(CARDIFF

UNIVERSITY

PRIFYSGOL

(ARRDYD

Characterisation of
Fluorescent Extracellular Vesicles
and their Distribution in the Prostate
Cancer Microenvironment

By

Timothea Konstantinou

Thesis submitted for the degree
DOCTOR OF PHILOSOPHY
Division of Cancer and Genetics
School of Medicine
Cardiff University

2021



Acknowledgements

First and foremost, | would like to thank Cancer Research UK for their generous funding
and for entrusting me with this project, and overall support | was given throughout my
studies, especially during the difficult times of the COVID-19 pandemic.

Next, | would like to express my deepest and sincerest gratitude to my primary
supervisors Professor Rachel Errington and Professor Aled Clayton, who have stuck by
my side through thick and thin; their precious guidance has been a beacon of hope,
inspiring me and motivating me through this journey.

Throughout this project | had the opportunity to work with many excellent
collaborators to whom | extend my gratitude for their advice, support, and expert
knowledge which have brought this project to fruition. Special thanks to our collaborators
at the BSRC Mass Spectrometry and Proteomics Facility at the University of St.
Andrews, Dr Simon Powis, Dr Sally Shiran and Dr Silvia Synowsky, and our collaborators
at the School of Chemical and Process Engineering at the University of Leeds Dr Andy
Brown and Dr Nicole Hondow.

This PhD would not have been possible without the precious help of friends and
colleagues at the Tissue MicroEnvironment Group, who have made my hectic and
difficult days a bit brighter. | would like to especially thank Mrs. Marie Wiltshire, the
person | mostly counted on in the lab for her everyday support and guidance in everything
regarding cell culture and flow cytometry. Dr Rachel Howard-Jones also deserves my
deepest gratitude as her contribution to my project has been invaluable as well as her
overall support during the difficult times of COVID-19. | am eternally grateful to both for
their support and friendship.

I would also like to thank Dr Dimitris Parthimos, Dr Jason Webber and Dr Stephen
Mann for all of their excellent guidance on image analysis, advice on extracellular
vesicles and great support throughout this long PhD journey. Special thanks are also
due to Dr Andreia de Almeida and Dr Kate Milward for all their support around the lab,
excellent advice on flow cytometry and microscopy and overall, making every working
day in the lab more fun. | extend my gratitude to Dr Lauren Evans, Dr Sara Veiga,
Muireann Ni Bhaoighill and Basmah Almagwashi; | candét begin to
countless days and nights we spent at the lab working and exchanging advice, but it was
our delightful banter and jokes that were the true lifesaver. Our newest lab members Dr
Amr Alraies, and Mariama Mbengue also deserve my thanks, as their friendship was
invaluable during the COVID-19 late shifts at the lab.

remer



Last but not least, | would like to thank my family and friends who have always been
by my side. | especially want to thank my mother Andri, who has made everything
possible; she was the first person to believe in me and inspired me to go where not many
people would have the courage to go. | extend my gratitude to my grandparents and
especially my grandmother Tsikkina, for her encouragement and praise. Many thanks to
my sister Christina, who was there for me throughout this journey, trying to cheer me up
with her witty, black humouri even t hough she wasnodét al
Finally, my deepest appreciation and sincerest gratitude go to my best friend Vasiliki,
and my partner in life Giorgos, who have put up with me through sleepless nights and
long days, through laughing and crying.

My sincerest thanks to everyone who have made this possible, it has truly been an

unforgettable adventure.

| dedicate this Thesis to my dearest godfather; we lost you too earlyé your battle with
cancer has been life changing. Through sadness and pain, losing you became a source
of motivation for wanting to do the best for other people; | hope | have made you proud.

way s



Summary

Small extracellular vesicles (SEVs) are nanovesicles secreted from cells, that elicit
intercellular communication by transferring their cargo to recipient cells. This form of
communication contributes towards disease-critical processes in prostate cancer (PCa),
including sEV-mediated microenvironment remodelling, tumour progression,
angiogenesis, and formation of the pre-metastatic niche. The fundamental mechanisms
of sV dissemination through the microenvironment, as well as distribution within tissues
have not been extensively investigated. This is the topic of the current study.

To address these questions, sEVs require fluorescent labelling; we developed two
PCa cell lines that generate endogenously fluorescent seEVs by expressing GFP or
Tdtomato fluorescent proteins fused to CD63 or CD81, respectively. Fluorescent sEVs
were used to microscopically characterise uptake kinetics (dosing), retention, and
distribution in recipient PCa cell- and bone marrow-derived mesenchymal stem-cell (BM-
MSC) - populations. Additionally, a vital consideration was the impact of the tetraspanin-
fluorescent protein fusions on the phenotype of the parent cells, and the corresponding
SEVs.

Forced overexpression of tetraspanin-fluorescent protein fusions drove significant
phenotypic and proteomic changes at both the cell and SEV level. The differential impact
of a two- versus three-dimensional cell culture microenvironment on the phenotype of
cells and sEVs was also demonstrated, emphasising the importance of platform
definition and characterisation. Nevertheless, the behaviour of fluorescent sEVs
revealed conserved principles in sEV uptake kinetics, retention, and distribution in two-
dimensional dynamic cell systems, highlighting recipient-cell type differences in signal
uptake and retention. In addition, functional effects of sEV uptake were identified
demonstrating osteogenic differentiation of BM-MSCs as a result of chronic dosing with
PCa-derived sEVSs.

To conclude, our study generated new optical tools allowing fundamental principles
of sEV distribution in tissues or cells to be defined. The data provides the basis for
understanding the dispersion of SEVs in tissue microenvironments, and new insights into

their great potential for diverse clinical applications.
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1.1. Extracel |l u(EYdr Dé¢d samdlte on

Nomencl atur e

Extracellular Vesicles are lipid bilayer membrane vesicles secreted from cells, a process
which is highly evolutionary conserved, from prokaryotic to eukaryotic organisms (1).

Traditionally these vesicles were classified based on their size and modes of biogenesis,

with the major classesofve si cl es being: (i) A e xobeadosomas 0 ,

origin, sizedfrom30-1 50 nm and (ii) Amicrovesicleso

that bud directly from the plasma membrane, sized from 50-1000nm (Eigure 1.1), as well

as (iii¢ hHhapgiopsotwhi ch ar5000nmeferned duirgg plasma e d

membrane blebbing of a cell undergoing apoptosis (2-5).
According to the recent guidelines published by the International Society for
Extracellular Vesicles (ISEV 2018) the term Extracellular Vesicle or EV, is currently

or

preferred as an fAumbrella termod to describe

not reached a consensus in their specific classification into EV subtypes based on their
origin or composition (6). Due to these challenges, alternative classifications were
proposed, for example based on their size, with EVs smaller than 200nm referred as
small EVs (SEVs), whereas EVs larger than 200nm referred as large EVs (IEVs) (6).
However, classification based on the physical characteristics of EVs does not account
for vesicles produced by distinct mechanisms as being fundamentally different entities,
e.g., small vesicles that bud directly from the plasma membrane (3, 4, 6). Furthermore,
these classifications cannot be absolute, as sEVs and IEVs were reported to share
common components and can even be co-isolated (6, 7). Hence, until the field gains
more insight into the distinct molecular signatures of these EVs, caution must be taken
when using specific terminology. In this study we follow the MISEV2018 guidelines and
utilise the blanket term AEVsO0 when ref
characterisation of the physical properties of these vesicles (size <200nm) (6).

In the following Sections, we will discuss details about the biogenesis, composition,
and secretion of SEVS, as well as their roles in the prostate cancer microenvironment
and the pre-metastatic niche. Furthermore, we will explore the interactions,
internalisation, and fate of sSEVs in recipient cells, as well as discuss their uptake kinetics
and distribution in cell systems after their fluorescence labelling by organic dyes or

genetically encoded fluorescent proteins.
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Figure 1.1. Overview of Extracellular Vesicle (EV) biogenesis and exosome composition.

EVs have been traditionally classified in two major classes: microvesicles (50nm-1em) and exosomes (30-150nm). Microvesicles are generated by the
outward budding and fission of the plasma membrane. Exosomes are produced in multivesicular bodies (MBVs), an intermediate during endosome
maturation, and are subsequently released in the extracellular space when MVBs fuse with the plasma membrane. Typically, exosomes are lipid-bilayer
vesicles containing various molecules like proteins (e.g., tetraspanins, antigen-presenting and adhesion molecules, signalling receptors, growth factors and
cytokines, ESCRT(endosomal sorting complexes required for transport)-machinery, cytoskeletal and heat-shock proteins, glycoproteins, membrane fusion
and transport proteins), nucleic acids (e.g., miRNAs, mRNA, DNA and other non-coding RNAs), and lipids (e.g., cholesterol, phosphatidylserine,

phosphatidylcholine, ceramide etc).
Figure modified from AThe exosome

3

journey: from biogene



Chapter 1: Introduction

1.2. sEV Bi oge nGosmpso saintdi o n

1.21. sEV Bi ogenesi s

SEVs (specificaly Aiex osomes o) are intraluminal vesicl
the inward budding of the early endosomal membrane into the lumen of the
compartment, towards maturation into multivesicular bodies (MVB, late endosomes) (8).

These MVBs can be either destined to lysosomes for cargo degradation, or fuse with the

plasma membrane, thus secreting SEVs in the extracellular space (3, 4), as shown in

Figure 1.1.

