
upregulation of receptors, cell adhesion molecules and extracellular matrix linkers, and
structural and glycoproteins were seen across all four pools, while all other protein
classes were differentially expressed among all four pools. Given the high cell adhesion
evoked by unfractionated SKOV3 EVs, it was surprising to see an upregulation of cell
adhesion proteins in each EV pool. Additionally, various protein classes were upregulated
in pool 4, which was synonymous with previous analysis showing pool 4 EVs to be
phenotypically distinct. Differences in protein classes further display the heterogeneity
among the size-based EV populations and suggest distinct functions for differently sized

EVs.

160



PANTHER

Protein Class Pool1 vs Unfrac Pool2 vs Unfrac Pool3 vs Unfrac Pool4 vs Unfrac
receptor + + + +

cell adhesion

+ + + +
molecule

extracellular
matrix linker,
structural &

glycoprotein

protease
inhibitor
annexin +

nucleic acid
binding
small GTPase + +

ribosomal
protein

calcium-binding
protein

chaperonin
glycosidase

vesicle coat
protein

serine protease
inhibitor

acyltransferase
protease +

Table 5.1 PANTHER protein class analysis reveals differential upregulation of
various functional protein classes across EV pools. PANTHER Overrepresentation
Tests using Fisher’s exact tests with Bonferroni corrections. Significance is indicated by
P < 0.05. Enrichments differentially upregulated (+) in each EV subpopulation versus

unfractionated EVs. Mean, n = 1, three technical replicates.

As cell adhesion proteins were equally upregulated across all four SKOV3 EV
populations, the expression of the integrin family of cell adhesion proteins was
scrutinised across all four EV pools to see if differential expression could be observed.
Figure 5.8A first presents PCA with respect to integrins, presenting a very similar
clustering pattern to that seen in Figure 5.7, therefore denoting little deviation in the
overall differences between each EV population with respect to integrin expression.

Figure 5.8B presents fold change in respective integrin expression in each pool versus
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their intensity among unfractionated SKOV3 EVs. Significant increases in integrin
expression were observed in pools 2 and 3, including integrin alpha 1, alpha 3, alpha 6,
alpha V, beta 1 (CD29) and beta 6. Interestingly, while high integrin expression was seen
in pool 2 EVs, this was not mirrored in cell adhesion function seen in Figure 5.2. In
addition, CD29 (ITGB1) was significantly enriched in pools 2 and 3 and slightly de-
enriched in pools 1 and 4. Integrin-alpha-3 (ITGA3) displayed the same expression
pattern, though significantly de-enriched in pool 4. Integrin-alpha V (ITGAV) was the only
protein significantly enriched in pools 2, 3 and 4. Altogether the data presents marked
differences in integrin expression between each EV pool, presenting differential cell
adhesion potential; this included high integrin expression in pool 3, which agreed with

cell adhesion assay data.
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Figure 5.8 Differential integrin expression among EV subpopulations. (A) PCA with
respect to integrins. Principal component 1 (PC1) and PC2 account for 52% and 20% of
total variance, respectively. (B-E) Volcano plots showing fold change in integrin
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expression versus their expression among unfractionated EV, where black circles and
labels indicate significant differences determined by t-test (P < 0.05). (F) Fold
enrichment/de-enrichment of integrins over their unfractionated expression. Mean, n =

1, three technical replicates.

Aside from integrin expression, the expression of all cell adhesion proteins detected by
LC-MS/MS was further scrutinised to identify similarities between protein expression and
cell adhesion activity. Table 5.2 displays enrichment of cell adhesion proteins identified
by PANTHER protein class in each EV pool versus their fold change in enrichment in each
EV pool. Interestingly integrins did not feature as the most abundantly expressed
adhesion protein. Instead, the most abundant of all adhesion proteins was laminin
subunit alpha 5 (LAMADS), followed by fibronectin 1 (FN1) and collagen alpha-1(Xll) chain
(COL12A1), all of which are extracellular matrix-associated proteins rather than EV
membranes themselves. This argued the possibility that despite the inhibition of EV-
mediated cell adhesion presented by Willms (2018) upon blockade of CD29, differential
cell adhesion activity could instead be due to differential extracellular matrix proteins co-

isolated with EVs.
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Fold change (log2) Fold change (log2)

Unfravc Poolivs Pool2vs Pool3vs Pooldvs Unfrac Poolivs Pool2vs Pooldvs Pooldvs
Gene name (normalised

Unfrac Unfrac Unfrac Unfrac Genename _ (nommalised Unfrac Unfrac Unfrac Unfrac

intensity, log2) i ity, log2)

LAMAS 1243 -2.39 1.89 212 FBN1 5.67 -3.08 -4.70 -1.95

FN1 12.39 -0.81 -0.81 NTN4 5.66 2.00

CoL12A1 1217 -2.44 -1.50 FAT1 5.64 -1.97 284 207
LGALS3BP 11.24 -2.25 1.43 1.92 BCAM 5.16 -4.79 1.54 373 an
VCAN 11.12 141 CERCAM 513 -8.49 -6.52 -6.26 -5.15
COL1BA1 10.86 1.33 FLOT2 4.66 -1.57 3.05 2.36

NID2 10.72 =207 223 122 IGFBP7 4.56 -2.30

LAMB1 10.20 -2.54 1.92 2.18 ITGAS 4.45 292 205

LAMC1 9.98 -2.37 2.08 2.35 HMCN1 4.41 -7.50 -4.69

MFGES 9.91 244 ITGAV 4.27 244 263 1.07
LAMB2 9.55 -1.72 270 240 CRB2 4.18 -5.48 -4.88
CLSTN1 9.18 -2.86 -2.36 RPSA 4.12 213
LAMA3 8.96 -2.55 1.83 248 ACTN1 4.00 1.75 269
APP 8.56 -3.03 -1.52 COLsA1 4.00 1.73 2.58
LOXL2 7.51 226 1.60 CD44 3.88 3.14 an
ITGA3 7.39 -1.53 212 imn -1.23 EDIL3 3.86 224

MYH9 7.26 -1.72 -1.16 DAG1 381 207
ITGB1 7.16 247 2.03 SRPX 3.80 -5.05

NPNT 6.79 -2.24 -1.70 -1.97 NRP1 3.60 179

TINAGL1 6.63 -2.74 PTPRS 3.58 1.47
COL7A1 6.39 -3.00 0.99 215 1.01 CDH1 3.486 -2.83 -3.75 -1.70
COL5A1 6.09 -2.86 -1.48 CYRB1 337 -3.41

TNC 5.72 28 GPC4 333 3.03 3.97

Table 5.2 Fold change in cell adhesion protein expression among fractionated
SKOV3 EVs versus unfractionated SKOV3 EVs. Cell adhesion proteins identified by
PANTHER protein class. Unfractionated intensities and fold changes of the proteins in
each fraction versus unfractionated EVs are presented. Mean, n = 1, three technical

replicates.
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5.3.5 Breast cancer-derived EVs present temporal-dependent differences in EV
proteomes

In section 5.3.4, heterogeneity among size-based EV subpopulations was demonstrated
and further presented the extent of EV heterogeneity in cell culture-derived EV
preparations. However, little is known about the cause or source of this EV heterogeneity,
and little work has been performed to understand whether EV heterogeneity is stable
over time. In this section, three independent samples of two different metastatic
subclones of MDA-MB-231 (MDA) breast cancer cells were cultured to assess whether
the differences observed in EV heterogeneity are conserved over time or more dynamic
for seven weeks, and EVs were harvested weekly. From work previously performed within
the Wood lab, one MDA subclone had previously shown a propensity to metastasise to
the lungs (L-MDA), while the other showed a propensity to metastasise to the brain (B-
MDA). After harvesting, the EV surface proteome was analysed by MACSplex Exosome

Flow Cytometry kit. A schematic representing this workflow is presented in Figure 5.9.

MDA-MB-231 MDA-MB-231
Brain metastatic Lung metastatic
sub-clone sub-clone

o _»r o_ " g
o |
Three independent —>
cultures per sub-clone
v O
- - \) _{
+ TS
] e r ©
T ——
‘ MACSPlex Exosome Flow

Cytometry of each sample
@ after 7 weeks.

EVs harvested once per week over 7 weeks

Figure 5.9 Workflow for EV isolation from MDA-MB-231 cells and MACSPIlex

analysis. EVs were derived from three independently cultured populations of two

166



metastatic breast cancer cell subclones (brain metastatic and lung metastatic). After 72-
hour incubation in serum-free OptiMEM each week, the medium was harvested and
centrifuged at 700 x g for 5 minutes, then 2000 x g for 15 minutes. Supernatant was then

transferred to new conical tubes and frozen at -80°C until required for MACSPlex analysis

Firstly, the expression of EV surface proteins in EVs harvested during the first week of
cell culture was determined for both lung and brain MDA EVs to establish the baseline
expression of each protein, to which protein expression in subsequent weeks could be
compared. As shown in Figure 5.10, CD81 was the most abundantly expressed protein
in B-MDA EVs, whereas CD29 was the most abundantly expressed protein in L-MDA
EVs. Furthermore, significant differences in protein expression were observed between
the two MDA subclone EVs, the most significant of which were CD81 and CD63, which
were significantly more highly represented in brain metastatic subclone MDA (B-MDA)
EVs. Furthermore, chondroitin sulfate proteoglycan 4 (MCSP) was significantly more
highly represented in B-MDA EVs. As for L-MDA EVs, human leukocyte antigen class Il
(HLA-DRDPDQ) and tyrosine-protein kinase transmembrane receptor (ROR1) were
significantly more highly represented than in B-MDA EVs. Various other proteins also
showed significant differences, including the EV tetraspanin CD9 and various cell
adhesion proteins, including CD29, CD44 and CD146. Overall, significant differences in
surface protein expression were seen between the two MDA subclone-derived EVs
harvested during the first week of culture, and results serve as a baseline for comparison

of temporal change.
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Figure 5.10 MACSPlex analysis of EV surface proteins derived from MDA-MB-231
cells cultured for one week. EV surface protein expression differences can be seen
among EVs derived from lung and brain metastatic subclone-derived EVs. Recombinant
human IgG1 (REA) and monoclonal human IgG1 (mlgG1) served as negative controls for
non-specific antibody binding. Multiple unpaired t-tests with Benjamini, Krieger and

Yekutieli false discovery rate corrections (Q < 1%). Significance is indicated by P < 0.05

168



(*=P<0.05,"™=P<0.01, ™ =P < 0.001). Mean, background corrected data expressed

as a factor of 1000 for protein expression each week. N = 3.

Once the baseline protein expression had been determined, protein expression on a
weekly basis was compared to protein expression in week one to monitor change in
protein expression over time. Figure 5.11 presents the normalised, averaged expression
of EV surface proteins on a weekly basis for both lung and brain metastatic MDA
subclones, arranged from highest to lowest expressed protein at week one.
Supplementary Figure S5.3 and S5.4 present EV surface protein expression for each
MDA subclone culture. As seen in the supplementary material, few differences between
each independent culture were presented; however, as shown in the averaged data in
Figure 5.11, CD29 remained the most abundantly expressed protein in the L-MDA EVs,
whereas CD29 and CD63 surpassed the expression of CD81 by week seven in B-MDA
EVs. No marked increases in expression were observable in lower represented proteins,
and changes in expression were more clearly seen in higher represented proteins. Stage-
specific embryonic antigen-1 (SSEA-1) fluctuated in both subclones throughout the
seven weeks, while the expression of both HLA proteins in L-MDA EVs was
downregulated over seven weeks. A gradual increase in CD146 was also noted in L-MDA
EVs. The greatest observable difference between the two subclones was that human
leukocyte antigen class Il (HLA-DRDPDQ) and tyrosine-protein kinase transmembrane
receptor (ROR1) were consistently upregulated in L-MDA EVs as opposed to B-MDA
EVs. In summary, the expression of highly represented proteins fluctuated weekly, while

no observable changes could be seen in lower represented proteins.

169



CD29
SSEA-1

ERERELL

Lung Average

CD81 4

CD63

CD44

CD9 4

ROR1 o
HLA-ABC 4
CD142
HLA-DRDPDQ A

CD326
CD146

CD56
CD25

CD86 -
CD49e 4

CD41b o
MCSP +

CD133.1 4
CD45 4
CD40

CD3 A
CD2 4
CD20
CD14 4
CD4 4
CD31
CD19
CD42a
CD209
CD24 4

CD8 o
CD1c

CD11c o
CD62P -

CD69

migG1 control =

REA control o

1234567
Week

250

200

1 150

1 100

1 50

CD81

CD63
CD9 +
CD29 4
SSEA-1
CD44 A
CD146 4
CD142 4
CD326 4
MCSP o
HLA-ABC 4
CD56 o
CD86
CD25 o
ROR1 4
CD49e
CDA40
CD45 4
CD41b A
CD2 +
CD133.1 1
CD3 +
CD24 4
CD20
HLA-DRDPDQ A
CD69
CD31 4
CD14 4
CD19 1
CD11c 1
CD209 4
CD1c
CD4 4
CD42a 1
CD62P +
CD8 +
mligG1 control o
REA control A

Brain Average
250

200

1 150

1 100

1 50

1234567
Week

Figure 5.11 MACSPIex analysis of EV surface proteins over seven weeks. Red

denotes high expression, and white denotes low expression. Recombinant human IgG1

(REA) and monoclonal human IgG1 (mlgG1) served as negative controls for non-specific

antibody binding. Mean, background corrected data expressed as a factor of 1000 for

protein expression each week. N = 3.