The biogenesis of SEVs is rather complex, as it involves both ESCRT (Endosomal
Sorting Complex Required for Transport)-dependent and ESCRT-independent
machineries (9, 10). These machineries have been involved in clustering of cargo
molecules (lipids and membrane-associated proteins) on the limiting membrane of
MVBs, as well as in recruiting luminal molecules (luminal proteins and nucleic acids),
followed by inward budding of the membrane, fission and release of the ILVs (SEVS)
within the MVB lumen; these processes are presented in great depth in recent review
articles (3, 4, 11).

1.2.1.1. ESCRT-Dependent Mechanisms

The main mechanism driving sEVs biogenesis is ESCRT-dependent, and includes 5 core
complexes, which act sequentially namely ESCRT-O0, -I, -ll, -lll and VPS4 (vacuolar
protein sorting-associated protein 4) (9, 10). Firstly, ESCRT-0 localises on the limiting
membrane of MVBs via its interaction with the endosome-enriched PI3P
(phosphatidylinositol-3-phosphate), and then recognises, binds to, and -clusters
ubiquitinated cargo (e.g., lipids, membrane-associated and transmembrane proteins)
which is present on the MVB membrane. Secondly, ESCRT-0 recruits ESCRT-I to MVBs
from the cytoplasm by interacting with TSG101 (tumour susceptibility gene 101) on the
ESCRT-I subunit, and promotes clustering with soluble cargo (e.g., cytosolic proteins
and RNA). In turn ESCRT-I recruits ESCRT-II, and thirdly, the now three ESCRT
complexes (ESCRT-O0, -I, and -Il) can interact with the ubiquitinated cargo and promote
clustering, followed by inward budding around the clusters of these proteins
(microdomains) in the MVB membrane. Finally, the ESCRT-IIl complex is recruited, and

mediates cargo de-ubiquitination (via recruiting de-ubiquitinases), and performs budding
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and fission of the microdomains into the lumen of the MVB (generating an ILV), followed
by recruitment of VPS4, which then leads to the disassembly of ESCRT-III and
termination of the MVB cargo sorting and ILV formation cycle (Figure 1.2.a.,b.ef).

Notably, the ESCRT-IIl complex is required for the fission of ILVs and release into the
MVB lumen, but the clustering of cargo and inward the budding of the MVB limiting

membrane can also occur by ESCRT-independent mechanisms (9, 10).

1.21.2. ESCRT-Independent Mechanisms

Even though the ESCRT complex is the main machinery of sEV biogenesis, ESCRT-
independent mechanisms were also reported, as sEVs loaded with tetraspanin CD63
(protein highly associated with sSEVs, explained in greater detail in the next section), were
successfully detected, despite the downregulation of subunits in the ESCRT complexes
(O-111) (12). Further investigation of ESCRT-independent mechanisms demonstrated the
involvement of complex lipids and other proteins interactions (3, 4, 13); examples are
shown in Figure 1.2.c-f. Firstly, proteini protein interactions between tetraspanins and
the syndecan-syntenin complex promote the initial cargo sorting at microdomains on the
limiting membrane of the MVB, followed by recruitment of Alix, which in turn associates
with the ESCRT-III complex, to promote the inward budding of the MVB limiting
membrane (14). This happens in conjunction with the generation of ceramide (a cone-
shaped lipid) by sphingomyelinases, resulting in spontaneous negative curvature, thus

contributing to the inward budding of the membrane (15).

1.22. sEV Secretion

Following the generation of ILVs in the MVB lumen, MVBs can either fuse with lysosomes
for degradation, or be transported to the plasma membrane for fusion and secretion of
I LVs to the extracellular space, whi ch
cases, MVBs are transported by the cytoskeleton (e.g., actin filaments and microtubules)
via motor proteins (dynein, kinesins and myosins) and are regulated by Rab GTPases
(16). Once transported to the membrane, RAB27A and RAB27B aid in the docking of the
MVB to the membrane by rearranging the actin cytoskeleton (17), followed by fusion with
the plasma membrane via SNARE (YKT®6) proteins and synaptotagmins for release of

SEVs to the extracellular space (13).

t hen
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Figure 1.2. ESCRT- dependent and ESCRT-independent mechanisms of SEV biogenesis.

ESCRT- dependent mechanisms involve: (a) Recruitment of ESCRT-0 to PI3P microdomains in the limiting membrane of MVBs and clustering with
ubiquitinated cargo (e.g., lipids, membrane-associated- and transmembrane- proteins) (b) Recruitment of ESCRT-I via binding to TSG101, followed by
recruitment of ESCRT-II and further sequestration and clustering of soluble components (e.g., cytosolic proteins and RNA species). Alternative to this
mechanism, ESCRT- independent mechanisms involve: (c) recruitment of syndecan and syntenin in tetraspanin-enriched microdomains followed by (d)
recruitment of Alix which in turn associates with the ESCRT-IIl complex and along with ceramide (generated by sphingomyelinases) allows the inward
budding of the MVB limiting membrane. The final step is common for both mechanisms and involves the (e) recruitment of ESCRT-III (via association with
ESCRT-Ii I) followed by inward budding and fission around the clusters of these proteins in the MVB membrane microdomains, leading to release of ILVs
into the lumen with (f) VPS4 also recruited to ESCRT-III for its disassembly and termination of cargo sorting.

Figure adapted froomtim&hedcdilndiloilphgty of extracell
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1.23. sEV Composition

Predictably, the composition of sEVs strongly reflects their biogenesis, as sEVs are
composed of a plethora of proteins, lipids and nucleic acids, which are packaged during
cargo sorting (Figure 1.2). The composition of SEVs has been thoroughly reviewed in the
literature (3, 4, 8, 11, 18), and examples of cargo are shown in Figure 1.1.

Briefly, SEVs contain proteins which can be transmembrane, membrane-associated,
or luminal. Examples of these proteins are: (i) tetraspanins (e.g., CD9, CD63, CD37,
CD81, CD82, CD53), (ii) adhesion-associated proteins (e.g., integrins- U and -b), (iii)
antigen-presenting molecules like major histocompatibility complex (MHC) Class | and Il
(iv) signaling receptors (e.g., EGFR, EPCAM and Transferrin (TfR) receptors), (v)
glycoproteins (e.g., b-galactosidase and O- and N-linked glycans), (vi) cytoskeletal
proteins (e.g., actin and tubulin), (vii) ESCRT proteins (e.g., Alix and TSG101), (viii)
growth factors and cytokines (e.g. TGF-b, TNF-U), (ix) heat-shock proteins (e.g., Hsp90,
Hsc70), as well as (X) membrane transport and fusion- associated proteins (e.g., Rab
GTPases, Annexins). Furthermore, sEVs carry a plethora of nucleic acids (e.g., DNA,
MRNA, miRNA, ribosomal RNA (rRNA), transfer RNA (tRNA), long non-coding RNAs
(IncRNA) etc.), as well as lipids (e.g. ceramide, sphingomyelin, cholesterol, phosphatidyl-
serine and -choline) (3, 4, 8, 11, 18).

1.2.3.1. Focus on Tetraspanins: fiCl assi ¢ Exosome Ma

Tetraspanins are hydrophobic proteins crossing the lipid bilayer membrane four times
(hence their name) and are localised in the plasma membrane, in endosomal and
lysosomal compartments (19-22). Tetraspanins form a protein superfamily with 4
subfamilies with 33 members in humans; CD63 is the sole member of the CD63
subfamilyodue to its more ancient origin, whereas the majority of other tetraspanins like
CD9, CD37 CD81, CD82 and CD151 belong to the fCD subfamilyo (21). Despite
belonging to a protein superfamily, tetraspanins have relatively low sequence homology
but exhibit highly-conserved secondary and tertiary structures, which include their four
transmembrane domains (19, 20). These transmembrane domains are responsible for
tetraspanin biosynthesis, function, and interactions with other tetraspanins, as well as
contribute to the creation of two extracellular loops (EC1 and EC2) with conserved
cysteine residues, two intra-cellular N- and C-terminal tails, and a cholesterol-binding
pocket (23, 24).
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Through these direct interactions of tetraspanins with themselves and other
transmembrane or cytosolic proteins, as well as through indirect interactions with other
proteins via common binding partners, tetraspanins have the ability to cluster with
proteins at the cell membrane and become organised into the specialised tetraspanin-
enriched microdomains (TEMs) (20, 22, 24). Some of these proteins include integrins
(e.g., U and b-integrins) antigen-presenting molecules (e.g., MHC-I and MHC-II),
adhesion molecules (e.g., vinculin, talin, focal adhesion kinase), metalloproteinases
(e.g., MT1-MMP), signallingr ecept ors (e. g. EGFR, RdtehiK) and
Cdc42, Rac etc.), as well as connect to the actin cytoskeleton through ezrin, radixin, and
moesin (ERM) proteins; these and other examples have been comprehensively reviewed
previously (19, 20, 22, 24).

Hence, through the TEMSs, tetraspanins can exert a plethora of functions, including
adhesion to extracellular matrix or other cells, cell migration, membrane fusion,
regulation of signalling pathways, as well as protein and vesicle trafficking (20, 22, 24).
Tetraspanins are involved in vesicle trafficking by ESCRT-independent mechanisms for
SEV biogenesis and cargo sorting (as mentioned in the previous section), especially
CD63 via its interactions with syntenin (22, 25), which might explain the presence of
CD63-positive SEVs even in the absence of ESCRT complexes (12). Furthermore,
studies reported that CD63 was essential for the biogenesis of lysosome-related
organelles (25). On the other hand, knockdown of CD81 in lymphocytes did not affect
SEV secretion several CD81 interacting protein partners were depleted from sEVs
isolated from CD81-deficient lymphoblasts (22). Besides their involvement in sEV-
biogenesis and cargo sorting, tetraspanins are also involved in SEV targeting and uptake
to recipient cells, as well as antigen presentation (19, 22). Overall, tetraspanins are
thought to be highly enriched in sEVs, as they exhibit a 7- to 124- fold enrichment
compared to cells, with the most prevalent described as CD63 and CD81 (19, 21); these
are currently <considered (26 bra dogdtherawith tieek o s 0 me
interacting partners at the TEMs were reported to account for almost 50% of the protein
cargo of seVs (22).
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1.3. sV Rol es i n Prostate Cancer

Historically, one of the reasons considered behind SEV secretion, was to remove
unneeded material from the cell, which was suggested by studies showing secreted
vesicles (coined as Aexosomeso) with transfe
(27, 28). However, research in the next decade
actually functional and a means of cell-to-cell communication for activation of signalling
pathways; a benchmark study in the field showed that exosomes derived from B
lymphocytes can induce an antigen-specific MHC class ll-restricted T-cell immune
response (29). Further research for the next 30 years highlighted that SEVs are far from

a ifwast e di sposal o system, as t heyto-cehr e f
communication by delivering their cargo to recipient cells, in both physiological and
pathological processes, including cancer (13). As there is a broad scope of sV functions

in a plethora of cancers, this next section will briefly explore the roles of cancer-derived

sEVs in the context of prostate cancer (PCa), as our study focuses on PCa-derived sEV

distribution in the PCa microenvironment.

1.314. PCMi croenvironment

It is currently established that PCa is not just a disease of the abnormally dividing
epithelial prostate cells, but rather an imbalance in the complex interactions between the
cancerous cells (including PCa stem cells) and components of the prostate
microenvironment like the extracellular matrix (ECM) and various stromal cells like
fibroblasts, cancer-associated fibroblasts (CAFs) or myofibroblasts, neuroendocrine
cells, endothelial cells, pericytes, immune cells like T- and B- lymphocytes, dendritic
cells, monocytes, natural killer (NK) cells, macrophages and mast cells, as well as bone-
marrow derived mesenchymal stem cells (BM-MSCs) (30, 31); Figure 1.3 shows a
schematic with cell types involved in the PCa microenvironment.

Stromal cells can undergo a series of cellular changes and alterations and switch to
secreting various factors such as chemokines, cytokines, matrix-degrading enzymes,
and ECM, ultimately promoting cancer progression, pre-metastatic niche formation,
invasion, metastasis, and drug resistance (30-32). For example, CAFs or myofibroblasts
secrete various metabolites and cytokines, altering the composition of the ECM and
|l eading to the f oer neattricomma oo, f wahi ftrhe gocrtoimot e s

invasiveness, and angiogenesis (33, 34). In addition, endothelial cells, which, via
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i nteractions with tumour cell s, can pr-omot e

angiogenic factors such as VEGF (vascular endothelial growth factor), and lead to
alterations in the ECM by formation of
promote metastasis by suppression of the androgen receptor (AR) (30, 35). Furthermore,
immune and inflammatory cells, can infiltrate the PCa microenvironment and produce
various cytokines and chemokines to promote proliferation, inflammation and
angiogenesis (36).

Finally, circulating BM-MSCs can also be recruited to the PCa tumour
microenvironment (Figure 1.3); BM-MSCs are multipotent stem cells usually residing in
the bone marrow, which can differentiate towards a chondrogenic, adipogenic or
osteogenic lineage (37), and contribute to tissue homeostasis and wound healing (38,
39). Due to chronic inflammation in PCa tumours, BM-MSCs are recruited and can
differentiate into CAFs or endothelial cells (38, 39). This differentiation to CAFs and
endothelial cells promotes alterations in the ECM, leading to cancer cell migration and
epithelial-to-mesenchymal transition (EMT), as well as stimulates PCa growth,
angiogenesis, and metastasis (especially to the bone) (38, 39). Human PCa biopsies
demonstrated that the BM-MSC population represented 0.017 1.1% of the total tumour
(37).

1.3.2. Rol es of SEVs in the PCa mi

Overall, PCa-derived sEVs are known to modulate the tumour microenvironment by
transferring their cargo, thus promoting immune system suppression, tumour growth,
stimulation of angiogenesis and metastasis, as well as drug resistance and formation of
t he -metr &st at (40s43)nFigurdrle3 hows examples of the effects of PCa sEVs
in the PCa microenvironment.

To begin with, PCa-derived sEVs were shown to perform immunosuppressive
functions, thus aiding in immune evasion. For example, they were shown to express
ligands that downregulate NKG2D on NK and CD8+ T-cells (NKG2D is a membrane
receptor for activation of immune cells), thus impairing their activation and consequently
their cytotoxic function (44). Moreover, PCa sEVs can induce apoptosis of CD8+ T-cells,
by delivering the FasL (ligand) to the Fas receptor in T cells, which subsequently induces
apoptosis either directly via the receptor CD95/APO1, or indirectly via dendritic cells (45).

In addition, it has been established that PCa sEVs can trigger fibroblast to

myofibroblast differentiation through TGF-b  (t r ansf or mi ng gr owt h

the vesicle membrane, which can then lead to activation of SMAD3-dependent or SMAD-
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Chapter 1: Introduction

independent signalling and thus promote tumour growth (46, 47). Furthermore, this
differentiation towards myofibroblasts by PCa sEVs carrying TGF-b stimul at e
angiogenesis by elevated secretion of pro-angiogenic factors within the tumour
microenvironment, including VEGF, HGF (Hepatocyte Growth Factor), FGF-2 (Fibroblast

Growth Factor), and uPA (urokinase-type Plasminogen Activator) (46, 47). Interestingly,

PCa sEVs can also induce BM-MSC differentiation to myofibroblasts, with elevated

secretion of VEGFA, HGF and MMP-1, MMP-3, and MMP-13 (MMP: Matrix
Metalloproteinase), thus further supporting tumour progression and angiogenesis (48).

Besides TGF-b , PCa sEVs can transport mi RNA (s
regulate gene expression) to stromal cells ultimately promoting angiogenesis and
metastasis; for example miR-92a and miR-17-92 transfer in endothelial cells results in
increased proliferation and migration, whereas transfer of miR-21, miR-100 and miR-139
in fibroblasts results in increased migration and expression of pro-metastatic factors
MMP-2, MMP-9, MMP-13 and RANKL (49).

I nterestingly, a ANnhorizont al transfero o

cells or other PCa cells in the tumour microenvironment has been recently suggested,
and is thought to promote cancer progression and drug resistance (50). A recent study
delivered PCa sEVs derived from a DU145 cell line resistant to docetaxel to parental
DU145 cells, as well as other PCa cell lines (LNCaP and 22Rv1) and observed that
recipient cells ultimately developed chemoresistance to docetaxel (51). Another study
also demonstrated that sEVs isolated from PCa patients promoted cell migration,
proliferation, and cancer progression in the normal epithelial prostate cell lines (RWPE-
1 and PNT-2), when compared to sEVs from healthy individuals, or patients with benign
prostate hyperplasia (52).
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Figure 1.3. The PCa
microenvironment and role of
SEVs.

The PCa microenvironment
encompasses PCa epithelial cells
and interactions with stromal cells
like fibroblasts, myofibroblasts,
neuroendocrine cells, endothelial
cells, pericytes, immune cells like T-
and B- lymphocytes, dendritic,
natural killer, mast cells, and
macrophages, as well as circulating
bone-marrow derived mesenchymal
stem cells (BM-MSCs). PCa sEVs
perform various functions in the
microenvironment, contributing to
the promotion of cancer
progression, angiogenesis, and
metastasis. PCa sEVs can suppress
the immune system, by
downregulating  their  cytotoxic
function or inducing apoptosis. They
can also promote fibroblast and BM-
MSC differentiation to
myofibroblasts via TGF-b, as well as
promote endothelial cell- and
fibroblast- migration/proliferation via
delivery of various miRNAs. Besides
effects of SEVs on tumour stroma,
PCa sEVs can directly affect other

PCa cells via fho
mechanism providing
chemoresistance and further

promoting cancer progression.
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1.3.3. Pr-®Flet astati c Niche and Rol

Beyond the primary tumour, PCa cells secrete sEVs that appear to generate a favourable
and supportive environment for the survival and growth of the tumour in a secondary
site; this pre-conditioned microenvironment is generated prior to establishment of
met astasi s and i-nse ttaesrtnae d(58H6ndP Caffephibitss metastatic
tropism to the bone, as more than 90% of PCa patients develop bone metastasis (57).
Metastatic PCa is characterised by alteration of the balance between the bone-resorbing
osteoclasts and the boneZorming osteoblasts, to generate a favourable tumour-
supportive environment, which results in the formation of predominantly osteoblastic or
osteolytic lesions. Osteoblastic lesions are characterized by increased deposition of low-
quality bone tissue around tumour sites, and osteolytic lesions by increased depletion
and resorption of bone tissue; these lesions are associated with deregulation of
osteoblast and osteoclast activities, respectively (54, 55). The dynamic between PCa
cells and bone cells disrupting normal bone homeostasis and promoting cancer

e

of

progression hasbeenestab | i shed as t h¢g4,85.i ci ous cycl eo

PCa sEVs participate in this fAvicious
osteoblasts, osteoclasts and BM-MSCs), thus promoting the formation of this pre-
metastatic bone niche (53-56). For example, a study using sEVs derived from PC3 PCa
cells, demonstrated an increase in osteoblast viability, as well as improved growth for
PCa cells when cultured with the sEV-treated osteoblasts (58). A different study showed
that transfer of the miR-141-3p non-coding RNA by sEVs isolated from MDA PCa 2b
cells promoted osteoblast activity and increased osteoprotegerin expression; the
underlying mechanism was the suppression of the DLC1 gene (protein involved in the
regulation of Rho GTPases), thus activating the p38MAPK pathway and ultimately
increasing osteoblast proliferation, calcium deposition and expression of osteoblastic
differentiation markers (59).