While fluctuations in protein expression were visualised among the more highly

represented proteins seen in Figure 5.11, any change in protein expression in the lower

expressed proteins was not observable. Therefore, averaged marker expression was

normalised to their respective expression in week one and expressed on a Log?2 scale,

enabling visualisation of fold change versus week one over time. Protein was again
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arranged from highest to lowest represented protein at week one. Supplementary Figure
S5.5 and S5.6 present changes in EV surface protein expression for each MDA subclone
culture. As shown in Figure 5.12 calculation of fold change in expression allowed lower
expressed proteins to be visualised. Furthermore, marked changes in clonal phenotypic
drift between independent cultures were far more easily observed than in Figure 5.11.
The expression of lower represented proteins followed the expression pattern of REA
and mlgG1 negative controls presenting a relatively unchanged expression over time.
However, the expression of more highly represented proteins appeared to change over
time. CD49a, ROR1, CD24 and CD29 in B-MDA EVs, and CD146, HLA and CD44 in L-
MDA EVs appeared to be consistently upregulated over time. Some lower expressed
proteins also varied in their expression in both populations, including CD24, CD49e and
MCSP. CD40 variation was seen more extensively in L-MDA EVs than in B-MDA EVs.
Overall, differences in marker expression were seen between the two subclones, and
individual marker expression varied over time, particularly among more highly expressed

proteins.
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Figure 5.12 Temporal variation of EV surface proteins as shown by MACSPlex
analysis. Blank corrected and scaled data normalised to respective expression in week
one and expressed on a Log?2 scale. Red denotes an increase in expression versus week,
white indicates no change, and blue indicates a decrease in expression. Temporal
variation can be seen among some of the most highly expressed proteins as indicated
by a difference between the expression pattern of the negative controls (REA, migG1)

and the expression pattern of the proteins. N = 3.
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5.3.6 EVs derived from subclones of the same parent cell exhibit phenotypic
differences

In the previous section, EV heterogeneity fluctuated over time among highly expressed
EV surface proteins and appeared conserved among lower expressed EV surface
proteins. Differences in protein expression between EVs derived from subclones of the
same breast cancer cell line were also observed. So far, little to no work has taken place
to investigate differences in EVs derived from subclonal cell populations. Investigation of
differences between EVs derived from subclonal cell populations may aid in
understanding the origins of EV heterogeneity, such as whether EV heterogeneity is
linked to cellular heterogeneity or generated more stochastically. Due to the clinical
potential of mesenchymal stem cells (MSCs) and MSC EVs, heterogeneity between EVs
derived from subclones of MSCs generated by single-cell sorting was investigated to
detect any functional and potentially therapeutically advantageous differences. Any
differences observed could be due to heterogeneity of MSCs themselves, and functional
differences between MSC EVs may aid selection of EVs with higher efficacy during EV

therapeutic development.

To generate MSC subclones, live MSCs were kindly sorted into single cell isolates using
a BD FACSAria Il operated by Robert Hedley of the Flow Cytometry Facility, Sir William
Dunn School of Pathology, University of Oxford, UK. Populations were named according
to the well in which they originated in a 96-well plate. Following single cell sorting and
expansion of 11 cell colonies, a supplement-free conditioned medium was collected, and
screenings for functional differences were conducted via T cell activation assays. Patient-
derived CD8+ and CD4+ resting T cells were first used to assess whether harvested cell

conditioned medium containing EVs would elicit T cell activation. Activity was assessed
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using the Promega Lactate-Glo assay to measure extracellular lactate concentrations, as

312

lactate production by T cells is proportional to T cell proliferation®'=. Surprisingly, despite

%0 as presented in Figure

the innate immunosuppressive effects of MSCs and MSC EVs
5.13, varying lactate concentrations were observed in response to incubation of T cells
with MSC subclone-derived conditioned medium. Standard deviation in both raw lactate
concentration (A) and percentage change (B) graphs was very high for almost all samples.
Lactate concentrations and percentage change were highly variable among each
subclone in incubations with each cell type. However, the pattern in lactate levels was
conserved for most subclones across each cell type. Of the 11 subclones produced, six
were selected for further experimentation. Subclones B4, B10, C3, E5, F7 and G4 were
selected due to the range of lactate levels observed in association with these subclones
following incubation with T cells; low lactate levels from C3 and E5 EVs, high lactate
levels from B10 and F7 EVs, and medium lactate levels from B4 and G4 EVs. Overall,
surprisingly differential lactate concentrations were observed following incubation of

MSC subclone cell condition medium with T cells, suggesting differential T cell activation,

and subclones B4, B10, C3, E5, F7 and G4 were selected for further testing.
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Figure 5.13 Lactate Glo assays reveal wide variation in lactate concentration in
response to T cell incubation with MSC subclone conditioned medium. (A) Lactate
concentration in uM following 48-hour incubation of CD4+ and CD8+ T cells with MSC
subclone conditioned medium. (B) Percentage change in lactate concentration
normalised to the negative control in which no condition medium was added. Lactate
levels assessed in cell-cleared conditioned medium containing EVs. Mean + SD, n > 3

aside from B7 and F1 where n =1.

After selecting six different MSC subclones based on differential lactate levels in T cell

activation assays, EVs from each subclone were purified by TFF and Capto Core binding
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chromatography and characterised. Nano flow cytometry (NFC), western blotting, and
transmission electron microscopy were used to obtain data on EV size, protein
expression and morphology. As shown in Figure 5.14A, EVs from each MSC subclone
presented an almost identical size distribution, with peaks at roughly 70 nm and
shouldering peaks at around 90 and 110 nm. The main difference between each subclone
was the percentage of EVs that occupied given sizes. The distribution curves for
subclone C3 and wild-type MSCs had smaller peaks, demonstrating a reduced number
of particles within subclone datasets that occupied the most prominent sizes, reducing
the average percentage. Figure 5.14B presents western blot characterisation of MSC
subclone-derived EVs. All MSC subclone EVs expressed typical EV markers: CD81, ALIX,
TSG101, syntenin and annexin A1, versus low to no detectable expression in HEK whole
cell lysate samples. As expected, beta-actin was expressed across all samples, including
the whole cell lysate. Fibronectin was also expressed across all samples, suggesting
some secreted proteins were recovered with EVs. Lastly, Figure 5.14C displays TEM
images of MSC subclone-derived EVs. In all cases, spherical particles of a wide range of
sizes that bare a cup-shaped morphology, typical for EVs in this format, were observed.
In most cases, preparations were mostly clear of any dark staining contaminants,
although the subclone B10 preparation appeared somewhat muddied with
contaminants. Furthermore, subclone E5 and WT preparations contained some large
spherical salt crystals due to the buffer reacting with the TEM stain. Altogether, few
differences in EV characteristics were observed between EVs derived from each MSC
subclone; EVs presented typical sizes and EV marker expression and presented cup-

shaped morphologies via TEM.
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Figure 5.14 Characterisation of MSC subclone-derived EVs. (A) Size distribution of

MSC subclone-derived EVs determined by NFC using the NanoFCM Flow NanoAnalyzer.
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Average percentage of the greatest number of particles that occupy a single size in each
subclone dataset. Smoothed best-fit splines with 100 knots generated with Prism 9
GraphPad Software. (B) Western blots for EV markers in MSC EV subclones. (C)

Transmission electron microscopy images of MSC EV subclone samples.

After the presence and characteristics of purified MSC EVs was confirmed in each Capto
Core purified MSC subclone preparation, T cell proliferation assays using resting T cells
were repeated using purified EVs. This was performed to check whether high lactate
concentrations observed in the previous assay that used conditioned medium were due
to other factors that may have been present within the medium. 5 x 10’ EVs purified from
each of the six selected MSC subclones were incubated for 48 hours in triplicate with
50,000 CD4+ and CD8+ T cells. Extracellular lactate was measured using the Lactate Glo
assay to assess T cell proliferation in response to incubation with purified MSC subclone
EVs. Figure 5.15A presents lactate concentrations, and 5.15B presents percentage
change in lactate concentration relative to the negative control. Surprisingly, lactate
concentrations again varied widely, with significant differences seen between various
subclone EVs in response to incubation with T cells. Notably higher lactate
concentrations were present in response to incubation with subclone F7-derived EVs in
both T cell variants. However, no significant differences were detected between CD4+

and CD8+ T cell datasets.
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Figure 5.15 Significant differences in lactate concentration in response to
incubation of T cells with MSC subclone-derived EVs. (A) Lactate concentration in yM
following 48-hour incubation of CD4+ and CD8+ T cells with MSC subclone-derived EVs.
(B) Percentage change in lactate concentration normalised to the negative control in
which no condition medium was added. Positive controls are incubations with 2 yL of
flow cytometry purified IL-2. Lactate levels assessed in cell-cleared conditioned medium
containing EVs. Two-way ANOVA with Tukey’s multiple comparisons test. Mean + SD, n

=3.

High lactate concentrations and T cell activation were unexpected due to the
immunosuppressive effects of MSCs and MSC EVs. Therefore, T cell activation assays
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were repeated with the implementation of EV-only controls that did not include any T
cells within respective wells to check whether the observed differences in extracellular
lactate concentrations were from the EV preparations themselves or due to T cell
proliferation. As displayed in Figure 5.16, in most cases, there was little to no difference
between EV-only controls and EVs incubated with T cells. Therefore, any differences in
lactate concentration observed previously could not be attributed to differences in EV

function and instead were derived from EVs themselves.
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Figure 5.16 Differences in extracellular lactate in T cell activation assays are derived
from EVs instead of T cell proliferation. T cell activation assay performed with CD4+
and CD8+ T cells with the implementation of EV-only controls. For CD4+ and CD8+ T
cell samples lactate levels were assessed in cell-cleared conditioned medium containing

EVs, while EV only samples were not incubated with T cells. Mean + SD, n = 3.
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5.3.7 EVs derived from MSC subclones exhibit functional differences in vitro
While no actual functional differences between MSC subclone-derived EVs were
observed in T cell activation assays, EVs derived from the same six MSC EV subclones

were screened for functional heterogeneity in other in vitro assays.

5.3.7.1 Cell migration assay

Firstly, MSC subclone EVs were screened for differences in evoking cell migration by
performing in vitro scratch wound assays. Cell monolayers of either wild-type MSCs or
HMEC-1 endothelial cells were established in 96-well plates by seeding 50,000 HMEC-1
cells or 5,000 MSCs in respective wells and incubating overnight and 37°C.
Subsequently, uniform scratches were made in cell monolayers using a Woundmaker 96,
monolayers were washed, a 1,000x excess of EVs to cells was added, and migration was
followed over time using an IncuCyte ZOOM (Essen BioScience). Migration was
quantified using a FiJi plug-in kindly written by Oliver Gerrit De Jong. As shown in Figure
5.17, MSC subclone-derived EVs exhibited differences in their capacity to elicit cell
migration in both MSC and HMEC-1 monolayers. Figure 5.17A presents representative
images of scratch wounds in MSC monolayers made with the Woundmaker 96 and taken
over time with the IncuCyte. The area inside the green lines generated by the FiJi scratch
analyser was calculated to assess migration over time. Over time cells were observed to
fill void space until green outlines indicating free space disappeared. Figure 5.17B
presents results of migration assays performed using MSC monolayers. Overall, only
slight differences in cell migration were seen, with E5 EVs evoking the fastest closure,
with close to complete wound closure on average after 24 hours. Subclone B10 and G4
EVs also evoked wound closure marginally faster than other subclones. The negative

control containing supplement-free medium saw the slowest cell migration, with MSC
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monolayers still not completely closed after 96 hours. Similarly, Figure 5.17C presents
the results of a migration assay performed using HMEC-1 monolayers. The same trend
in migration was observed, although at a slower rate, with E5 EVs evoking the fastest cell
migration, followed by B10 and G4 EVs. B4, C3 and F7 EVs failed to evoke wound closure
after 96 hours which was slower than the negative control, which may indicate an
inhibitory effect of these EVs on cell migration. Interestingly, migration rate was generally
greatest within the first 24 hours, then slowed substantially. In all cases, subclones
healed less effectively than the FBS-supplemented positive control. However, in both
assays, no statistically significant differences between each subclone or control were
detected, likely due to the high variability between biological repeats. In summary,
notable differences in cell migration were elicited by MSC subclone-derived EVs,
particularly in HMEC-1 migration assays though high variability resulted in no significant

differences being detected.

182



12 hours

72 hours

B MSC Migration Assay
100
g .
< 80 .
§ : . " s
§ 60 m B10
< m C3
°
o . | E5
% 40 . B F7
£ oG4
g 20 . @ Negative
0 Ai; I T |.
0 hrs 6 hrs 12 hrs 24 hrs 48 hrs 72 hrs 96 hrs
Cc HMEC-1 Migration Assay
100 M
g .
< 80 . : .
S - 1 . == B4
g 60 -0 R . . : == B10
2 . mm C3
'g ¢ . . . . mm E5
2 40 . . == F7
E . =3 G4
S 20 AU B8 Ll B = negatiw
) ! Ll filfis ik =~
o i Il L |
T T | 1
0 hrs 6 hrs 12 hrs 24 hrs 48 hrs 72 hrs 96 hrs

Figure 5.17 MSC subclone-derived EVs exhibit functionally heterogeneous effects
on cell migration. (A) Representative images of MSC monolayers at given time intervals

following scratch wound application with a Woundmaker 96 and analysis with the Fidi
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scratch analyser plug-in. (B) MSC monolayer migration assay and (C) HMEC-1 monolayer
migration assay. Data represent mean normalised percentage wound area, where 0%

represents complete wound closure. Mean + SD, n = 3.

5.3.7.2 Cell adhesion assay

Functional heterogeneity between MSC subclone-derived EVs was also assessed by in
vitro cell adhesion assays. 1 ug of each MSC subclone EV sample was coated in triplicate
onto 96-well plates. Following incubation, 10,000 MSCs were added to each well and left
to incubate and adhere for 30 minutes. Wells were then washed and imaged to evaluate
adhesion. The number of adhered cells was quantified using ImagedJ — Analyze Particles.
As shown in Figure 5.18A, differences in cell adhesion were visualised among
representative images taken from each of the wells coated with different MSC subclone-
derived EVs. Notably more adhered cells were seen in response to coating with subclone
B4, B10 and F7 EVs than other subclones, wild-type MSC EVs and the negative control,
with significant differences observed between the wild-type and subclones B10 and F7,
respectively (P < 0.05). While B4 elicited high cell adhesion, high deviation resulted in no
significant differences between this sample and the wild type. The functionality of B4 and
F7-derived EVs contrasted their function in migration assays, as these two subclones did
not appear to influence cell migration. B10 EVs exhibited a significant degree of influence
over both cell migration and cell adhesion. Together this reinforced the idea that some
subclones are better at performing specific functions than others. Cell adhesion assays
were also performed by coating wells with 1 x 10°® EVs instead of 1 ug of EVs to check
whether any differences were observed when changing the normalising factor within the
assays (Supplementary Figure S5.8). Aside from slight reductions in variability in some

samples, little to no difference in cell adhesion was observed. Overall, significant
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differences in cell adhesion were elicited by MSC subclone-derived EVs, and different
MSC subclones were shown to be functionally active in cell migration assays, presenting

further functional heterogeneity among MSC subclone EVs.