On the other hand, the effect of PCa- derived sEVs on osteoclasts are contradicting
in the literature. For example, a study using murine PCa sgVs from the TRAMP-C1 cell
line, demonstrated a significant decrease in the fusion and differentiation of monocytic
osteoclast precursors to mature osteoclasts in the presence of seVs, with simultaneous
decrease in expression of relevant osteoclastic markers like the transmembrane AMPAR
regulatory proteins, cathepsin K and MMPZ2; the authors suggested that this agreed with
the osteoblastic nature of PCa bone metastases (60). Furthermore, a study using human
PCa-derived PC3 sEVs showed an increase in Cavin-1 expression, which resulted in

reduced uptake of these sEVs by osteoclast progenitors (RAW264.7 cells) and primary
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human osteoblasts, as well as attenuated sEV-mediated osteoclastogenesis and
osteoblast proliferation, potentially by affecting cargo recruitment to sEVs (61).
Conversely, a study using sEVs from the same PCa cell line identified high expression
of the miR-152-3p miRNA, and showed that sEV-mediated delivery of this miRNA in
bone-marrow derived macrophages promoted osteoclastogenesis by silencing the
osteoclastogenic regulator MAFB (V-maf musculoaponeurotic fiborosarcoma oncogene
homolog B), which in turn promoted the increase of tumour burden and osteolytic
progression of PCa bone metastasis (62).

Besides the direct effects of PCa SEVs on the osteoblast-osteoclast balance at the
bone pre-metastatic niche, emerging evidence also suggest effects of PCa sEVs on the
BM-MSCs at this site, even though this is still greatly unexplored (63, 64). BM-MSCs are
considered the main progenitor for osteoblast production in vivo, as they become
differentiated towards an osteoblastic lineage at the bone marrow (65). Previously, it has
been shown that metastatic PCa promotes the differentiation of BM-MSCs towards
osteoblasts at the bone, which indirectly supports the formation of the favourable
osteoblastic bone metastatic niche (63). Specifically, it has been shown that PCa PC3
cell s secrete 0s ol wdnditiened nzedia whichgesultin an irtcreasadr ¢ e |
expression of pro-osteoblastic markers in BM-MS C's s/ (bidtegrins, fibronectin, and
osteoprotegerin), thus committing them towards an osteoblastic lineage (63). A more
recent study showed a novel direct mechanism of PCa sEVs promoting the formation of
the pre-metastatic bone niche; PCa-derived C4-2B sEVs were shown to transfer
pyruvate kinase M2 (PKM2) into BM-MSCs, resulting to upregulation of CXCL12 (C-X-C
motif chemokine ligand 12), and ultimately promoting PCa adhesion and growth at the
metastatic bone niche (64). A different study identified a highly expressed non-coding
RNA (hsa-miR-940 miRNA) in sEVs derived from human PCa cell lines (C4, C4-2, and
C4-2B), and then proceeded to show that delivery of these sEVs in BM-MSCs lead to
downregulation of transcription and protein expression of ARHGAP1 and FAM134A,
which eventually increased the expression of ALP (alkaline phosphatase), thus denoting
the onset of osteaoblastic differentiation of BM-MSCs (66). Figure 1.4 shows a schematic
summarising the role of sEVs in the formation of the pre-metastatic bone niche.

Despite the ongoing interest of the field in understanding the molecular mechanisms
behind PCa-derived sEVs promoting the formation of the pre-metastatic niche, it still
remains to be elucidated how sEVs disseminate through the tumour microenvironment
(tumour cells, stroma, ECM, basement membranes) to reach the pre-metastatic niche

and eventually be detected into the biofluids of patients (67, 68).
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miR-152-3p (e.g., via miR-141-3p), and
osteoclasts (e.g., via miR-152-
3p). However, PCa sEVs can
also be regulated by cavin-1 to
attenuate osteoclastogenesis.
PCa sEVs also deliver cargo to
BM-MSCs (e.g., pyruvate
kinase M2 PKM2, and non-
coding RNA hsa-miR-90) which
promotes their differentiation
into osteoblasts, further aiding
the formation of a pre-
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environment for PCa
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14. sEM nteracti on, | ndateee niahi €al

Even though research concerning biogenesis, composition, and the multitude of
functions of sSEVs in the tumour microenvironment has been quite extensive, studies
have just started to focus on the mechanisms of sEV internalisation, and sV fate and
distribution in recipient cells within tissues. Overall, sEV-mediated communication starts
by docking of sEVs at the cell surface, followed by delivery of signals or cargo either by
interactions at the cell surface e.g., by directly binding to receptors or by fusing with the
cell membrane, or by internalisation by the recipient cell e.qg., via clathrin-dependent or-

independent mechanisms (69, 70).

141. sEVDi rect tiomneratc t he Cel | Me mb

1.4.1.1. Surface Binding

After docking of sEVs at the cell surface, SEVs can bind and activate various receptors
through their ligands leading to activation of downstream signalling pathways, enable
antigen presentation and anchorage-independent growth, as well as modulate
apoptosis, as shown in Figure 1.5.A. This direct interaction of sEVs with the cell surface
is proposed to be target cell- specific, depending on the repertoire of receptors or ligands
on sEVs and recipient cells, including heparan sulfate proteoglycans (HSPGSs), lectins,
tetraspanins, integrins, and ECM components (69, 70). Tetraspanins can promote sEV
binding at the cell surface and uptake via their interactions with cellular integrins (71, 72).
In addition, ECM components on SEVs like fibronectin can interact with integrins at the
cell surface to promote binding (73). It is also hypothesised that cancer seVs from
various tissues can preferentially bind to specific target cells at the metastatic sites via
various sEV-associated integrins, thus promoting the formation of the pre-metastatic

niche specifically at these sites (74), even though this is still poorly understood (75).
1.4.1.2. Cell Membrane Fusion

A second proposed mechanism of SEV interaction is by direct fusion with the plasma
membrane, even though this is still poorly understood and previously reported for IEVs
(e.g., glioma IEVs transferring the oncogenic receptor EGFRVIIl (76)). It has been
suggested that the hydrophobic lipid bilayers of sEVs can fuse with the plasma
membrane and expand, thus forming an integrated structure; regulation of this process

is done by various proteins like SNAREs, Rab5B, and Sec1/Munc-18 related proteins,

16



Chapter 1: Introduction

and it leads to release of SEV cargo in the cytosol (69, 70), as shown in Figure 1.5.B.
Fusion of sEVs with the membrane is thought to be promoted by acidic
microenvironments, which are commonly observed in cancer (77). A study has shown
that SEVs can be at least partly taken up by fusion in target cells, as when using filipin,
(an inhibitor which perturbs the composition of cell membranes via associating with
cholesterol) the direct fusion of SEVs was inhibited by half (77).

142. sEM nternalisation by Recipient

Besides membrane interactions, SEVs are most commonly internalised in recipient cells
via endocytosis, which can be mediated via various mechanisms including: (a) clathrin-
mediated endocytosis, (b) caveolin-dependent endocytosis, (¢) phagocytosis, (d)
micropinocytosis, and (e) lipid-raft mediated endocytosis, which are not mutually
exclusive (69, 70).

1.4.2.1. Clathrin- and Caveolin-Mediated Endocytosis

Clathrin-mediated endocytosis involves the progressive assembly of clathrin-coated
vesicles by the complex interactions of various molecules (e.g., the adaptor protein AP2
complex and phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2), etc.) which is followed
by invagination of the plasma membrane, maturation, fission, and release of the clathrin-
coated vesicle into the cytosol (78). Previous studies demonstrated that chlorpromazine,
(a clathrin-mediated endocytosis inhibitor) reduced the internalisation of SKOV3- derived
sEVs in SKOV3 ovarian cancer cells (79), as well as of the PC12 (rat
pheochromocytoma) sEVs in BM-MSCs (80), suggesting that this mechanism of
endocytosis is at least partly responsible for SEV internalisation. After internalisation, the
clathrin-coated vesicle coat then becomes disassembled (either by chaperones like
HSC70 or by dephosphorylation of PI(4,5)P2) and then the vesicle fuses with endosomes
for cargo delivery (78), as shown in Figure 1.5.C.

Internalisation of sEVs has also been suggested to be mediated by caveolin-
dependent endocytosis (81). This mechanism of endocytosis involves oligomerisation of
caveolin proteins (e.g., caveolin-1), followed by formation of caveolin-rich glycolipid rafts
on the plasma membrane, which also encompass cholesterol and sphingolipids; this
eventually leads to actin cytoskeleton remodelling and the formation of small
invaginations on the membrane (caveolae) which are then endocytosed as vesicles and

targeted to endosomes for cargo release (81, 82), as shown in Figure 1.5.D. This aspect
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of sEV endocytosis however still lacks consensus due to contradicting studies. For
example, a study on sEVs derived from B-lymphocytes demonstrated that their
internalisation by caveolae-dependent endocytosis was severely impaired after caveolin-
1 knockdown (83). On the other hand, knockout of this protein in mouse embryonic
fibroblasts lead to an increase in U87MG glioma sSEV internalisation (84).

1.4.2.2. Phagocytosis, Macropinocytosis and Lipid-Raft Mediated

Endocytosis

Phagocytosis is a process often executed by immune cells (e.g., macrophages or
dendritic cells) and typically involves the internalisation of opsonised large patrticles (e.g.,
bacteria or cell debris) (85). It is a stepwise process dependent on the actin cytoskeleton,
on Phosphatidylinositol-3-kinase (PI3K) and phospholipase C (PLC), and involves the
formation of membrane deformations, leading to invagination and encirclement of
particles thus forming the phagosomes, which are then internalised and targeted to
endosomes or lysosomes (85). Recently, it was shown that macrophages and dendritic
cells can internalise smaller vesicles like sEVs via phagocytosis (86) ( Eigure 1.5.E).
Alternative to phagocytosis, macropinocytosis is an endocytic pathway that involves
formation of fAmembrane rufflesd, which are |
membrane and engulf particles, extracellular fluid, and other components; this is followed
by Aruffl e c¢l| os urfesion, and subsegeentlrelease of the enature
macropinosome in the cytosol targeting to the endo-lysosomal compartments (Figure
1.5.F). Similar to phagocytosis, macropinocytosis requires actin cytoskeleton
remodelling and is dependent on PI3K and growth factors (87). Previous studies
demonstrated uptake of oligodendrocyte-derived SEVs by macropinocytosis in microglia
and macrophages, which was dependent on the phosphatidylserine cargo on sEVs (88).
Another study using PC12-derived sEVs, demonstrated reduction in sEV internalisation
by BM-MSCs when using macropinocytosis inhibitors (EIPA and LY294002) (80).
Finally, lipid raft-mediated endocytosis is another possible mechanism of sV
internalisation. Lipid rafts are microdomains within the plasma membrane enriched in
phospholipids, sphingolipids, glycoproteins, as well as glycosylphosphatidylinositol
(GPI)-anchored proteins (89). Lipid raft-mediated endocytosis is a cholesterol-sensitive
mechanism, associated with caveolin-1 and flotillin, and involves invagination of the
membrane for internalisation of particles and delivery to endosomes (89) (Figure 1.5.G).
A previous study demonstrated successful internalisation of SEVs in the H4 neuroglioma
cell line, despite the use of inhibitors for macropinocytosis, caveolin-dependent and

clathrin-dependent endocytosis, suggesting endocytosis via lipid rafts (90).
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14.3. sEV Fat e

Despite some advances in SEV internalisation, knowledge on sEV fate in recipient cells
is still lacking. It has been proposed that after uptake of sEVs via all these different
mechanisms, sEVs can be then trafficked to early endosomes and then can be targeted
to lysosomes presumably for degradation (91). Another proposed mechanism, is that
sEVs can persist in early endosomes and be secreted back to the membrane directly, or
remain until they mature to late endosomes (MVBs) and then trafficked back to the
plasma membrane for re-secretion (92). Other proposed mechanisms, which are albeit
|l ess understood, ar ef usseE\sn 0e xihiehi,t ifnugs i fiona cdki r
membrane of MVBs, followed by secretion of their cargo into the cytosol (93), or SEVs
being targeted to the nucleoplasmic reticulum, incorporated in late endosomes (94).
Figure 1.5.H summarises the various proposed mechanisms for fate of SEVs in recipient

cells after internalisation.

19



Chapter 1: Introduction

A. B. C. D. E. F. G.
Surface Membrane Clathrin-mediated Caveolin-dependent Lipid-raft

Binding Fusion endocytosis endocytosis Phagocytosis Macropinocytosis endocytosis

Macropinosome

- Signalling SEV

S o Phagosome
- Antigen- contents
2 ) released in \ e Caveosome §
presentation  cytosol: P ‘
» Anchorage- + miRNA \
independent . broteins '\,' )
' * RepUdes Clathrin- T ,.5
growth ’ :;ZI:'C coated vesicle -/ \ j Bac
* Apoptosis \ . fusion
H. . SEV
—SEV i Early " Clathrin
i Endosome S~~~ @ __---° ’ Caveolin
Nucleoplasmic e s —
iculum o 00 _ - -3 e 7 &
reticulum - iear transf /‘// - R Q Sl
a( ele “_' '\\ Late Endosome (magpnified)
. % //
Lysosomal\ \" 5 /4 (MVB) -
Degradation :-i;'/ E===Lipid raft

Figure 1.5. sEV interactions, internalisation, and fate in recipient cells.

SEVs interact with cells directly either by A. Surface binding (e.g., with integrins or tetraspanins), or by B. Membrane fusion (e.g., with SNARES),
resulting to activation of signalling cascades or secretion of SEV content into the cytosol, respectively. SEVs may also be internalised by C. clathrin-
mediated endocytosis, D. caveolin-dependent endocytosis, E. phagocytosis, F. macropinocytosis or G. lipid raft-mediated endocytosis, which result in
specialised vesicles transporting internalised sEVs to the endosomal pathway. H. Internalised sEVs are delivered to early endosomes, and then can
either be secreted directly to the plasma membrane, or reach late endosomes (MVBSs), which can then be fused with lysosomes for degradation, or
secreted to the plasma membrane mixed with ILVs. Recent studies also suggested that in MVBSs, internalised sEVs can exhibit back-fusion with the
membrane of the MVB and secrete their contents in the cytosol, or that MVBs with internalised sEVs can even be transferred to the nucleoplasmic
reticulum in the nucleus.

Figure adapted from fAThe exosome journey: from biogenesi
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15. sEVKi netandcsDi st ini lCetlilomMSy st erm

Even though the important functions of sEVs in cancer have been extensively studied,
and the precise mechanisms of interaction, internalisation, and fate of SEVs in cells have
just now started to be investigated (as discussed above), the kinetics of sEV uptake
(dosing) and distribution at the cell population- or tissue-level, either at the tumour
microenvironment or at the pre-metastatic niche, have been unexplored. Moving from
single-cell to cell-population level for investigation of sEV uptake, distribution and
dissemination in tissue microenvironments is essential however, especially due to the

rising clinical interest in SEVs as diagnostic, prognostic, and therapeutic tools (95, 96).

1.51. Cl i nlirctadr est

The presence of cancer-derived sEVs in the biofluids of patients supports their
dissemination in tissue microenvironments and highlights their potential as disease
biomarkers; their repertoire of cargo including RNAs (e.g., mMRNAs and miRNAs), DNA,
proteins and lipids, have been extensively studied for their potential as biomarkers in
various cancers (95, 96), including PCa (97). Notable examples include the identification
of sEVs carrying a mutated EGF-receptor in the urine of patients with glioblastoma (98)
and sEVs highly enriched in TM256 and LAMTORL1 in the urine of PCa patients (99).
These studies underline that SEVs can migrate from the primary tumour site like the
brain, through the blood-brain barrier (BBB) and into the circulation, or through the renal
filtration barrier to enter the urinary compartment; however, the mechanisms behind their
dissemination through cells, tissues and ECM still remains largely unexplored. Besides
their use as biomarkers, sEVs have therapeutic potential as gene and drug delivery
vectors (95, 96). sEVs are desirable drug delivery vehicles due to their biocompatibility,
high stability, low immunogenicity, their capability to be loaded endogenously or
exogenously with selected cargo, and most importantly due to their inherent ability to
disseminate through tissue microenvironments, even across biological barriers like the
BBB, and transfer their cargo into target cells, which can also be highly specific (95, 96).

Thus, elucidating the mechanisms behind sEV dosing and dispersion in cell
populations, tissues, and the ECM, is of vital importance for the development of
biomarkers, as well as for the design of superior sEV-based therapeutics with selective

targeting and dissemination in the tissues of interest.
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1.52. Fl uor esEdR@aporters for Dosing a

I n Cell Systems

To begin to address sEV dissemination in complex three-dimensional tissues, the
kinetics of uptake (dosing) and behaviour of SEVs must be first investigated in simpler,
two-dimensional dynamic cell systems. Thus, for the visualisation, tracking and
spatiotemporal analysis of SEVs in situ, high-resolution microscopy is necessary.
However, due to the small diffraction-limited sub-resolution size of SEVs, direct imaging
with optical microscopy is restricted, hence several labelling methods have been
developed to enable for the detection and tracking of SEVs in vitro and in vivo, including
fluorescence labelling for conventional fluorescence microscopy (100).

SEV fluorescence labelling methods can be broadly categorised into exogenous, for
labelling with organic dyes like lipophilic dyes, membrane-permeable compounds, and
thiol-based dyes, as well as endogenous, for labelling with genetically encoded
fluorescent reporters; examples will be discussed below and are outlined in Figure 1.6.
Furthermore, relevant studies addressing sEV kinetics, dosing, retention, and distribution
in cell systems will be also briefly discussed for each labelling method, followed by a

summary of advantages and limitations for each approach (Table 1.1).

1.5.2.1. Exogenous labelling: Organic Dyes
Lipophilic Dyes

By far the most common method to label sEVs is fluorescent lipophilic membrane dyes
which incorporate non-covalently into the sgV lipid-bilayer membrane (Eigure 1.6.A).
Examples of lipophilic dyes used for sV labelling include PKH26, PKH67, the
carbocyanine dyes Dil, DiD, DiO and CellMask (100-103).