400
300

200

Normalised cell count

Figure 5.18 MSC subclone-derived EVs elicit heterogeneous effects of MSC cell
adhesion. (A) Representative images of MSC cell adhesion in response to coating wells

of 96-well plates with 1 pg of MSC subclone-derived EVs and wild-type EVs per well and
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a PBS negative control. Images taken at 4x magnification on an EVOS FL Cell Imaging
System. (B) MSC cell adhesion assay using 1 pg of MSC subclone-derived EVs. Images
were analysed using FiJi — Analyze Particles. Raw results of each n-number were
averaged and summed. Individual averages were divided by the sum and multiplied by
1000 to relativise results. One-way ANOVA with Tukey’s multiple comparisons versus the
wild-type (WT) sample where significance is indicated by P < 0.05 (* = P < 0.05). Values

are mean relativised values +SD; n=3.

The final way differences in MSC subclone EV function were assessed was via a
dipeptidyl peptidase-4 (DPP4) activity assay. DPP4 is a transmembrane glycoprotein with
proteolytic activity expressed in various tissues®”°. DPP4 cleaves N-terminal dipeptides
from polypeptides with proline or alanine in the penultimate position®'°, and is involved in
numerous physiological processes, including migration, adhesion, invasion, apoptosis,
and immunomodulation®'®. DPP4 is also essential for glucose metabolism by inactivating
glucagon-like-peptide-1 (GLP) through N-terminal truncation and inactivating gastric
inhibitory protein (GIP)*'". DPP4 inhibitors have been used in clinical trials to treat cancer
and approved for treatment of type 2 diabetes by causing an increase in insulin secretion
via preservation of GLP-1 and GIP®'®?'83'°_High DPP4 expression has also been reported
in EVs derived from numerous cell lines and has also shown to be functionally active®®
%4 The Promega Lactate-Glo assay was used to measure DPP4 activity which measures
the ability of DPP4 (embedded in EV membranes) to cleave Gly-Pro-aminoluciferin, a

luminogenic DPP4 substrate.

Before beginning DPP4 activity assays, an EV dose-response assay was performed to

determine the appropriate number of EVs to use within the assay to observe differences.
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EVs derived from subclone B10 were selected for the assay as EVs from this subclone
exhibited high functional activity in cell migration and adhesion assay, both of which
DPP4 is involved in. A standard curve of B10-derived EVs was constructed ranging from
1 x 10° to 1 x 10° EVSs, diluted up to 100 pL with PBS, and the Promega DPP4-Glo assay
was performed. As shown in Figure 5.19A, plateaus of DPP4 activity were observed at
both limits of the standard curve. The half maximum effective concentration (EC*) of the
DPP4 assay using subclone B10-derived EVs was 2.88 x 107 EVs; therefore, this quantity

of EVs was selected for the DPP4 activity assays proper.
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Figure 5.19 MSC subclone cells and their EVs exhibit heterogeneous DPP4 activity
in vitro. (A) DPP4-Glo dose-response curve of MSC subclone B10-derived EVs ranging
from 10° to 10° on a logo scale. Best-fit curve and EC*® calculated by non-linear least
squares regression in Prism 9.0. (B) DPP4-Glo assay of MSC subclone-derived EVs and
wild-type MSC EVs, using 2.88 x 107 EVs in triplicate per sample. 1 ng/mL purified DPP4
positive control and PBS negative control. Raw results of each n-number averaged and
summed. Individual averages divided by sum and multiplied by 1,000 to relativise results.

Mean relativised values +SD; n = 3. (C) DPP4-Glo dose-response curve of MSC subclone
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B10 cells ranging from 25 to 2,500 cells on a logi scale. Best-fit curve and EC*
calculated by non-linear least squares regression in Prism 9.0. (D) DPP4-Glo assay of
MSC subclone cells and wild-type MSCs, using 1,219 cells in triplicate per sample. 1
ng/mL purified DPP4 positive control and PBS negative control. Mean luminescence
signal +SD; n = 1. (E) DPP4-Glo assay of MSC subclone cells and wild-type MSCs, using
100 cells in triplicate per sample. 1 ng/mL purified DPP4 positive control and PBS
negative control. Raw results of each n-number averaged and summed. Individual
averages divided by sum and multiplied by 1,000 to relativise results. Mean relativised
values +SD; n = 4. (F) Two-tailed Pearson’s correlation analysis of relativised MSC
subclone EV and cell DPP4 activity assays. r = Pearson’s correlation coefficient ranges
from 1, denoting strong positive correlation, to -1, denoting strong negative correlation.
Significance is indicated by P < 0.05. No overall correlation was detected, and no
significant differences were detected. In each DPP4 assay a one-way ANOVA with
Tukey’s multiple comparisons versus the wild type was performed sample where

significance is indicated by P < 0.05 (* = P < 0.05, ™ =P < 0.01, *** = P < 0.0001).

Subsequently, DPP4 activity assays were performed to assess functional differences in
DPP4 activity between MSC subclone EVs. 2.88 x 10’ MSC subclone EVs (identified by
the dose-response assay as the EC*) were used per sample. As shown in Figure 5.19B,
clear function heterogeneity was observed among MSC subclone EVs with respect to
DPP4 activity. Subclones B4 and F7-derived EVs elicited the highest DPP4 activity, while
subclones B10, E5 and G4-derived EVs were among the lowest and slightly lower than
wild-type (WT) MSC EVs. Subclone C3 showed medium DPP4 activity. Highly significant
differences were seen between subclones B4 (P < 0.0001), C3 (P < 0.05) and F7-derived

(P < 0.0001) EVs and WT EVs. Compared to prior functional assays, a different pattern in
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EV activity was again observed, with subclones B4 and F7 eliciting the highest DPP4
activity, similarly to their function in adhesion assays. In contrast, subclone C3-derived
EVs exhibited higher activity for the first time. Surprisingly, despite their high cell
migration and adhesion activity, B10 EVs did not present high DPP4 activity, nullifying
the previous hypothesis that B10 EVs would be more active than other subclone EVs. In
summary, the data presented significantly different DPP4 activity among EVs derived
from subclones of the same MSC parent cell line. Additionally, each subclone exhibited
some high functional activity in at least one of the three in vitro assays, suggesting that
certain EVs are better at performing certain functions than others, offering an argument

for selective purification of EVs for improved efficacy.

Following assessment of EV activity, functional differences in DPP4 activity between the
MSC subclone cells were also screened to determine whether there was any correlation
between DPP4 activity in EVs and DPP4 activity in cells, providing insights into the origin
of the EV functional heterogeneity observed. As with the EV activity assay, a dose-
response curve was constructed before conducting the cell activity assay to ascertain
the appropriate number of cells to use in the assay. For consistency, MSC subclone B10
was used again as the model cell line. Figure 5.19C presents the standard curve ranging
from 25 to 2500 cells. Like the EV standard curve, plateaus of DPP4 activity were just
about reached at both limits of the standard curve. The EC* was 1219 cells; based on
this, 1219 cells were to be used for the cell-based DPP4 activity assay. Although, as
shown in Figure 5.19D, when 1219 cells were used per subclone, very high levels of
luminescence signal were observed that were far above the levels of the positive controls

(1 ng/mL purified DPP4 protein), which itself represents a recommended upper limit of
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the Promega DPP4-Glo assay. Consequently, no differences were seen in DPP4 activity

among the MSC subclones.

Subsequently, the number of subclone cells used in the DPP4 activity assay was reduced
to 100 cells to attempt to see differences and the assay was repeated. Here
luminescence was reduced, and differences in DPP4 activity were observable. Figure
5.19E presents notable differences in DPP4 activity among MSC subclone cells, although
no significant differences between MSC subclones and wild-type MSC EVs were
observed. Significant differences were only observed between wild-type MSC EVs and
the positive (P < 0.01) and negative (P < 0.0001) control. Of note, the positive control
signal was particularly low compared to the cell samples, which may further highlight the
high DPP4 activity of the MSC subclone cells or suggest errors in the positive control.
Some observable similarities between the cell activity assay and the EV activity assay
were seen, including higher DPP4 activity of E5 and G4 subclones and lower activity of
the C3 subclone. However, as seen in Figure 5.19F, upon conducting correlation analysis
between MSC subclone EVs and cell DPP4 activity, no correlation was detected. This
suggested that the functional heterogeneity observed among MSC subclone-derived EVs
was not linked to parental cell heterogeneity. Overall, significant functional heterogeneity
in DPP4 activity was observed among MSC subclone cells, though no correlation was
detected between MSC subclone EV activity and cell activity, suggesting that the source
of the differences seen in EVs was not a consequence of mirrored functional differences

between cells.
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5.3.8 MSC subclone EV characterisations revealed notable differences in EV
proteomes

Following functional assessment of MSC subclone-derived EVs, EV characterisation was
conducted to see whether differences in EV function could be linked to differences in
functional protein expression and to identify protein markers that could be used to
identify EV populations with enhanced efficacy. LC-MS/MS proteomics analysis of three
biological replicates of all MSC subclone-derived EVs and wild-type MSC EVs was
performed. Data was analysed using MaxQuant Perseus v2 and PANTHER pathway

analysis.

Firstly, principal component analysis was performed to assess overall differences in
protein expression between MSC subclone EVs. As shown in Figure 5.20, profiles of each
EV population were widely distributed, each appearing to be distinct from one another.
Subclones E5 and G4 were the only subclones to closely cluster with one another, barring
some similarity to their activity in functional assays. Therefore, PCA analysis presented

heterogeneity among the proteomes of MSC subclone EVs.
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Figure 5.20 Principal component analysis revealed differences in proteomes of MSC
subclone-derived EVs. The left plot shows mean PC scores for each MSC EV subclone.
The right plot shows individual PC scores with respect to the expression of each protein
common to all seven EV populations. Separation of mean PC scores presents proteomic
differences in MSC EV subclone populations. Principal component 1 (PC1) and PC2

account for 38.9% and 20.8% of total variance, respectively. Mean +SD; n = 3.

Volcano plots were also constructed to observe fold change in expression of all proteins
common to all MSC subclone EV populations versus wild-type MSC EVs. As seen in
Figure 5.20, the pattern in protein expression appeared similar across all MSC subclone
EV populations; pronounced differences in protein expression were difficult to identify.
Notably, a low number of proteins that were common to all samples were identified. This
was surmised to be due to protein extraction and sample preparation problems that
caused the number of proteins detected in some samples to be far lower than expected,
thus reducing the number of proteins that could be included in comparisons. These errors
also impacted the number of proteins shown to be significantly different in expression

from the wild-type MSC EVs sample. Overall, a low number of proteins common to all EV
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populations was identified, likely due to errors in sample preparations, and definition in
EV proteomes were not visualised in volcano plots, requiring closer observations of

protein expression among MSC subclone EVs to reveal any heterogeneous expression.
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Figure 5.21 Volcano plots presenting fold change in protein expression in MSC
subclone-derived EVs versus unfractionated controls. Raw intensity-based absolute
quantification (iBAQ) scores filtered to remove protein duplicates, reverse variables,
contaminants, and any protein hits included in only one of three n-numbers. Data was

also transformed on a log. scale, and width adjustment normalisation performed.
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Comparisons between MSC subclone EVs and wild-type MSCs were made, and
deviation determined by t-test with 250 randomisations where statistical significance is
indicated by P < 0.05. Red colouration indicates statistically significant deviation. Mean

+SD; n = 3.

Next, the expression of typical EV marker proteins, as identified by MISEV2018, that were
present across all MSC EVs populations were scrutinised to identify proteins which could
serve as a marker of functional heterogeneity'®. As seen in Figure 5.22, numerous EV
markers were identified across all MSC EV populations. Some proteins, including the EV
tetraspanins CD81 and CD63, the human leukocyte associated (HLA) protein subunits,
heat shock proteins (HSPs) and GAPDH, were stably expressed. However, numerous
proteins varied in expression between each subclone and wild-type MSC EVs. Most
prominently, DPP4 variation was observed, with high expression in subclones B4, C3
and F7, which mirrored the EV-based DPP4 activity assay seen in 5.3.7.3. Additionally,
high expression of some annexins was also seen in these same three subclones, which
resembled the pattern in cell adhesion seen in 5.3.7.2. Varied expression was also seen
in lysosome-associated membrane glycoprotein 1 (LAMP1) syntenin-1 (SDCBP), integrin
beta-1 (ITGB1/CD29), CD59 and EHD2. In summary, heterogeneous expression of EV
markers proteins was seen across all MSC EV populations and differences in DPP4

expression mirrored its activity in DPP4 activity assays.
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Figure 5.22 MISEV2018 EV marker expression among MSC subclones EVs and wild-
type MSC EVs. iBAQ scores filtered to remove protein duplicates, reverse variables,
contaminants, and any protein hits included in only one of three n-numbers. Data was
also transformed on a log, scale, and width adjustment normalisation performed. Red
denotes high normalised expression, while blue denotes low normalised expression.

Mean +SD; n = 3.