Unfortunately, despite their commercial availability, long-lasting fluorescence and
ease of use, there are many limitations to using lipophilic dyes, due to their inherent
ability to incorporate into lipid bilayers (Table 1.1) (100). These dyes are not specific to
sEV membranes, as they have been found to label other EV co-isolates like lipoproteins,
including very low-density-, low-density-, and high-density lipoproteins (102, 103).
Furthermore, it has been postulated that binding of these dyes can induce structural
modifications to sEVs, for example labelling with PKH26, Dil or DID resulted in an
increase in SV size (104, 105); this might lead to changes in their uptake dynamics or

function, as it was previously shown that uptake of larger EVs is decreased compared to
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smaller EVs (106). In addition, these dyes have been found to form aggregates or
micelles of similar size to SEVSs, resulting in misleading false positive signals and a gross
overestimation of SEV entry (101, 107). Furthermore, they were shown to persist for long
periods of time (longer half-life than sEVs in vivo), resulting in artefacts and leading to
misinterpretation of SEV kinetics (100, 108).

In a relevant sEV kinetics study, the authors labelled PC12 sEVs with DiD and
showed a time-dependent uptake in parental cells (increase of DiD signal), detected as
early as 5 minutes for ~5% of cells, whereas by 3 hours the signal was perinuclear and
co-localised with endosomes. The authors also investigated sEV retention, and showed
progressive loss of signal from the cell population, even though at 6 hours post-uptake
they observed DiD signal recycling back to the plasma membrane, which was unclear
whether it was due to lipid recycling (lipid-dye separation from sEVs), or sEVs
transporting back for secretion (91).

A different study using LNCaP and PC-3 PCa cell lines, RC92a/hTERT telomerase
immortalised malignant primary prostate cells and benign immortalised prostate
epithelial PNT2 cells, also showed a time-dependent increase in the uptake of Dil-
labelled sEVs in each cell population. Furthermore, after 16 hours of continuous
exposure to sEVs, the majority of Dil signal was endo-lysosomal even though ~5% of
the fluorescent signal co-localised with the plasma membrane. Due to the nature of the
dye however, it was uncertain whether after 16 hours that signal was still SEV-associated
(i.e., representing SEVs or SEV cargo), or representedar t ef acts fr om
dye to these compartments (109).

Membrane-Permeable Compounds

Membrane-permeable compounds are also used for labelling of sEVs and include
carboxyfluorescein succinimidyl ester (CFSE), carboxyfluorescein succinimidyl diacetate
(CFDA) (79, 107) and calcein AM (acetoxymethyl) (110) (Eigure 1.6.B). These molecules
are membrane-permeant and non-fluorescent until they become activated upon
hydrolysis of their acetoxymethyl ester moieties by intra-vesicular esterases, at which

point they become fluorescent and relatively membrane-impermeant (110). Even though

il

e al

these compounds are | ess fApr obl e maltlimitatdnst h an

for their use, which include a higher fluorescence background resulting from free
compounds that spontaneously hydrolyse (CFSE and CFDA) (Table 1.1). These free
compounds can then bind/incorporate into other non-specific compartments such as cell
membranes, unless carefully removed by size-exclusion chromatography (107). A

previous study utilising these dyes has shown a time-dependent uptake of SKOV3-
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derived sEVs labelled with CFSE in parental cells, with detectable fluorescence signal
as early as 30 minutes, which then increased up to 4 hours (79). Two other studies on
PC12- derived sEVs utilised CFSE staining as a control for the potential diffusion of DiD
lipophilic dyes and demonstrated the uptake of SEVs in parental cells after 3 and 6 hours,
respectively, with localisation of the fluorescent signal at the endo-lysosomal

compartment (80, 111). Another type of membrane-p er meabl e compound i

RNASel ect E dye, lywihds o RNAsandl lms deén\previously utilised to
quantify the uptake of sEVs in various cell types, including monocytes and dendritic cells
(112, 113). However, a previous study labelling DU145 PCa-derived sEVs with the
SYTOE RNASelectE dye, showed dye fiescap
fibroblasts (114).

Thiol-Based Dyes

A novel method of sEV labelling established in the Tissue MicroEnvironment Group,
involves the thiol-based Alexa Fluor-conjugated maleimide dyes (e.g., Alexa Fluor647-
C2 maleimide, Alexa Fluor594-Cs maleimide). These dyes covalently bind through their
thiol (sulph-hydryl, -S-H) groups to cysteines of sEV-associated transmembrane
proteins, forming a stable, non-reversible, thio-ether linkage (Eigure 1.6.C). The
maleimide-dye labelling reportedly does not influence sEV size or functionality (ability of
sEVs to induce differentiation of lung fibroblasts to myofibroblasts) and is free of artefacts
(no free dye or dye aggregates detectable by Nanoparticle Tracking Analysis) (115). A
study on DU145 sEVs labelled with the Alexa Fluor488-maleimide dye showed a time-
dependent uptake of sSEVs in the HelLa cell population (increase in fluorescence from 30
minutes to 2 hours), and a noticeable shift from cytosolic to perinuclear punctate
fluorescent signal, indicative of endosomes/lysosomes (115). Another study from our
laboratory also demonstrated a time-dependent and dose-dependent uptake of DU145
sEVs labelled with the Alexa Fluor488-maleimide dye in lung fibroblasts, with detectable
fluorescent signal as early as 15 minutes, and punctate perinuclear endo-lysosomal
localisation after 1 hour (114). Despite the advantages and practical uses of this dye, its
limitation is the pot ent i al i bl e e d-specticcompartments afterhleang
incubation periods (Table 1.1). For example, in this previous study, 72 hours post- SEV
uptake in lung fibroblasts, the distinct punctate fluorescent perinuclear signal was lost
and replaced by a cytosolic diffused staining pattern, potentially suggesting decoupling

of dye from sEVs and loss of signal specificity (114).

24

eo

S

A



Chapter 1: Introduction

C. Thiol-Based Dyes  D. Genetically Encoded Fluorescent Reporters
' Alexafluor- 1 1 Fluorescently -conjugated Tetraspanins
MalelmldeDye
B. Membrane- Permeable
Compounds
|
CFSE terminus
CFDA N-terminus FP— fused
Calcein AM Tetraspanin
SYTO™ RNASelect™ Te"""’”’" Dual FP-fused
. . ‘ Tetraspanin

‘
@ @
N
A. Lipophilic Dyes ® Esterase .. RRERSEES ECL FP- fused i
[ ] Tetraspanin Palmitoylated-
Ce”’f’a“k . Fluorescent
bio RNA . . Proteins
PKH26 ‘x\/ '

PKH67

Figure 1.6. Common methods of sEV fluorescent labelling.

A-C. Purified sEVs can be labelled exogenously with fluorescent organic dyes: A. Lipophilic dyes (e.g., CellMask, DiO, Dil, PKH26, PKH67) comprise of an
organic fluorescent "head group” and long aliphatic "tail" that incorporates non-covalently into the sEV lipid bilayer. B. Membrane- permeable compounds
can passively enter SEVs, like CFSE, CFDA and Calcein AM, where esterase enzymes hydrolyze and remove the acetate groups, converting the molecule
to a fluorescent membrane-i mper meant ester; SYTOE RNAS esEVsarndbinda fo RNA (moaBN4)i reswdting/to feioresoence
emission. C. Thiol-based dyes (e.g., maleimide group conjugated with the AlexaFluor organic fluorophores) can covalently bind to cysteines of proteins on
the sEV surface, forming a sulfhydryl bond (red circle). D. Genetically encoded endogenously fluorescent sV reporters can be generated by stable cell
lines expressing: (i) tetraspanins (CD63, CD81, CD9) -conjugated with fluorescent proteins (GFP, RFP, pHluorin etc.) at the N-terminus, C-terminus or
Extracellular Loop (ECL), or by dual labelling with two fluorescent proteins at both the C-terminus and ECL, and (ii) fluorescent proteins fused with a
palmitoylation signal (PalImGFP or PalmTdtomato, signal: MLCCMRRTKQ). Note FP=fluorescent protein.
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1.5.2.2. Endogenous Labelling: Genetically Encoded Fluorescent

Reporters

Whereas organic dye-based methods have many advantages, including commercial
availability, variety in fluorescence colours, as well as emission signal stability and
brightness of fluorescence signal, their greatest limitation is that they can only be used
to exogenously label purified SEVS. However, in order to also investigate sEV biogenesis,
tracking from cell-to-cell, endocytosis and exocytosis processes, a different strategy
must be followed; that is, the generation of stable cell lines expressing endogenously-
fluorescent sEVs , i . e., Afl uor e(@0D)e Fdure $.6ED/demoesiratest er s O

different examples of genetically encoded fluorescent sV reporters.
sEV-Associated Proteins Conjugated to Fluorescent Proteins