Due to the differences in cell migration elicited by MSC subclone EVs, cell migration and
wound healing proteins expressed among MSC EV populations were identified in the
proteomics dataset by gene ontological biological process (GOBP) categorisation. This
was performed to identify any proteins that could have been responsible for the

heterogenous cell migration activity. As shown in Figure 5.23, the expression of
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numerous EV-associated proteins, including annexin A2 (ANXA2), CD63, ITGB1, SDCBP,
and caveolin-1 (CAV1), were identified among cell adhesion and wound healing proteins.
The most pronounced differences were observed among extracellular matrix (ECM)
proteins such as various collagens (COL5A1, COL1A2, COL1A1), keratin 1 (KRT1) and
laminin A (LMNA). Overall, the only proteins that seemed to coordinate with EV function
in migration assays seen in 5.3.7.1 were CAV1 and ITGB1. Altogether, various proteins
involved in wound healing and cell migration were identified by GOBP analysis, most of
which were similarly expressed among MSC EV populations, although fluctuations were

seen among ECM proteins, ANXA2 and SDCBP.
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Figure 5.23 Expression of cell migration and wound healing proteins in MSC

subclone EVs and wild-type MSC EVs. iBAQ scores filtered to remove protein
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duplicates, reverse variables, contaminants, and any protein hits included in only one of
three n-numbers. Data was also transformed on a log. scale, and width adjustment
normalisation performed. Biological process classification is performed by PANTHER
software. Red denotes high normalised expression, while blue denotes low normalised

expression. Mean +SD; n = 3.

Due to the differences in cell adhesion elicited by MSC subclone EVs, cell adhesion
proteins expressed among MSC EV populations were identified in the proteomics dataset
by gene ontological biological process (GOBP) categorisation. This was performed to
identify any proteins that could have been responsible for the heterogenous cell adhesion
activity. As presented in Figure 5.24, most proteins seemed to be consistently expressed
among all EV populations. Once again, the only proteins that appeared to fluctuate in
expression between populations were ECM proteins such as collagens. Collagen alpha-
1(l) chain (COLA1) and COLAS seemed to closely resemble the functions of EV subclones
in the in vitro MSC cell adhesion assay seen in 5.3.7.2. Otherwise, some of the most
highly expressed cell adhesion proteins were CD63, CD44, CAV1, fibronectin (FN1) and
cytoplasmic actin 1 (ACTB). Unlike previous cell adhesion assays performed with SKOV3
cells, ITGB1 expression did not seem to correspond with cell adhesion. Overall, various
cell adhesion proteins were identified by GOBP analysis among MSC subclone EVs, most
of which were similarly expressed, except ECM proteins, which did seem to mirror cell

adhesion activity.
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GOBP: Cell Adhesion
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Figure 5.24 Expression of cell adhesion proteins in MSC subclone EVs and wild-
type MSC EVs. iBAQ scores filtered to remove protein duplicates, reverse variables,
contaminants, and any protein hits included in only one of three n-numbers. Data was
also transformed on a log. scale, and width adjustment normalisation performed.
Biological process classification is performed by PANTHER software. Red denotes high

normalised expression, while blue denotes low normalised expression. Mean +SD; n = 3.

Finally, PANTHER protein class analysis was performed using a normalised list of
proteins from each MSC EV population. PANTHER Overrepresentation Tests using
Fisher’'s exact tests with Bonferroni corrections were performed to assess whether
different protein classes were significantly over- or underrepresented versus their

expected proportional representation within the entire human proteome. Fold enrichment
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was calculated by dividing the proportional representation factor of protein classes
observed within each sample list by the expected proportional representation factor from
the human proteome. The negative inverse of results less than one were then found, while
results more than one were left unchanged to express each protein class as fold over- or
underrepresented on a linear scale. Figure 5.25 presents a heatmap of the PANTHER
protein class analysis. Interestingly, multiple protein classes associated with nucleic acid
interaction were among the most highly underrepresented in every MSC EV population,
including gene-specific transcriptional regulators, DNA-binding transcription factors,
chromatin/chromatin-binding or -regulatory proteins, helix-turn-helix transcription
factors and homeodomain transcription factors. Chaperone proteins and chaperonins
were the most overrepresented protein class in subclones C3 and E5. Structural proteins
such as extracellular matrix proteins and actin or actin-binding cytoskeletal proteins were
overrepresented in every EV population. However, other structural protein classes like
tubulins were only overrepresented in subclones E5, F7 and G4. Vesicle coat proteins
were overrepresented in every EV population aside from the wild-type MSC EVs, likely
due to sample preparation issues previously surmised. Beyond this, accompanying the
differential DPP4 activity observed among MSC subclones EVs, the protease protein
class was also significantly overrepresented, although only slightly. However,
interestingly there was little to no difference in the fold enrichment scores between each
of the MSC EV subclones. Integrins were also significantly overrepresented in multiple
subclone EVs but were not overrepresented in subclone B4, which elicited among the
greatest cell adhesion responses. In conclusion, multiple protein classes were identified
by PANTHER protein class analysis, some of which were exclusively or differentially
expressed in different EV subclones, suggesting that some EV subclones were better at

performing specific functions than others.
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Figure 5.25 PANTHER protein class analysis presenting significantly over- or

underrepresented protein classes versus expected representation in the human
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proteome. After filtering, analysis was performed using a list of proteins remaining in
each MSC EV population to remove protein duplicates, reverse variables, contaminants,
and any protein hits included in only one of three n-numbers. PANTHER
Overrepresentation Tests using Fisher’'s exact tests with Bonferroni corrections.
Significance indicated by P < 0.05. Fold enrichment calculated by dividing proportional
representation factor of protein classes observed within each sample list by expected
proportional representation factor from the human proteome. Negative inverse of results
less than one calculated and results more than one left unchanged to express each
protein class as fold over or underrepresented on a linear scale. Red denotes
overrepresentation, white denotes normal expression and blue denotes

underrepresentation. Mean +SD; n = 3.

After proteomics analysis, western blotting was performed in part to try and corroborate
the expression of some of the highly expressed, potentially functional EV proteins
reported within the proteomics data as well as to assess whether any differences in the
EV proteomes were reflected in the cell proteomes as a potential source of heterogeneity
within the EV proteomes. Figure 5.27 presents western blots of MSC subclone EVs, wild-
type MSC EVs and their respective parent cells. Fibronectin, CD29 (integrin beta-1),
laminin subunit beta-1, CD44, annexin a1l and a2, CD151 and caveolin-1 were assessed
as all were highly expressed and identified by GOBP analysis as involved in cell
migration/wound healing, cell adhesion or both. Fibronectin appeared to be more highly
expressed in B4, B10 and F7 EV samples which seemed to coordinate with cell adhesion
assay results, but aside from higher expression in B10, the signal did not match
proteomics data. Fibronectin expression in cell lysate samples was not mirrored in EV

samples. Similarly, a high expression of CD29 was seen in B10 and F7 EVs, though this
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was not reflected in cell lysate or the proteomics data. As for laminin, CD44 and CAV1,
a greater, more consistent expression was seen in cell lysate samples, and signal could
not be detected among EV lysates. A high expression of ANXA1/A2 was seen in B4 and
F7 EVs, aligning closely to cell adhesion assay results and CD151 with the addition of
subclone B10, although no discernible differences in expression of these proteins were
seen in cell lysate samples. Altogether, the expression of fibronectin, ANXA1/A2 and
CD151 resembled the functional differences in cell adhesion assays, while laminin, CD44
and CAV1 could not be detected by western blot in EV samples. Western blotting was
also unable to detect similarities between the expression of proteins in EVs and cell
lysate, again suggesting that EV heterogeneity may be independent of cellular

heterogeneity.
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Figure 5.27 Western blot analysis of cell adhesion and cell migration proteins in

MSC subclone-derived EVs. 10 ug of lysed EV and MSC whole cell lysate samples.
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In addition to western blotting, nanoflow cytometry (NFC) of numerous EV surface
proteins was also performed to validate protein expression in the proteomics data. The
expression of all the common EV membrane markers identified in Figure 5.21 were
assessed aside from HLA-A. As CD63 was identified as the most prominent EV
membrane marker across all subpopulations during proteomics analysis, EV membrane
marker antibodies were co-incubated with anti-CD63 antibodies to assess colocalisation
and determine a true EV population within each sample. Figure 5.27 presents the results
of NFC analysis for CD9, CD63 and CD81, along with correlation analysis between
colocalised CD63 and CD81 detected in NFC and their expression in proteomics. Firstly,
Figure 5.27A presents the percentage of particles that were migG1 positive, presenting
a low percentage of positive particles in each MSC EV subclone in the FITC channel and
low to no expression seen in the PE channel, indicating that the results seen in the other
labelling conditions were accurate representations of protein expression. As seen in
Figure 5.27B and D, EV tetraspanins followed a similar pattern in expression, with the
highest expression of all three EV tetraspanins seen in subclones B4, followed by B10
and F7. Like proteomics data, CD63 appeared to be the most prominent EV tetraspanin,
followed by CD81. CD9 was not observed within the proteomics data as CD9 expression
was nhot detected in enough sample replicates to be considered part of the dataset, and
the lower expression of CD9 seen in Figure 5.27B continued this trend. Unlike proteomics
data, CD63 expression varied among MSC EV subpopulations. Consequently, in the
correlation analysis in Figure 5.27C, no trend was seen between colocalised CD63 NFC
data and CD63 proteomics data. Similarly, as seen in Figure 5.27D, unlike its expression
seen in proteomics, CD81 expression also varied in NFC data. However, a significant (P
< 0.05) positive correlation between CD81 expression in the two datasets was observed.

In summary, NFC analysis of tetraspanins on MSC subclone EVs revealed a similar trend
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in tetraspanin expression to proteomics analysis, with CD63 the most abundant, followed
by CD81 and CD9, and a significant positive correlation between CD81 expression in
NFC and proteomics, although no trend between CD63 expression seen in NFC and

proteomics.
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Figure 5.27 NanoFCM quantification of EV tetraspanins on MSC subclone-derived
EVs. (A) Percentage of particles in FITC and PE channels stained with anti-mlgG1-PE
and percentage colocalised signal. (B) Percentage of particles positive for anti-CD9-FITC
or anti-CD63-PE and colocalised. (C) Two-tailed Pearson’s correlation of CD63 positive
particles in NanoFCM and CD63 expression in proteomics. (D) Percentage of particles
positive for anti-CD63-FITC or anti-CD81-PE and colocalised. (E) Two-tailed Pearson’s

correlation of CD81 positive particles in NanoFCM and CD81 expression in proteomics
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showing a significant positive correlation between the two datasets. Mean, n = 1 for

NanoFCM data. Mean, n = 3 for proteomics data.

Subsequently, the remaining EV surface proteins were assessed by NFC to validate the
protein expression seen in the proteomics data. As seen in Figure 5.28A, DPP4 (CD26)
appeared modestly expressed across MSC subclone EVs with the highest expression
seen in subclone F7 without CD63 colocalisation. However, when colocalisation was
considered, subclone B4 had the highest DPP4 expression. Additionally, while not
significant, a positive trend in DPP4 expression was seen, suggesting that the NFC data
supported the proteomics data (Figure 5.28B). Aside from the CD63 expression
demonstrated in Figure 5.27, CD59 presented the next highest average expression in
NFC analysis (Figure 5.28C). This further supported the proteomics data as CD59 was
also the second highest EV surface protein within that dataset. F7, C3 and B4 had the
highest CD59 expression. Additionally, while not significant, a positive trend in CD59
expression between proteomics and NFC was again seen, further corroborating the
proteomics data. CD107 and HLA-C (Figure 5.28E-H) were similarly differentially
expressed, and both did not present a significant correlation, but positive trends were
seen. HLA-C was weakly expressed, but a high percentage of HLA-C positive particles
was observed in subclone B4. However, this was likely a false positive as correlation
analysis showed a far lower percentage of particles. Overall, a positive trend between
protein expression identified in proteomics and NFC was seen among all assessed EV
surface proteins, as well as similar relative expression levels to those reported in

proteomics, instilling confidence in the accuracy of the proteomics data.
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Figure 5.28 NanoFCM quantification of EV membrane proteins on MSC subclone-
derived EVs. (A) Percentage of particles positive for anti-CD26-PE or anti-CD63-FITC
and colocalised, (C) anti-CD59-FITC or anti-CD63-PE and colocalised, (E) anti-CD107-
FITC or anti-CD63-PE and colocalised, and (G) anti-HLA-C-FITC or anti-CD63-PE and
colocalised. (B) Two-tailed Pearson’s correlation of CD26 positive particles, (D) CD59
positive particles, (F) CD107 positive particles, and (H) HLA-C positive particles in
NanoFCM and expression in proteomics. Mean, n = 1 for NanoFCM data. Mean, n = 3

for proteomics data.
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5.3.9 MSC EV subclone functions significantly correlated with proteins expression
observed in proteomics

Finally, to aid identification of proteins responsible for functional differences observed in
cell migration, cell adhesion and DPP4 activity assays, Pearson’s correlation analysis
was performed between MSC subclone EV functional assay data and proteins common
to all MSC EV subclones identified in proteomics analysis. This analysis was also

performed to identify markers of highly functional EV populations.

Firstly, correlation analysis was performed between cell migration assay data and
proteomics data to identify proteins linked to functional differences and marker proteins
among MSC subclone EVs. As shown in Figure 5.29, various proteins common to all
seven MSC EV populations were significantly correlated with HMEC-1 wound healing
assay results. The highest expressed protein presenting a significant positive correlation
was annexin A2 (ANXA2) which is involved in cell adhesion and wound healing®°?¢,
Other proteins involved in cell adhesion were also positively correlated, including plectin
(PLEC) and caveolae-associated protein 1 (PTRF)*?*', Other proteins of note that were
significantly positively correlated included peptidyl-prolyl cis-trans isomerase A (PPIA),
which is involved in the proinflammatory activation of endothelial cells and inducing
adhesion molecule expression®?, heat shock protein 70 1a/1b (HSPA1A/1B) involved in
stress response®*, and calmodulin 2/3 (CALMZ2/3) which regulates cell growth and cycle
progression®*. Interestingly, despite its relatively high expression, integrin beta 1, which
is also involved in cell adhesion, was significantly negatively correlated with wound
healing function despite other cell adhesion proteins presenting positive correlations.

Altogether, numerous proteins involved in cell migration and wound healing were

significantly positively correlated with differential cell migration elicited by MSC subclone
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EVs, including numerous EV surface proteins that could also serve as a marker of these

populations.
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Figure 5.29 Significant positive and negative correlations of MSC subclone EV
proteins and their activity in wound healing assays. Two-tailed Pearson’s correlations
where significance is indicated by P < 0.05. Log. protein expression versus wound

closure after 24 hours. Mean +SD; n = 3.

Next, correlation analysis was performed between cell adhesion assay data and
proteomics data to identify proteins linked to functional differences and marker proteins
among MSC subclone EVs. As shown in Figure 5.30, of the positively correlated proteins,
annexin a1 was the highest expressed positively correlated protein which is also involved
in cell adhesion®**%%*, Additionally, rho GDP-dissociation inhibitor 1 (ARHGDIA) was also
positively correlated. This was curious as ARHGDIA may regulate cell motility and
negatively regulates cell adhesion®***’, The EV marker protein EHD2 was also positively
correlated with cell adhesion which could serve as a marker of enhanced cell adhesion
among MSC subclone EVs'®. Few proteins that were negatively correlated were

associated with cell adhesion, although trypsin 3 (PRSS3) was negatively correlated,
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which could be considered a negative regulator of cell adhesion, as trypsin cleaves cell
attachments to tissue culture plastic. Overall, ANXA1 and ARHGDIA expressed in MSC
subclone EVs, which are involved in cell adhesion, were significantly positively correlated
with cell adhesion facilitated by MSC subclone EVs, and EV marker protein EHD2 also

showed a positive correlation which could serve as a marker.
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Figure 5.30 Significant positive and negative correlations of MSC subclone EV
proteins and their activity in cell adhesion assays. Two-tailed Pearson’s correlations
where significance is indicated by P < 0.05. Log. protein expression versus mean raw

MSC cell adhesion assay data. Mean +SD; n = 3.

Finally, correlation analysis was performed between DPP4 activity assay data from MSC
subclone EVs and proteomics data to identify proteins linked to differences in function
and marker proteins among MSC subclone EVs. As seen in Figure 5.31, the most
prominent of the significantly positively correlated proteins was DPP4. The significant
positive correlation of DPP4 confirmed prior suggestions that the activity of DPP4

observed mimicked DPP4 expression from proteomics data. Additionally, numerous EV
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membrane marker proteins were also positively correlated with EV DPP4 activity,
including HSPA1B/A, CD59, CD81 and ANXA2'. In conclusion, correlation analysis
confirmed that DPP4 activity seen in MSC subclone EVs was directly proportional to its
expression in MSC EVs, and numerous EV surface proteins that also showed positive

correlations may serve as markers of this function.
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Figure 5.31 Significant positive and negative correlations of MSC subclone EV
proteins and their activity in DPP4 activity assays. Two-tailed Pearson’s correlations
where significance is indicated by P < 0.05. Log. protein expression versus mean

normalised DPP4 activity assay data. Mean +SD; n = 3.
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5.4 Discussion

Throughout this chapter, the heterogenous characteristics of EVs and the effects that
different external factors had on EV heterogeneity were explored to attempt to identify
the source of variability in EV populations. Furthermore, functional differences in EV
subpopulations were assessed to further knowledge of EV heterogeneity and determine
whether heterogeneity is linked to heterogeneity of EV producer cells or whether cells

secrete a plethora of EVs that create heterogeneous effects in recipient cells.

5.4.1 Size-based heterogeneity

In sections 5.3.1 through 5.3.4 of this chapter, following the protocol outlined by Willms
(2018), a Cytiva XK-16/70 column packed with Sephacryl S1000 resin was utilised to
fractionate SKOV3 EVs into four different populations according to the XK-16/70 elution
profile®'. As described in section 5.1.2, numerous other studies have also successfully
fractionated EVs and particles of different sizes. However, this study and Willms (2018)
represent the first instances where SEC has been adapted and upscaled to increase
resolution beyond the separation of EVs from contaminants and enable the separation of
EVs into distinct subpopulations®’. NTA analysis revealed heterogeneity in EV size
distributions between each EV pool (Figure 5.1). EVs in pool 1 presented a much wider
size distribution and larger modal size (demonstrated by the size distribution peaks),
while EVs in pools 2 to 4 had incrementally narrower size distributions and modal sizes.
Furthermore, direct measurement of EVs captured in TEM images presented highly
significant differences between size distributions of EVs in each population, with size
distributions and median sizes decreasing sequentially. Modal EV sizes seen in NTA
analysis were very similar to medians reported in TEM analysis, although medians

reported by NTA, while incrementally smaller in each population, were much larger than
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those reported by TEM. This may highlight the drawbacks of NTA for size analysis, as a
minimum detectable vesicle size by NTA has previously been reported as 50 nm®®, while
TEM has been reported as low as 1 nm®®, therefore skewing NTA measurements towards
larger sizes. Furthermore, differences in how different-sized particles scatter light and the
effects temperature, viscosity, and vibration have on NTA analysis can also cause errors
in size determination"**, Interestingly, similar to those identified by Zhang et al. (2018),
non-membranous sub-50 nm particles were also observed in pools 3 and 4, suggesting
that the use of the XK-16/70 SEC column may be able to separate EVs from exomeres™.
However, further work should be conducted to characterise these small particles to
confirm they are not lipoprotein particles, as some low- and very low-density lipoproteins
can be less than 50 nm in diameter and may present similar to exomeres in TEM
imaging'°320%282,

To assess functional heterogeneity among SKOV3 EV size-based subpopulations, in vitro
cell adhesion assays were performed due to the effects of cancer-derived EVs on cell
adhesion, including in establishing pre-metastatic niches to aid the adhesion of cancer
cells to distant sites in vivo have been well documented® %9342 As seen in Figure 5.3,
unfractionated EVs elicited the greatest SKOV3 cell adhesion, while SKOV3 soluble
protein that served as a control for EV function elicited the lowest influence. This was
interesting as while higher cell adhesion in the unfractionated EV sample suggested that
facilitation of cell adhesion was EV associated, all other size-based EV pools showed
lower cell adhesion. This may suggest that cell adhesion is facilitated more strongly by
larger vesicles or free protein in the unfractionated sample that is removed during XK-
16/70 purification. Of the EV pools, pool 3 caused the greatest cell adhesion on average,

concurrent with results observed by Willms (2018). However, while Willms (2018)
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observed differential cell adhesion among all four SKOV3 EV pools, in this study, the
remaining pools evoked lower levels of cell adhesion that were similar to one another®'.
Notable deviation among replicates in all samples resulted in only pool 4 and the soluble
protein samples presenting a significant difference in cell adhesion. Although altogether,
the data presented that size-based SKOV3 EV subpopulations elicit differential effects

on cell adhesion.

Following functional assessment, SKOV3 EVs subpopulations were characterised to
attempt to link differences in cell adhesion to functional or marker protein expression.
ExoView R100 analysis revealed CD81 as the most abundant EV tetraspanin across all
SKOV3 EV populations, followed by CD63 and CD9. Historically, CD81, CD63 and CD9
have served as exosomal markers due to their role in ESCRT-independent endosomal
sorting and intraluminal vesicle biogenesis®*?%2% However, more recent evidence has
shown that EVs expressing CD9 and CD81 with little CD63 are mainly plasma membrane-
derived (microvesicles). In contrast, Mathieu et al. (2021) showed that EVs bearing CD63

%2 _Given

with little CD9 but containing some late endosome proteins qualify as exosomes
the similarities of these findings to the trend in tetraspanin expression seen in the
ExoView analysis here and in other studies, the preferential or overproduction of
microvesicles, as opposed to exosomes, may be a feature of SKOV3 cells. However,
further research is necessary to corroborate the findings of Mathieu et al. (2021), and
future studies may benefit from characterising microvesicles and exosomes produced by
SKOV3 cells specifically due to the heterogeneity in EV characteristics seen between

different cell lines. Due to the broadly similar pattern in expression of these markers

observed across all four EV pools, based on this evidence alone, it is unlikely that the
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difference in cell adhesion observed in response to pool 3 EVs is associated with

tetraspanin expression.

Sizing data was also obtained using the ExoView by interferometry performed on each
tetraspanin capture spot. In label-free mode, the ExoView is limited to measuring
particles in the range of 50 to 200 nm. Unlike NTA and TEM data, little differences in
mean size were seen between the four EV pools. A possible explanation for the
differences in size may be the selective measurement of tetraspanin positive particles by
ExoView, which may limit sizing to an exosomal population'®%22%¢  driving down average
sizes and narrowing size distributions compared to non-selective TEM and NTA analysis.
Alternatively, as interferometry is also based on light scattering to measure particles, this
data may further highlight the flaws in using light scatter-based techniques for measuring

147,338,339,343

particle size, and concentration highlighted elsewere , and demonstrate the

need for more sensitive and specific means of measuring these metrics on a nanoscale.

As ExoView analysis revealed a very high expression of CD81 among SKOV3-derived
EVs, CD81 was used as an EV marker in structured illumination microscopy (SIM)
analysis to assess the abundance of CD29 on SKOV3 EVs. Through antibody blockade
of CD29 on SKOV3-derived EVs, Willms (2018) demonstrated complete inhibition of cell
adhesion and showed that CD29 plays a role in SKOV3 EV-mediated cell adhesion in
vitro®'. Numerous other studies have also demonstrated the importance of CD29 in EV-
mediated cell adhesion®***  including in the establishment of pre-metastatic
niches®'%%*° However, surprisingly data from this investigation showed that CD29 and
CD81 were completely anti-colocalised across all four SKOV3 EV subpopulations and

unfractionated samples, despite the high expression of CD81. Previous evidence
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regarding the colocalisation of CD81 and CD29 is mixed. Hierarchical clustering of
MACSPIex analysis performed on EVs derived from breast cancer-positive lymphatic
drain fluid has shown that CD81 and CD29 were closely associated with one another®*®.
In contrast, studies of MSC-derived EVs have shown that CD81 and CD29 usually are
not actively associated with one another unless MSCs are radioactively stimulated®"’.
However, the complete anti-colocalisation of CD81 and CD29 seen here may be an
artefact of structured illumination microscopy (SIM), as SIM lacks the spatial resolution
to pinpoint the precise position of a fluorophore compared to an imaging technique such
as single-molecule localisation microscopy which has a spatial resolution of 20-50 nm.
Furthermore, due to point spread in SIM, the precise position of a fluorophore may be

out by a few hundred nanometres®*

. Therefore, future colocalisation imaging studies with
these EVs and others may benefit from a more sensitive technique, such as single-

molecule localisation microscopy.

To further understand the characteristic differences of SKOV3 EV subpopulations that
underpinned the differences in cell adhesion seen here and by Willms (2018)°', LC-
MS/MS proteomics analysis was performed. Principle component analysis and volcano
plots (Figure 5.7) presented the heterogeneity in protein expression between each of the
EV subpopulations. This was significant as previous EV subpopulation research has
reported a homogenous exosomal population ranging from 30 to 120 nm in diameter®®.
PANTHER protein class analysis (Table 5.1) revealed universal upregulation of cell
adhesion proteins across all four SKOV3 EV subpopulations, synonymous with the
important role that SKOV3 EVs play in cell adhesion'%%%%°. However, this did not provide
insights into differential cell adhesion facilitated by the EV subpopulations. Numerous

other protein classes were differentially upregulated among each EV subpopulation.
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Upregulation of small GTPases in pools 2 and 3 was interesting as it coincided with the
populations that elicited the greatest effect on cell adhesion both here and as observed
by Willms (2018). GTPases regulate EV biogenesis and release and have also been
suggested to play a role in assigning specific functions to EVs®*°. This suggested that
GTPases may be responsible for assigning enhanced cell adhesion to EVs in pools 2 and
3 by loading certain cell adhesion proteins during EV biogenesis. Furthermore, protein
classes upregulated in pool 4 EVs were highly similar to those identified by Zhang et al.
(2018) that were upregulated in exomeres, including glycosidases, proteases, serine
protease inhibitors and chaperonins®. This was particularly interesting due to the
previous visualisations of the small, non-membranous particles previously visualised in
pool 4 TEM images and the identification of the smallest particles in pool 4. However,
further investigation is necessary to characterise EVs in pool 4 and confirm the identity

of these particles.

After the apparent uniformity in high cell adhesion protein expression across all four
SKOV3 EV subpopulations was identified by PANTHER protein class analysis,
heterogeneous integrin expression was seen across all four EV pools (Figure 5.8). Most
interestingly, CD29 (ITGB1) expression in each EV pool matched the trend in SKOV3 cell
adhesion recorded by Willms (2018)°' and was synonymous with the high cell adhesion
elicited by pool 3 EVs in this investigation. Aside from CD29, integrin-alpha-3 (ITGA3)
displayed a similar expression pattern. This was unsurprising as the pair form the alpha-
3-beta-1 subunit *'. The only integrin more abundantly expressed in pool 4 versus the
unfractionated control was ITGAV. An upregulation in ITGAV expression was noted in
pools 2 and 3, which matched the high SKOVS3 cell adhesion seen in cell adhesion in this

investigation and matched the trend of the in vitro SKOV3 adhesion assay observed by
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Willms (2018)°', more so than CD29. High ITGAV expression has been reported on

%2 and linked to prostate cancer cell adhesion and invasion®** and

cancer-derived EVs
liver metastasis®. ITGAV dimerises with ITGB3 and supports growth factor and immune
modulation signalling pathways in cells®**3*’. Whether ITGAV on SKOV3 EVs and their
subpopulations is also involved in these processes is undetermined but a potential
subject of future investigations. Additionally, Hurwitz & Meckes (2019) investigated
integrin expression on cancer-derived EVs and reported that while CD29/ITGB1 was the
most highly expressed beta subunit, ITGB4 was the second most highly expressed
among a variety of cancers, including ovarian cancers®®. In contrast, this investigation
showed a markedly lower representation of ITGB4, with a roughly two-fold higher
expression of ITGB5 than B4. Additionally, an 18-fold decrease in ITGB4 enrichment
versus the unfractionated control was observed in pool 4 EVs. Together with a large
majority de-enrichment in integrin expression in pool 4, this further suggests a completely

phenotypically and functionally distinct population of sEVs, particularly regarding cell

adhesion.