Fluorescent sV reporters mainly involve the fusion of fluorescent proteins to sEV-
associated protein markers like tetraspanins. Tetraspanins are usually selected for these
studies as they are highly enrichedin sEVs and ar e erosomeimaek eds a4i,
especially CD9, CD63 and CD81 as discussed in previous Sections (19, 21). The
majority of these studies use the tetraspanin CD63 conjugated with fluorescent proteins
to provide a specific method of sEV visualisation for the investigation of SEV kinetics in
a plethora of in vitro and in vivo studies (116-123), some of which discussed below.
Figure 1.6.D.i demonstrates the variety of fusion methods for the fluorescent proteins
mentioned in these studies, including fusion at the N- terminus, C-terminus, or extra-
cellular loop (ECL) of tetraspanins, as well as dual fusion (usually C-terminus and ECL

fusions).
CD63 Conjugated with Fluorescent Proteins

Most commonly, studies encode GFP (Green Fluorescent Protein) fused to CD63 (GFP-
CD63) to generate endogenous fluorescent sEVs and investigate uptake kinetics and
retention in cell systems. A study utilising the GFP-CD63 reporter system in HEK293T
(human embryonic kidney cells)- derived sEVs, investigated their kinetics of
internalisation and retention in parental cells by imaging flow cytometry (116). This study
showed that SEVs were internalised in a time- and dose-dependent manner for up to 12
hours, at which point the fluorescence signal was saturated, followed by concomitant
decrease of signal by 24 hours, indicating degradation/processing of sSEVs (116).
Similarly, a study addressed HEK293T sEV uptake, internalisation and shuttling to

endosomes of HEK293 cells, by individually tracking SEVs entering cells via the filopodia,
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using the GFP(emerald)-CD63 and mCherry-CD63 fluorescent reporters (92). They
showed that SEVs were taken up in a dose- and time-dependent manner, which reached
saturation after 8 hours of dosing, with more than 95% of the cell population saturated
with fluorescence signal (even at the lowest dose tested). Analysis of the fluorescence
signal showed the typical perinuclear localisation and co-localisation with endosomal and
lysosomal markers (92). Furthermore, another study using the GFP-CD63 fluorescent
SEV reporter system in the PC3 PCa cell line (which is to our knowledge the only study
currently on PCa), developed a 3D (three-dimensional) heterotypic spheroid model
comprised of these cells and human peripheral blood mononuclear cells (PBMCs) and
visualised the transfer of GFP-CD63 sEVs to PBMCs, even though sEV kinetics were
not addressed (117).

These fluorescent reporters have also been explored in vivo, for example a study
generated a transgenic rat model using GFP-CD63 (human) to elucidate the intercellular
transfer fate of sEVs in vivo (123). This transgenic rat model exhibited high expression
of GFP in various tissues which allowed the detection of exogenous human GFP-CD63
on rat sEVs isolated from bodily fluids (blood serum, breast milk and amniotic fluid). The
isolated serum-derived GFP-CD63 sSEVs were also successfully incorporated into the
endosomal compartment of recipient rat embryonic fibroblasts (123).

Studies also explored a variant of GFP (pHluorin) which is a pH-sensitive green
fluorescent protein that acts as a reversible pH-sensor which is nearly non-fluorescent
at pH 5.5 (the pH of MVBs) but is brightly fluorescent at pH 7.4 (extracellular pH) (124).
An in vitro study generated a cervical cancer HelLa cell line expressing CD63-pHluorin,
by fusing pHluorin to the first extra-vesicular loop of CD63, which enabled the detection
of MVB fusion events at the plasma membrane and the subsequent secretion of
fluorescent seVs (118). A more recent study further developed the CD63-pHIluorin
system, by incorporating a mutation in the pHIuorin moiety (M153R), which ultimately
improved and stabilised its fluorescence signal (119). Based on the CD63-pHluorin
systems, the authors further developed an in vivo model by expressing CD63-pHluorin
in zebrafish, thus enabling the study of biogenesis, composition, transfer, uptake, and
fate of endogenous sEVs in the developing embryo, using live-cell fluorescence

microscopy (120).
Other seV-Markers Conjugated with Fluorescent Proteins

Aside from CDG63, other studies expanded to fluorescent SEV reporters utilizing other
tetraspanins (like CD9 and CD81) and other i e x 0 s 0 me 0 (like Alix)k fasedswith

fluorescent proteins. For example, an in vitro study constructed seven different HEK293
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stable cell lines expressing CD63, CD9 or CD81 fused with either GFP or RFP
(conjugated at the intra-vesicular C-terminus of tetraspanins). Furthermore, they
developed a dual reporter by expressing CD63 fused with both RFP and GFP (fused to
the second extra-vesicular loop and the intra-vesicular C-terminus of CD63, respectively)
(121). These reporter proteins enabled monitoring of the secretion and uptake of
endogenously-fluorescent seVs via live-cell fluorescence microscopy, and enabled
investigation of the surface engineering of sEVs in vitro (121).

A recent study also generated and characterized multiple fluorescent sEV reporters
by fusing sEV-associated proteins with fluorescent proteins, including: (i)
transmembrane proteins like CD9, CD63, CD81, LAMP-2B and Syndecan, (i)
membrane-associated proteins like Flotillin-2, as well as (iii) luminal proteins like Alix and
Syntenin in HEK293T sEVs. The authors demonstrated that fluorescent protein- fusions
with transmembrane proteins were of higher efficiency than fusions with membrane-
associated or luminal proteins, as shown by fluorescence microscopy, even though they

did not conduct any functional studies for SEV kinetics, uptake or retention (122).

i Uni v eRusresteat Protein Reporters

Aside from the fusion of fluorescent proteins to sEV-associated proteins, studies have
adopted ot her approaches in an att esBVt
reporters, thus avoiding the limitation of labelling only a specific sub-population of EVs.
For example, a study genetically encoded fluorescent proteins (GFP and Tdtomato)
fused to a palmitoylation signal (PaImGFP and PalmTdtomato) in HEK293T cells, which
targets these constructs to lipid-bilayer membranes, thus including cells and all

subpopulations of EVs (108). Figure 1.6.D.ii shows the localisation of the Palm-

fluorescent protein reporters, which are incorporated at the internal SEV membrane (the
palmitoylation signal sequence is also shown). The limitation of this approach is that
targeting all lipid bilayer membranes will inadvertently label all types of secreted vesicles
including apoptotic bodies, large EVs or EVs that directly bud from the plasma membrane
etc., and results must be interpreted with caution.Anot her potenti al
recycl i ngo wdltiincrépurposighot lipid-flecsescent protein components,
thus resulting to residual non-specific signal to other non-EV compartments.

The previous study that generated these reporters demonstrated that PaiImGFP and
PalmTdtomato EVs were directly secreted from the membrane of each cell line and were
bi-directionally exchanged between cells by tracking via confocal fluorescence

microscopy (108). Furthermore, they showed that exposure of glioma cells to PaImGFP
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EVs for 90 minutes lead to their active internalisation, which appeared to be time-
dependent as the percentage of fluorescently-labelled cells increased over time (up to 3
hours), but then subsequently started to decrease until 12 hours post-dosing. From 12
to 24 hours post-dosing, the fluorescent signal plateaued and did not reach the baseline
suggesting that either a percentage of EVs remained intact in the recipient cells, or EVs
were not fully degraded and some EV membrane (with the PaImGFP reporter) remained
in the cells, orthatthe EV me mbr ane with the reporter was
emitting non-specific fluorescent signal (108).

Anot her interesting, al bei t mor eni vemyslad 0,
fluorescent protein sEV reporters is the Cre-loxP method, which enables investigation of
sEV transfer in vitro and in vivo (125). This Cre-loxP system was designed to include a
fluorescent Cre-reporter cell (DsRed) acting as the EV-recipient, and a fluorescent Cre-
recombinase cell (CFP) acting as an sEV donor. When the Cre-reporter cells internalise
sEVs from the Cre-recombinase cells, the Cre-reporter cells switch from DsRed to GFP,
due to Cre-mediated removal of DsRed by the sEV cargo (carrying Cre recombinase).
Collectively, this method enables the visualisation of SEV uptake by recipient cells (GFP
fluorescent) and the ability to distinguish them from donor cells (CFP fluorescent), or
cells that have not taken up EVs yet (still DsRed fluorescent), and can thus be adapted
to study sEV kinetics and retention in various cell populations in vitro and in vivo (125).
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Advantages, Limitations and Gaps in the Literature

Overall, fluorescent reporters fused to sEV-associated proteins (usually tetraspanins)
provide a direct versatile method of sEV visualization, as they enable both the detection
and tracking of endogenously produced sEVs in situ e.g., for biogenesis, or secretion
studies, but also enable the detection of these sEVs when they are exogenously added
to any other cell system, e.g., for uptake kinetics studies in recipient cell systems.
Furthermore, this labelling strategy avoids false positive signals and artefacts observed
with organic dyes (100, 102, 103).