However, despite integrin expression correlating with differences in cell adhesion
mediated by size-based SKOV3 EV subpopulation, volcano plots in Figure 5.8 present
differences in expression compared to unfractionated SKOV3 EVs, which evoked the
highest cell adhesion seen in this investigation. This suggested that integrins may not be
solely responsible for the high cell adhesion seen in unfractionated SKOV3 EVs. Instead,
as seen in Table 5.2, numerous cell adhesion proteins not typically found in EVs were
highly expressed in the unfractionated EV population than in all subpopulations, including
fibronectin (FN1) and various collagen subunits, which could have enhanced the

facilitation of cell adhesion by unfractionated SKOV3 EVs. These proteins associate with
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EVs by interacting with EV surface receptors'® and may have been removed during XK-
16/70 SEC, evidenced by the downregulation of ECM proteins across EV

subpopulations.

In summary, XK-16/70 Sephacryl S1000 size exclusion chromatography was capable of
fractionating EVs into four distinct subpopulations. Highly significant differences in EV
size were reported for each subpopulation, presenting XK-16/70 SEC as the first SEC-
based technique to achieve size separation within an EV population. SKOV3 cell
adhesion assays in this study and others presented that the fractionated SKOV3 EV
subpopulations elicited heterogeneous adhesion. The heterogeneous effects were
coupled with marked differences in protein expression and physical characteristics,
including differential expression of highly expressed adhesion proteins, including CD29,
which has previously been closely associated with EV-mediated cell adhesion.
Altogether, data from this investigation showed that heterogeneity exists among size-
based EV subpopulations and that size may be a determining factor in the assignment of

EV functions.

5.4.2 Temporal effects on EV heterogeneity

In the last few decades, EV heterogeneity with respect to EV source, size and biogenesis
has been rigorously studied***. However, whether EV heterogeneity changes over time
has yet to be seen. In section 5.3.5 of this study, the possible role of temporal phenotypic
drift on EV heterogeneity was investigated using a bead-based multiplexed flow
cytometry assay to assess the surface proteome of EVs secreted from two different

metastatic subclones of MDA-MB-231 breast cancer.
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The conditioned medium was harvested from three independent cultures of lung and
brain metastatic MDA-MB-231 over seven consecutive weeks. Three independent
cultures were used for each subclone to monitor whether any changes in protein
expression between the EVs samples were conserved or whether independent cell
cultures were affected differently. Interestingly, protein expression changes appeared to
be conserved among independent cultures (Supplementary Figure S5.5 and S5.6),
suggesting that either a factor common to all three cultures affected change in protein
expression or change in protein expression may be programmed and occur naturally over
time. A factor common to all cultures of each cell type was the incubation of cells in
serum-free OptiMEM for 72 hours to harvesting. This was necessary to ensure analysis
of EVs secreted from MDA-MB-231 cells and prevent contamination with serum-derived
EVs. However, Li et al. (2015) showed that culturing N2a cells in OptiMEM compared to
culturing in EV-depleted DMEM for 48 hours yielded EVs with distinct protein expression
profiles®®. Alternatively, changes in environmental cell culture conditions such as
temperature, culture nutrients or pH may induce stress and alter EV phenotype and
functionality®®>%, Therefore, any changes in protein expression seen in the MACSplex
data may have occurred due to serum deprivation or environmental changes rather than

by intrinsic cellular drift.

One of the most notable differences in the expression of proteins between both MDA
subclone EVs (Figure 5.10) was the high expression of CD29 in the lung metastatic EVs.
In addition to the function of CD29 and other integrins in cancer and EVs discussed in
the previous section, CD29 expression is highly correlated with breast cancer
metastasis®?®®%*8, The higher expression of CD29 in L-MDA EVs corroborates the

findings of Hoshino et al. (2015) that CD29 was highly expressed in lung metastatic
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cancer-derived EVs®. This may suggest that L-MDA EVs have an advantage over B-MDA
EVs in facilitating cell adhesion. Furthermore, major histocompatibility complex (MHC)
class | and Il (HLA-ABC and HLA-DRDPDAQ, respectively) were highly represented in L-
and B-MDA EVs, although more so in L-MDA EVs. MHC class | expression remained
mostly unchanged in both subclones over seven weeks, while MHC class Il in L-MDA
EVs fluctuated but was downregulated overall after seven weeks and remained
unchanged in B-MDA EVs. Low MHC-I expression on breast cancer cells is correlated

with immune system evasion by cancer cells®*®

, while high MHC-II expression on breast
cancer cells has been shown to present antigens to CD4+ T-cells causing antitumor
activity®®. This was interesting as high expression of MHC class Il in EVs may have a
counter-productive effect on the immunosuppressive and evasive nature of tumours and
tumour microenvironments needed to support tumour growth and metastasis®'.
Therefore, its downregulation over seven weeks may indicate a transition towards
ensuring immunosuppression over time. Overall, changes in MHC class | and I
expression in EVs derived L- and B-MDA EVs at different time points may have distinct

immunological properties, which could have consequences for tumour growth, survival,

and metastasis.

Other highly expressed proteins in both subclones were ROR1, SSEA-1, CD44, TF and
CD146. ROR1 is overexpressed in several cancer types, is associated with enhanced
tumour survival and growth, poor prognosis, and has been identified as essential for the
activity of EMT-regulating proteins in breast cancer cells®*?*®, Therefore, increased
ROR1 expression over time in both EVs populations may indicate favourable disease
progression in derived cells and favour disease progression in recipient cells. Stage-

specific embryonic antigen-1 (SSEA-1) is important in recognition between cells and
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adhesion processes and is commonly overexpressed in breast cancer. Furthermore,
SSEA-1 is thought to have a crucial role in breast cancer metastasis, explaining the
relatively high expression of this protein in EVs secreted by lung metastatic MDA-MB-
231 cells®*. Although interestingly, SSEA1 was downregulated in lung metastatic EVs
over time (Figure 5.12). Furthermore, while the role of CD146 is debated, both high and
low expression of CD146 is found to be a predictive marker for tumour progression®°%,
Notably, CD146 was the most highly upregulated protein in L-MDA EVs, suggesting that
L-MDA cells may be progressing into a new phase of growth over time. Finally, CD44 has
been shown to cause an increase in tumorigenicity and cell migration capacity®®.
Altogether, over time L- and B-MDA EVs transitioned further towards a pro-oncogenic

and pro-metastatic phenotype, and this data presents the heterogeneity between EVs

harvested at different time points.

Overall, the proteins that saw the greatest fluctuations in their expression over seven
weeks were among the most highly represented proteins, which may cause changes in
the functions of these EVs over time. Conversely, the expression of most lower
represented proteins was consistent with negative controls for both subclone EVs. CD24,
CD49e, MCSP and CD40 were exceptions to this trend in both L-MDA and B-MDA EVs.
These proteins fluctuated in their expression over seven weeks but underwent an
increase in expression overall. For most of these proteins, high expressions have been
detected in various cancers and cancer-derived EVs and are associated with cancer
progression, increased metastatic potential and poor prognosis®™?#7%® However, the
opposite is true for CD40, where higher expression in cancers is associated with

susceptibility to immunotherapies®®. Together the change in protein expression further
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suggested that over time L- and B-MDA EVs transitioned towards a pro-oncogenic and

pro-metastatic phenotype.

Altogether, temporal variation in EV surfaces proteomes was observed. These temporal
changes may have been caused by variability in the cellular proteome over time, as many
cell membrane proteins are represented in the EV surface proteome®'"*°. Alternatively,
changes seen in breast cancer-derived EVs over time could be due to shared
environmental or epigenetic factors. In this case, over time, L- and B-MDA EVs
transitioned towards a pro-oncogenic and pro-metastatic phenotype over time.
Furthermore, variation in temporal protein expression changes between each
independent subclone highlights a previously unscrutinised problem when growing EV
producer cells over extended periods; EVs purified at one time point may have different
protein expression profiles to EVs purified at another time point which may impact EV
function or therapeutic efficacy. Whether these changes lead to functional differences is
yet to be determined; however, this may be pertinent to further investigations. Future
investigations should also employ techniques to study luminal proteins to understand

whether changes in protein expression over time are also seen there.

5.4.3 Identification of heterogeneity in EV function

Previously, numerous studies have documented differences in function between EVs with
different sizes, protein expression and biogenesis origins derived from the same parent
cell population*®***®, This presents that a variety of EVs, some of which are better at
performing specific functions than others, are included within a secreted EV population.
Identification and characterisation of functionally heterogenous EV populations may aid

EV therapeutic development by providing information to selectively purify EVs with
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greater efficacy to use as therapeutics. Furthermore, whether heterogeneity in EV
function is linked to heterogeneity in EV producer cell populations is yet to be determined.
To investigate these questions, EVs from subclonal populations of MSCs generated by
single-cell sorting were assessed for functional heterogeneity in numerous in vitro
assays. This was followed by characterisation to identify functional proteins responsible
for functional differences, and marker proteins to identify these EVs. Preliminary
assessments of cellular heterogeneity were also made to investigate the association

between EVs and cellular heterogeneity.

Eleven MSC populations were identified from single-cell sorting experiments. Following
the expansion of each MSC subclone culture, the effects of MSC-derived EVs on T cell
proliferation were analysed by quantifying extracellular lactate, which is released by T
cells in proportion with T cell proliferation®'?. High and variable lactate concentrations
were recorded in response to conditioned medium derived from each MSC subclone
(Figure 5.13) and later recorded in response to incubation with purified MSC subclone
EVs (Figure 5.15). This initially suggested that every MSC subclone EV sample appeared
to induce T cell proliferation to some degree. This was surprising, as the
immunosuppressive effects of MSCs and MSC EVs have been extensively documented

371378 However, repetition of the assay and assessing the lactate content

in the literature
of EV preparations alone identified the source of differential lactate as the EVs themselves
rather than T cell proliferation (Figure 5.16). As MSCs have been shown to produce
lactate to promote the polarisation of macrophages from a pro-inflammatory phenotype
to an anti-inflammatory phenotype®*, lactate may be packaged into EVs. These high

concentrations of lactate associated with EVs would likely have interfered with the

assessment of EV-mediated immunosuppression using activated T cells in the same
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assay. Therefore if this investigation were repeated, a new method of measuring T cell
proliferation may be necessary. Additionally, differential lactate concentrations alone may
suggest that MSC subclone EVs may have differential effects on macrophage

immunosuppression®™.

MSC subclone-derived EVs were also assessed in numerous other assays. Firstly,
research has shown that MSCs and MSC EVs have regenerative properties, and both
have been used to aid wound closure both in vitro and in vivo™"**3"": thus, MSC
subclone EVs were investigated for differential effects on cell migration in vitro. MSC
subclone EVs evoked marked differences in cell migration, particularly among endothelial
cells (Figure 5.17). In both MSC and HMEC-1 monolayers, subclones B10, E5, and G4
evoked faster wound closure than subclones B4, C3, and G4, presenting functional
heterogeneity despite the subclonal nature of their parent cell lines. The difference in
efficacy highlighted the importance of identifying EV heterogeneity during EV therapeutic
development, as subpopulations of EVs may have lower efficacy or antagonistic effects
on recipient cells, thus lowering overall efficacy of an EV therapy. While differences were
observed, no statistically significant differences were detected, likely due to variability
among biological repeats. Variability often arises in migration assays due to uneven
wounds in cell monolayers, remnant cells following scratch wound application or damage
to the tissue culture plastic®’®. Despite use of the Woundmaker 96 to provide uniformity
in scratches, variability was still observed. Therefore, future analysis should attempt

further biological repeats to produce concordant results.

Other studies have investigated heterogeneity in cell migration elicited by EV

subpopulations. Hosseinkhani et al. (2020) reported that EVs isolated by 110,000 x g
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ultracentrifugation compared to 10,000 x g evoked greater monocyte migration, and
enhanced migration was seen among intercellular adhesion molecule 1-positive EVs®>.
Additionally, Shen et al. (2021) reported greater cell migration evoked by EVs derived
from ovarian cancer cells with high metastatic potential as opposed to low metastatic
potential, which was attributed to higher CD44 expression®”®. Similarities were seen in
this investigation, as proteomics data revealed high expression of CD44 in MSC subclone
EVs (Figure 5.23), although CD44 expression in MSC subclone EVs was not significantly
positively correlated with cell migration (Figure 5.29). Enhanced cell migration has also
been reported in response to MSC EVs enriched in chemotactic factors and growth
factors such as fibroblast growth factor (FGF) and vascular endothelial growth factor
(VEGF)***%°, Comparatively, growth factor expression was not detected in MSC subclone
EVs and no growth factors known to be associated with cell migration were identified by
GOBP annotation. YWHAE, PDGFR and HSPB1 were the only identified proteins involved

817383 but these were not particularly highly

in various growth factor signalling pathways
expressed nor significantly positively correlated with cell migration activity (Figure 5.29).
Elsewhere, correlation analysis revealed a positive correlation between cell migration
activity and calmodulin 2/3 (CALMZ2/3), which modulates the activities of numerous
physiological processes, including cell motility, cytoskeleton architecture and function,
and cell proliferation, and has previously shown to significantly increase cell migration in
wound healing assays®*®°. PPIA expression in EVs was also significantly positively
correlated with cell migration activity. PPIA is normally associated with leukocyte
migration, although knockdown of PPIA has been shown to significantly impact wound
healing and migration®®. Alternatively, PPIA may be upregulated due to its pro-

inflammatory activation of endothelial cells, which may have been induced following

wound application®*?. ANXA2 was identified by GOBP annotation as involved in cell
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migration and was the most highly expressed of all positively correlated proteins in MSC
subclone EVs. This was interesting because ANXA2 expression in EVs and cells has been

57387 and because

shown to significantly increase cell migration and wound healing
ANXA2 has been shown to increase internalisation of ITGB1 expressed on the cell
surface during wound healing, enabling forward cell movement®’. Therefore, this may
explain the significant negative correlation between ITGB1 expression on MSC subclone
EVs and cell migration. Altogether MSC subclone-derived EVs presented functional
heterogeneity in cell migration assays. Differences in protein expression among EV
subclones provided a possible explanation for the observed differences in EV function,

particularly in cases where differences in function were significantly correlated with

protein expression, such as for PPIA and ANXA2.

The facilitation of MSC cell adhesion by MSC subclone-derived EVs was also
investigated to explore EV functional heterogeneity. Functional assessment and
proteomic profiling of MSC EVs have previously shown that MSC-derived EVs are
abundant in cell adhesion proteins and aid adhesion of MSCs to inert surfaces®?3°,
Notable differences in MSC cell adhesion were observed in 96-well plate wells coated
with different MSC subclone EVs (Figure 5.18). However, in contrast to cell migration
assays, different MSC subclones evoked cell adhesion to those that evoked cell
migration. Subclones B4, B10, and F7 caused the greatest cell adhesion with significant
differences between EVs derived from the parental wild-type (WT) MSC cells and MSC
subclones B10 and F7, respectively. (Figure 5.18B). This provided further questions
regarding what determines the differential functions of subclonal EV populations, as

some MSC subclone-derived EVs highly affected both cell migration and cell adhesion

(B10), some highly affected either cell migration (E5, G4) or cell adhesion (B4, F7), and
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some affected neither (C3). Cell adhesion evoked by WT MSC EVs was roughly average
that of the other subclones in both assays, which may suggest that EVs in the WT sample
include EVs with the same phenotype as subclone-derived EVs due to the clonality of
each of the cell lines. This may also necessitate identifying functional heterogeneity within

EV populations to improve efficacy when developing EV therapeutics.

Similar to cell migration assays, numerous studies have demonstrated heterogeneity in
EV-mediated cell adhesion by different EV populations based on size, cell line and protein
expression®'100:413:390391 I this study, GOBP cell adhesion annotation of proteomics data
identified numerous extracellular matrix proteins, including collagen, laminin, and
fibronectin (Figure 5.24). However, none of these proteins were significantly positively
correlated with cell adhesion (Figure 5.30), suggesting that they were not responsible for
the differences in cell adhesion observed. Additionally, the significant positive correlation
of the EV-associated proteins annexin A1 (ANXA1) and EH-domain containing 2 (EHD)
suggested that enhanced cell adhesion was associated with EVs and not a factor co-
isolated with EVs'®. More specifically, enhanced cell adhesion may be due to an
abundance of microvesicles in some subclonal EV populations, as annexin A1 has been
suggested as a marker of microvesicles®?. Integrins have previously been shown to play

a prominent in EV-mediated cell adhesion®**%%%

, although the only integrin common to
MSC EV subclone populations was ITGB1, and its expression was not significantly
positively correlated with elicited cell adhesion. Similarly, CD44, CAV1 and CD63 were
all highly expressed among all MSC subclone EV populations and have previously shown

to be involved in EV-mediated cell adhesion?®8:390:393:3%4

, although none of these proteins
were shown to be significantly positively correlated with cell adhesion activity either. The

only cell adhesion protein expressed in MSC subclone EVs identified by GOBP
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annotation significantly positively correlated with cell adhesion was Rho GDP-
dissociation inhibitor 1 (ARHGDIA). This was surprising as ARHGDIA is a negative

395

regulator cell adhesion™. GOBP also annotated haemoglobin subunit 3 (HBB) as a cell

adhesion protein, the expression of which was significantly negatively correlated with cell
adhesion activity. However, the reason for its identification as a cell adhesion protein is
linked to increased cell adhesion seen in sickle cell disease®®. Altogether, while no
proteins that positively impacted cell adhesion were positively correlated with cell
adhesion elicited by MSC subclone EVs, the expression of ANXA1 and EHD2 suggested
differences in cell adhesion were directly associated with EVs. Future investigation
should further scrutinise the expression of cell adhesion proteins in MSC subclone EVs

to identify a possible cause for the differences in cell adhesion observed.

The final functional assay used to assess functional differences between MSC subclone-
derived EVs was the DPP4 activity assays (Figure 5.19B). Once again, heterogeneity
between MSC subclone-derived EVs was seen from different MSC subclone EVs than
observed in cell migration and cell adhesion assays. Subclones B4, C3, and F7 presented
highly significant increases in DPP4 activity over the activity of WT MSC EVs, further
provoking questions regarding what determines the functions of subpopulations. Like
cell adhesion assays, DPP4 activity evoked by WT MSC EVs also seemed to be average
that of the other subclones, further suggesting that the WT EV population included EVs
with the same phenotype as in each subclone population due to the clonality of each of
the cell lines. Heterogenous DPP4 activity has previously been observed in placental EVs

" and EVs derived from different

from patients with and without gestational diabetes®
leukaemia cell lines®*?. However, this is the first instance where heterogenous DPP4

activity has been observed in EVs derived from subclonal cells. As expected, DPP4
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activity in MSC subclone EVs was positively correlated with its expression in proteomics
analysis (Figure 5.31). Numerous EV membrane markers were also positively correlated,
including HSPA1B/A, CD59, CD81 and ANXAZ2'®, providing strong evidence that DPP4
activity was directly associated with EVs. Aside from DPP4 itself, no other positively or
negatively correlated proteins were directly associated with DPP4 activity. However,
CD59, which also bared a positive correlation, is involved in signal transduction for T cell

activation, which DPP4 also play a role in®"%%,

The DPP4 activity assay was repeated using MSC subclone cells to investigate whether
the differences in DPP4 activity elicited by the MSC subclone EVs could be linked to
differences in DPP4 activity in their parent cell line. As seen in Figure 5.19E,
heterogeneous DPP4 activity was observed, although this did not mirror the DPP4
activity observed in EVs, and correlation analysis between the EV and cell-based assays
confirmed this, revealing no correlation between the two datasets (Figure 5.19F). This
presents that the heterogeneity in MSC subclone EVs may not be linked to heterogeneity
in parent cell phenotypes. Historically, the function and content of EVs have been viewed
as dependent on the function and content of parental cells**°. However, in recent years,
numerous studies have identified subpopulations of EVs with varying functionalities and
proteomes originating from the same cell type*®>%4%°4°"Moreover, single vesicle analysis
studies have identified EV populations with distinct protein, phospholipid and cholesterol
markers and presented that EV characteristics and function may be influenced by other
factors such as cellular physiological state®'*4%%%%, Along with differential DPP4 activity
in this study, cell phenotype is not the sole arbiter of EV function and phenotype. These
observations were reaffirmed in western blot analysis of highly expressed cell adhesion

and cell migration proteins, where little to no associations between EV and cell protein
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expression were seen (Figure 5.27). However, further scrutinising cellular function and
characteristics using more sensitive techniques such as flow cytometry or even
proteomics to compare to the EV proteomics shown here is hecessary to confirm these

observations.

Aside from assessments of functional heterogeneity between MSC EVs, proteomics data
displayed further heterogeneity in EV protein expression. Principle component analysis
(Figure 5.20) revealed that protein expression in MSC EV populations was distinctly
distributed. The only EV populations that were closely clustered with one another were
subclones E5 and G4. This was interesting as both EV subclones had shown similar
activity levels in every in vitro assay, including high function in migration assays, no
influence on MSC cell adhesion, and low DPP4 activity. This may suggest that
irrespective of correlation analyses, similarities between E5 and G4 EV proteomes may
provide insights into the proteins responsible for the functions they elicit. Observing
proteins involved in wound healing and cell migration (Figure 5.23), keratin 1 (KRT1),
CAV1, ITGB1 and syntenin-1 (SDCBP) were all upregulated in E5 and G4 EVs. Aside from
KRT1, EVs that have shown enhanced effects on cell migration have previously

°8313344 " In contrast,

presented high expression of these proteins on their surface
differences in protein expression between MSC EV subclones were difficult to identify in
volcano plots (Figure 5.21). Surmised sample losses during protein extraction and sample
preparation resulted in the number of identified proteins common to all samples being

far lower than expected. This may also have caused the number of proteins identified as

significantly different from their expression in the WT MSC EVs to be very low**.
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PANTHER protein class analysis further highlighted the heterogeneity of MSC subclone-
derived EVs and suggested various other functions that MSC EVs could influence and be
tested to further evidence of functional heterogeneity between MSC subclone EVs.
Chaperonins were the most highly upregulated protein class, particularly in subclone C3
and E5 EVs. Previous studies have shown chaperonin containing TCP1 subunit 2 (CCT2)
to be highly upregulated in MSC-derived EVs and involved in the downregulation of
CD154 expression in recipient T cells to prevent their activation*®, further highlighting
the role of MSC-derived EVs in immunomodulation. Differential representation of the
chaperonin protein class suggests that C3 and E5 EVs may be better at suppressing
immune responses than other EVs. Among the most underrepresented protein across all
MSC subclones were protein classes associated with nucleic acid transcription and
binding, including gene-specific transcriptional regulators, DNA-binding transcription
factors, chromatin/chromatin-binding or -regulatory proteins (also including histone
proteins), helix-turn-helix transcription factors and homeodomain transcription factors.
This suggested that EVs were not involved in the transfer of proteins involved with DNA
handling, recognition, or utilisation and do not influence the regulation of protein
expression at a genomic level*®*”. Elsewhere, integrins were overrepresented in
subclones B10, C3, F7, and G4, despite only ITGB1 being the only integrin common to
all EVs and identified as involved in cell adhesion by GOBP annotation. This is likely due
to filtering the data in previous analyses to remove proteins that were not common to all
EV subclones. However, overrepresentation of the integrin protein class did not seem to
correlate with MSC subclone EVs that significantly affected cell adhesion, further
suggesting that different cell adhesion proteins may be responsible for their function.
Otherwise, differential representation of various enzymes was observed among EV

subclones, including protease inhibitors and proteases, dehydrogenases, peroxidases,
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and reductases, suggesting differential enzymatic and metabolic activity of MSC

subclone EVs.

5.5 Limitation, future work, and conclusions

5.5.1 Limitations

The lack of biological repeats for SKOV3 EV subpopulations proteomics is a limitation of
the data presented in this chapter. While the implementation of technical replicates
accounted for error in the implementations of proteomics protocols, if proteomics
analysis were to be repeated, these experiments would benefit from biological replicates
to ensure that differences in protein expression were not artefacts or affected by temporal
variation as observed in MDA subclones in this chapter*®. Biological repeats should also
be implemented in MSC subclone NFC experiments seen later in section 5.3.8.
Conversely, while three biological replicates were implemented in MSC subclone
proteomics, only one technical replicate was used for each. As previously discussed,
sample loss and pre-processing errors were surmised to cause a low number of proteins
detected in MSC proteomics and high variation between biological replicates. Repetition
of this analysis would be beneficial with the addition of technical replicates to reduce the

variation.

Elsewhere, some in vitro functional assays lacked certain controls, including missing
positive controls in MSC cell migration assays and positive controls in cell adhesion
assay. This created a lack of scale and points of reference to understand the extent that
MSC subclone-derived EVs influenced functional activity. Without positive controls,

determining how strongly MSC subclone EVs facilitated cell migration or adhesion was
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more difficult. If these assays were repeated, a positive control of complete culture
medium should be implemented in MSC cell migration assays to match the positive
controls in HMEC-1 migration assays, and coating assay wells with attachment factors
such as collagen or fibronectin could serve as a positive control in cell adhesion

%8 Additionally, while established protocols were followed for cell migration and

assays
cell adhesion assays, dose-response assays were not performed to identify the most
appropriate EV concentration at which to perform the assays to observe maximal

functional differences.

5.5.2 Future work

Differences in cell adhesion were detected between size-based EV populations.
However, unlike Willms (2018), the cell adhesion assay in section 5.3.7.2 did not assess
the involvement of CD29 in EV-mediated cell adhesion.®’. Subsequent investigations
should block or knockout CD29 expression in EVs to determine whether the effects
observed by Willms (2018) can be replicated. Furthermore, other highly expressed cell
adhesion proteins identified in proteomics data could be blocked or knocked out to
observe whether this also affects EV-mediated cell adhesion. Similarly, inhibition of
proteins involved in EV biogenesis may provide insights into the origins of different size-

based EV subpopulations.

Moreover, further functional assessments could be performed to determine whether
SKOV3 EV subpopulations differentially affect other oncogenic processes such as
angiogenesis or immunomodulation®®%, This may inform anti-cancer therapeutic
strategies by developing therapies targeting pro-oncogenic EV subpopulations.

Alternatively, the proteomics data could identify additional functional assays to link
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differences in protein expression to other functions and further understand the impact of
EV heterogeneity. For example, various metabolic activity assays could be explored due
to differential expression of various metabolic protein classes identified by PANTHER

protein class.

Additionally, further analysis of the small particles identified in pool 4 should be
performed to confirm whether their identity is synonymous with exomeres®, and may aid
understanding of exomere proteome and function. Future work should also determine
the extent of heterogeneity in size-based EVs derived from clinically relevant cell lines

such as MSCs, which could help advance EV therapeutic development.

As for temporal EV heterogeneity experiments, further investigations should investigate
how changes in cell culture environmental factors such as temperature, pH, nutrients, or
other epigenetic factors affect EV protein expression over time. This may aid
understanding of why changes in EV proteomes are observed over time. Furthermore,
investigating whether changes in protein expression are translated into changes in
functional effects of EVs may provide valuable insights into EV therapeutic development
protocols regarding the conditions and how long EVs are harvested from cells. Analysis
of changes in luminal protein expression will also provide insights into whether EV
cargoes are affected over time. Finally, other cell lines should also be investigated to
determine whether changes in expression may be due to the genomic instability of the

cancer cell line*®®,

Furthermore, numerous cell migration and cell adhesion proteins, including ANXA2, PPIA

and ANXA1, were correlated with functional heterogeneity in MSC subclone EVs. Future

235



work should determine whether these proteins are, in fact, actively involved in these
functions on EVs. This can be achieved by antibody blockade of proteins or inhibiting
expression using siRNA. Additionally, future experiments should investigate whether EVs
with the same functional activity can be selectively purified from parent cell MSC EV
populations using proteins identified as positively correlated with subclone activity. If
successful, this may influence EV therapeutic development strategy due to the possibility
of selectively isolating functionally advantageous EVs, which can improve EV therapeutic
efficacy. Similarly, MSC EV subclones that produce therapeutically advantageous EVs

could also be grown and utilised for further EV production and therapeutic development.

Finally, further analysis is necessary to determine whether heterogeneity in subclonal EV
populations is linked to heterogeneity of parent cell lines. As no association between
cellular and EV activity or protein expression was seen in this study, proteomics analysis
should also be performed on MSC subclone cells and analysis of similarities and
differences between EV and cellular protein expression should be determined. In
addition, assays for determining functional heterogeneity in both cells and EV should be

sought.

5.5.3 Conclusions

Identifying EV heterogeneity and understanding the mechanisms that cause or control it
is essential in determining EV effects on recipient cells and developing EV therapeutics.
This chapter has linked numerous factors to EV heterogeneity, including EV size and
temporal changes in protein expression. Additionally, functional heterogeneity among

EVs derived from subclonal cell populations has been demonstrated, suggesting that
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differences between cells in an assumed clonal population may give rise to EV

heterogeneity.

SKOV3 EV subpopulations with significantly different sizes evoked significant differences
in SKOV3 cell adhesion in vitro. Proteomics analysis revealed notable differences in
protein expression, including cell adhesion proteins and integrins that presented
similarities in expression to the cell adhesion functions elicited. Differences in functional
protein classes suggested other functions of different size-based subpopulation EVs and

identified proteins synonymous with an emerging class of EVs termed exomeres.

Temporal changes in EV protein expression were also observed over time. In addition,
different proteins changed expression in two different subclonal MDA cell lines. However,
changes in expression were conserved among biological repeats suggesting that
changes in EV proteomes may be due to a common epigenetic or environmental

influence or may be directed.

Lastly, heterogeneity in various functions was demonstrated among subclonal MSC-
derived EVs. Furthermore, proteomics analysis demonstrated the protein expression of
these EVs to be notably different from one another. Correlation analysis between the
functions of MSC subclone EVs identified numerous proteins that were significantly
correlated with differences in function, including ANXA2 and PPIA in migration, ANXA1
in adhesion and DPP4 itself in DPP4 activity assay, as well as numerous other
correlations that could serve as potential markers of these functional EVs in other EV
populations. Moreover, preliminary evidence presented in DPP4 assays and via western

blotting analysis suggested heterogeneity in EV function and protein expression was not
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linked to heterogeneity in the cellular proteome. Altogether, the data shown here
highlights the existence of functional heterogeneity in EV populations and the potential

benefits of its identification to improve EV efficacy.
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5.6 Supplementary Figures

Unfractionated Unfractionated
Atto-488 ctrl (561nm) Atto-488 ctrl (631nm)

Unfractionated Unfractionated
A647 ctrl (561nm) A647 ctrl (631nm)

Supplementary Figure S5.1 Representative control SIM images of SKOV3

subpopulation EVs. EVs incubated with donkey anti-rabbit IgG Alexa Fluor® 647 and
donkey anti-mouse IgG Atto-488 to check for non-specific binding. EVs incubated for
one hour at room temperature and purified from excesses by SEC. Images were taken in
both channels to check for bleed-through of fluorescent signal into either channel.
Minimal fluorescent signal can be seen in the 561 nm channel for Atto-488 and 631 nm

channel for Alexa647.
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CD29-Atto488 (561nm) CD81-A647 (631nm)

Pool 3 Pool 2 Pool 1 Unfractionated

Pool 4

Supplementary Figure S5.2 Representative SIM CD29-CD81 colocalization images

of SKOV3 subpopulation EVs. EVs incubated with mouse anti-CD29 with donkey anti-
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mouse IgG Atto-488, and rabbit anti-CD81 with donkey anti-rabbit IgG Alexa Fluor® 647

for one hour at room temperature and purified from excesses by SEC.
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Supplementary Figure $5.3 MACSPlex analysis of EV surface proteins from each

independent lung metastatic MDA culture. Variation can be seen on a week-by-week

basis among highly expressed proteins. Red denotes high expression while white

denotes low expression. Mean, background corrected data expressed as a factor of 1000

for protein expression each week.
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Supplementary Figure $S5.4 MACSPlex analysis of EV surface proteins from each
independent brain metastatic MDA culture. Variation can be seen on a week-by-week
basis among highly expressed proteins. Red denotes high expression while white
denotes low expression. Background corrected data expressed as a factor of 1000 for

protein expression each week.
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Supplementary Figure S$5.5 Temporal variation of EV surface proteins from each

independent lung metastatic MDA culture as shown by MACSPIlex analysis. Blank

corrected and scaled data normalised to respective expression in week one and

expressed on a Log?2 scale. Red denotes an increase in expression versus week, white

indicates no change and blue indicates a decrease in expression.
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Supplementary Figure S$5.6 Temporal variation of EV surface proteins from each

independent brain metastatic MDA culture as shown by MACSPlex analysis. Blank

corrected and scaled data normalised to respective expression in week one and

expressed on a Log?2 scale. Red denotes an increase in expression versus week, white

indicates no change and blue indicates a decrease in expression.
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Supplementary Figure S5.7 MSC subclone cell adhesion assay coating with 1 x 10°
EVs as opposed to 1 pug. Images analysed using FiJi — Analyze Particles. Raw results of
each n-number were averaged and summed. Individual averages were divided by the
sum and multiplied by 1000 to relativise results. One-way ANOVA with Tukey’s multiple
comparisons versus the wild type (WT) sample where significance is indicated by P <

0.05 (=P < 0.05, ™ = P < 0.01). Values are mean relativised values +SD; n=3.
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6.0 Discussion and conclusion

6.1 Summary of main findings

In this DPhil thesis, numerous technical challenges faced within the extracellular vesicles
research space were addressed, including the limitations of methods currently used to
assess EV biodistribution, the lack of suitable methods to purify EVs from high cell

density cultures, and the existence of functional heterogeneity within EV populations.

Chapter 1 outlined the fundamentals of EVs, including their different biogenesis methods,
their importance in intercellular communication, functions in healthy physiology and
pathophysiological conditions, and the development of EVs as targeted therapeutic
devices. Various problems facing the field of EV research were outlined, although these

were more extensively introduced and addressed in subsequent chapters.

In chapter 3, current methods of EV biodistribution were outlined, including various
fluorescent and bioluminescent labelling techniques, radiolabelling techniques, and
imaging techniques. Each method presented pros and cons, though almost all suffered
from sensitivity and specificity issues that warranted the development of a technique to
overcome these limitations. Therefore, EV DNA barcoding was proposed and explored.
However, while steps were made to optimise EV DNA barcoding, many challenges were
faced, including low labelling efficiency, low EV yields and high background
contamination. Furthermore, an assessment of labelling efficiency of NHS-functionalised
DNA capture probes and complementary fluorescent barcodes by NFC revealed that at
most, only 27.1% of particles in EV samples were successfully labelled, suggesting NHS

is an inefficient method of labelling EV populations, synonymous with findings seen
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elsewhere''

. Altogether, further development is necessary to use EV DNA barcoding for
EV labelling and biodistribution analysis, although the toolset showed promise after being

repurposed for EV-mediated siRNA delivery in vitro.

In chapter 4, various methods of EV purification were introduced, along with the
numerous applications, pros, and cons of each. Among all these methods, scalability
was a significant issue which presented problems for the purification of EVs from
preparations with high contaminant concentrations, such as those derived from high cell
density bioreactor cultures. HiScreen Capto Core 700 kDa (CC700) binding
chromatography was proposed as a novel solution to this problem due to the high
contaminant binding capacity of CC700 resin. While CC700 had previously begun to be

explored for EV purification from low cell density cultures®270273274410

, in this chapter,
the use of binding chromatography to SEC for purification of EVs from high cell density
cultures was compared. Results demonstrated significant differences in purity of EVs
from free protein between SEC and CC700, although high levels of DNA and RNA
remained in solution, which could have implications for the therapeutic use of CC700
purified EVs. Therefore, benzonase treatment and Capto Q anion exchange were
explored to remove DNA and RNA. Capto Q showed excellent potential to remove DNA
and RNA, although at the expense of particle yield. Later, in chapter 5, CC700 purified
EVs in functional assays presented that the functionalities of EVs purified by CC700 are
preserved. Overall, the superior purity of EVs purified by CC700 versus SEC presented
CC700 as a new gold standard of EV purification and a viable tool for EV purification from

high-density culture, though further work may be necessary to reduce DNA and RNA

levels further while preserving EV yield.
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Finally, in chapter 5, the extent of EV heterogeneity within EV populations associated with
EV size and composition was introduced, along with the impact that this heterogeneity
may have on EV function. Investigations to further characterise the association between
EV size and both characteristic and functional heterogeneity were performed, as well as
an investigation into temporal variation of protein expression in EV populations.
Functional heterogeneity was observed among EVs derived from different size-based
subpopulations, and these differences were linked to variations in integrin and cell
adhesion protein expression in EV proteomes. Additionally, temporal heterogeneity was
observed among EVs derived from subclonal breast cancer cell lines evoking further
considerations for EV therapeutic development. Finally, following analysis of EVs derived
from subclonal MSC populations, significant differences in EV function were identified in
cell migration, cell adhesion and DPP4 activity assays. Once again, following proteomics
analysis, these differences showed significant correlations to changes in expression of
functional proteins such as ANXA2 and PPIA in migration assays, ANXA1 in adhesion
assays and DPP4 itself in DPP4 activity assays. These results suggested that
heterogeneity in EV populations was linked to heterogeneity in single-cell precursors of
subclonal MSC populations and that heterogeneity between single cells in a larger
population could be a source of EV heterogeneity. Altogether, prominent functional
heterogeneity in EV populations associated with various factors has been extensively
shown. Therefore, harnessing and attempting to mitigate the effects of EV heterogeneity
is an important factor to consider in developing EV therapeutics. Moreover, selective
purification of EV populations, such as those that express proteins significantly correlated

with EV function, may provide novel avenues for improving EV therapeutic efficacy.
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6.2 Future impact of findings

Overall, as the development of the therapeutic EV platform continues to grow, EV
heterogeneity is a critical factor to understand and address if EV therapeutic efficacy is
to be maximised'’. The data and methods presented within this thesis offer an important
addition to EV heterogeneity research by identifying factors associated with EV
heterogeneity, establishing the functional impact of EV heterogeneity, and presenting the

potential to harness EV heterogeneity to improve their therapeutic efficacy.

The EV purification and biodistribution tools explored in this thesis may enhance EV
heterogeneity and therapeutic research. With further development, such as by
implementing RCA as suggested in section 3.5.2, EV DNA barcoding could help ascertain
heterogeneous EV activity in vivo. ldentification of differential biodistribution, uptake and
circulation half-life of EVs from different cell sources such as the MSC subclones utilised
in chapter 5 or different EV subpopulations will enable the selection of a more efficacious
EV population for therapeutic use. Furthermore, decorations of EV subpopulations with
different barcodes and pooling labelled subpopulations into the same sample for
administration could enable simultaneous detection of differences in the aforementioned
factors. Elsewhere, CC700 represents an advancement in EV purification that is
necessary to purify high, therapeutically appropriate EV concentrations. However, the
precise amount of EVs needed for an EV therapy to be active in vivo remains unclear'®®.
A combination of high EV concentrations achieved by CC700 with EV DNA barcoding

offers the ability to investigate appropriate EV dosages.

Identifying functional heterogeneity within size-based and subclonal EV populations in

this thesis highlights an important consideration for future EV therapeutic development
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strategies. Determining and mitigating the presence of EV subpopulations within
therapeutic EV populations that may hamper therapeutic efficacy will be as beneficial to
maximising therapeutic efficacy as identifying and utilising therapeutically active EV
subpopulations. Similarly, while differences in activity were detected between subclonal
populations of MSC EVs, heterogeneity within subclonal EV populations should also be
investigated. Altogether, future studies that implement the same methodologies
described in this thesis for identifying subclonal cell populations that produce
therapeutically beneficial EVs, followed by determining heterogeneity within EV
populations, such as by size separation, offer a strategy to maximise the therapeutic
potential of EVs. Additionally, the therapeutic potential of subclonal cell populations

could also be investigated.

6.3 Concluding remarks

Over the last few decades, an abundance of evidence has demonstrated the importance
of EVs in intercellular communication and their potential for targeted therapeutic delivery.
However, EV heterogeneity presents a substantial challenge to EV therapeutic
development. In this thesis, the impact of EV heterogeneity on their function was
demonstrated among size-based and subclonal EV populations. Characterisation of
functionally heterogeneous EV populations identified proteins that correlated with
differences in EV function and may aid selective purification of functionally advantageous
EV populations for future therapeutic EV development. Novel EV biodistribution and
purification techniques explored in this thesis may also aid advancements in EV
heterogeneity and therapeutic EV development studies. Overall, advancing
understanding of EV heterogeneity and addressing the challenges associated with EV

research is essential to ensure successful EV therapeutic development.
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October 2019

Oxosome Meeting (The Oxford Extracellular Vesicle Group), Oxford, UK. Oral
Presentation: Characterisation of tumour derived extracellular vesicles and their
involvement in cancer development.

December 2019
UKEV (United Kingdom Extracellular Vesicles) Forum, Francis Crick Institute, London.

May 2020

ISEV (International Society for Extracellular Vesicles) Annual Meeting, online. Poster
presentation with oral summary: Extracellular vesicle heterogeneity and the impact of
cellular phenotypic drift on the vesicular proteome.

September 2020
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3rd GSEV Autumn Meeting, organised jointly with UK Society for Extracellular Vesicles,
online.

Wired Health: Tech, online.

October 2020
Inaugural Cancer and Evolution Symposium, online. Oral presentation: Extracellular
vesicles in metastasis and their evolutionary aspects.

November 2020
University of Tartu EV Symposium, Online Oral presentation: Extracellular vesicle
heterogeneity and the impact of cellular phenotypic drift on the vesicular proteome.

December 2020
UKEV Forum, online.
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Wired Health: Tech, online.
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ISEV Annual Meeting, online. Poster presentation with oral summary: High purity
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