However, the major limitations of this approach are that genetically encoding
fluorescent proteins fused to specific SEV markers inadvertently result in fluorescent
labelling of only a subpopulation of SEVs depending on the loading of that marker on
sEVs, thus limiting the observation of multiple sEV types and introducing bias. These
genetically encoded fluorescent reporters can also be of dimmer fluorescence than
organic dyes, partly because their fluorescence depends on the expression of the
conjugated protein marker on the sEV membrane. Furthermore, genetically encoding
tetraspanins fused with fluorescent proteins can induce their overexpression at the
cellular level, and as they are vital players in SEV biogenesis and structure at the TEMs
via interacting with a plethora of other proteins, the composition and function of secreted
sEVs might become altered (Table 1.1). Unfortunately, beyond basic sEV
characterisation (e.g., SEV size and expression of selected few sV markers like Alix,
TSG101 and tetraspanins) most studies do not thoroughly investigate potential changes
in the phenotype or proteome of engineered sEVs (116-121). On the other hand,
universal reporters might be a better choice to avoid labelling only a subpopulation of
sEVs, but careful characterisation must take place to distinguish between sgVs, IEVSs,

apoptotic bodies etc. to avoid misinterpretation of results.
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Table 1.1. Advantages and limitations of EV fluorescence labelling methods.
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16. ThedHy potdse s dns

The hypothesis addressed in this thesis is that the endogenous labelling of sEVs
provides a unique tool for understanding the kinetics of sEV uptake, retention, and
distribution in different two-dimensional (2D) dynamic cell systems, by utilising
genetically encoded fluorescent SEV reporters overexpressing fluorescent proteins
tagged to tetraspanins CD63 or CD81. However, due to the fact that tetraspanins play a
major role in sEV biogenesis and cargo sorting, it is hypothesised that overexpression of
these tetraspanin-fused fluorescent proteins would induce phenotypic and proteomic
alterations on both the engineered stable cell lines overexpressing CD63/CD81 and the

generated sEVs. Therefore, this project aimed to:

0 Generate two fluorescent sV reporters by establishing stable PCa cell lines
(DU145) overexpressing tetraspanins CD63 or CD81 fused with fluorescent proteins

GFP or Tdtomato, respectively.

0 Characterise the phenotype and proteome of the fluorescent CD63/CD81
overexpressing cell lines and sEVs in 2D and 3D-like microenvironments.

0 Investigate sSEV kinetics of uptake (dosing), retention, and distribution in 2D
propagating cell populations, including both the parental PCa cell line and a bone-
marrow derived mesenchymal stem cell line (BM-MSCs), aiming to represent the

primary tumour microenvironment and the bone pre-metastatic niche, respectively.
0 Undertake a proof-of-principle experiment to detect early markers of osteogenic

differentiation as a result of dosing BM-MSCs with PCa sEVs overexpressing CD63
or CD81.
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21. Ce l | Cul ture

DU145 PCa cells were purchased from ATCC (HTB-8 1 E) and th#SC8201 B
(hTERT-BMSC clone Y201, generated by the Genever group (126)) were provided by

the Tissue MicroEnvironment Group. Cell lines were cultured with reagents from
ThermoFisher Scientific: RPMI-1640 medium (Cat. N0.11544446) was used for DU145

cells and DMEM (Dulbecco's Modified Eagle Medium, Cat. N0.11995065) was used for

Y201 cells, which were supplemented with 2mM L-Glutamine (Cat. N0.25030081), 100

units/ml Penicillin/Streptomycin (Cat. No.15140122) and 10% exoFBS (Foetal Bovine

Serum depleted of bovine EVs). ExoFBS was prepared according to a published protocol

(127). Briefly, FBS (Cat. No. 26140079) was transferred in Quick-Seal polyallomer bell

top centrifuge tubes (Beckman Coulter, Cat. N0.344623), which were then placed in a

70-Ti fixed angle rotor and ultracentrifuged at 100000g, for 18h (hours) at 4°C in the
Beckman Coul t e f80K@lracenimfage. AfteE ultracentrifugation, the FBS
supernatant was vacuum-f i | t er ed sequentially through
No.10176660) and then a O0.1em filter (Cat.
aliquoted and stored at -20°C. DU145 stable cell lines were also supplemented with

500¢ g/ ml &d18,SigmacAidnich, Cat. No. 8168). Cell lines were passaged by

washing with 1XPBS pH 7.4 (Phosphate Buffered Saline, Sigma Aldrich, Cat. No.
10010023) followed by trypsinisation with 0.05% trypsin/0.53 mM EDTA (Sigma Aldrich,

Cat. No. 11590626) for 5min (minutes), and neutralisation with complete media.

22. Pl asmid Expansi on

CD63-EGF P C2 -QN6GHFP) was generated by Dr. Paul
Addgene: plasmid #62964), while tdTomato-CD81-1 0 ( A-Tdb&dtod ) , EGFP

( A GF PO dadTomatmm@1 Tdtdimatoo ) wer e gene Mahaa Davidsgn Dr .
(purchased from Addgene: plasmids #58078, #54759 and #54653, respectively).
Plasmid maps are shown in detail in Supplementary Figure 1. To expand the plasmids,

E. coiHSTOS8 strain StellarE Competent Cel | s
transformed with DNA via heat shock (42°C for 45 seconds) after a 30min incubation

with the DNA on ice. Following heat shock, the competent bacteria were transferred on

ice (for 5 min) and SOC medium was added (Takara, Cat. No 636763), followed by a 1-

h incubation at 37°C in an orbital shaker at 500 rpm. Next, the bacterial culture was

plated in agar plates prepared with Luria low salt LB agar (Sigma Aldrich, Cat. No L3272)
supplied with 20mg/ml Kanamycin (Sigma Aldrich, Cat. No K0879). The inoculated agar

35



Chapter 2: Materials and Methods

plates were left to grow overnight (O/N) at 37°C, and the next day single colonies were
isolated and transferred in tubes with Luria low salt LB broth (Sigma Aldrich, Cat. No
L3397) supplied with 10mg/ml Kanamycin. The bacterial cultures were left to expand
O/N at 37°C in an orbital shaker at 500rpm, followed by plasmid DNA extraction via the
Ge n E| uHPePlsmid Miniprep (Sigma Aldrich, Cat.No NA0160) according to the
manufacturerés protocol. The isolated pl asmi
NanoDrop2000E Spectrophot entfiet er ( Ther moFi she

23. Cel | Transfection

231. Transient Transfection Opti mis

12000 DU145 cells (40000 cells/ml) were seeded in a polymer-t r e a t-Shidd (8¢

chamber well slide) (ibidi, Cat. No 80826) and were left to grow for 48h until reaching

70% confluency. Optimisation of transfections was done using various reagents:
FUGENE® HD (Promega, Cat. No E2311), Li pof ect ami neE2000 (TFH
Scientific, Cat . No 11668019), Li pofectamine
L3000015) and LipofectanPiLnUeSEE LReXa gRad g & rTth ew i
Scientific, Cat. No 15338100), according to
concentrations, DNA: Transfection reagent ratios and incubation times were also tested

to achieve optimal transfection efficiency and minimal toxicity. Briefly, 25ng, 50ng or

100ng of DNA were tested for transfection, in 1:3 or 1.5 ratio of DNA: Transfection

Reagent, with various incubation durations for the DNA: Transfection Reagent within the

cells (4h, 6h, 8h or O/N).

23.2. St able Transfection and Sel ect

200000 DU145 cells (100000 cells/ml) were seeded in cell culture-treated 6-well plates
and were left to grow for 24h until reaching 70% confluency. 500ng of GFP-CD63 or
CD81-Tdtomato DNA wer e transfected with Lipofectam
LipofectamineE3000) and left to incubate wit
warm media. After 24h, the cell media was replenished, and 48h post-transfection the
cells were transferred to T25 cell culture flasks. Lastly, 72h post transfection, the cells
were put under continuous selection with 500eg/ml Geneticin (G418) (Sigma Aldrich,

Cat. No. 8168) to establish the stably-transfected cells. The concentration of G418 was
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determined after conducting an antibiotic kill curve which showed that 500 g/ml of G418

killed all non-transfected wild-type (WT) DU145 cells in 7 days (data not shown).

24. Ce |l | Sorting and Monitor

EXpression

Fluorescence expression of stable transfected cells was monitored via flow cytometry
using the FACSCalibur (Beckton Dickinson) cytometer starting 7 days post-selection with
G418. Fluorescence-Activated Cell Sorting (FACS) was performed to enrich the stable
cell population using the BD FACSArialll cell sorter, starting four weeks post-selection
with G418. For the FACSCalibur, fluorescence excitation was conducted using a 488nm
laser, while detection was conducted using bandpass emission filters 530+15nm (for
GFP) and 585+21nm (for Tdtomato). For the FACSArialll, excitation was conducted
using a 488nm laser and detection using the bandpass emission filters 530+15nm (for
GFP), while for Tdtomato, excitation was conducted using the 532nm laser and detection
using the bandpass emission filters 585+21nm.

25. Growt h Curve Anal ysi s

7500 GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells were
seeded in complete media (in triplicate) in 12-well plates (3750 cells/ml), so that in every
timepoint one triplicate was processed and measured. GFP-Parallel and Tom-Parallel
control cells are WT DU145 cells of the same cell passage as GFP-CD63 or CD81-
Tdtomato cells, respectively. 24, 48, 72, 96 and 168h after seeding, the media from the
triplicate wells was collected, followed by a 1xPBS wash of the cells (which was also
collected) and then trypsinisation of the cells (also collected). For every sample, the total
amount of cells in the media, wash and trypsin were counted thrice through the Z1
Coulter® Particle Counter (Beckman Coulter). All the different measurements and
timepoints were used to plot a growth curve for every cell line. These measurements
were also used to calculate the population doubling time based on the following formula:
DT=T In2/In (Xe/Xb), where T is the incubation time in hours, Xb is the cell number at the
beginning of the incubation time and Xe is the cell number at the end of the incubation

time (formula applied to exponential phase of cell growth).
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26. Cell Cycle Arrest Analysis

50000 GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells were

seeded in 12-well plates (25000 cells/ml) in complete media and were left for 24h to

grow. The following days, actively dividing
Colcemi dE Solution (ThermoFisher Scientific,
to block microtubular formation (128). After mitotic arrest, cells were harvested via
trypsinization and after centrifugation (900rpm for 7 min, CENTAUR 2 MSE centrifuge)

were resuspended in complete media supplemented with 20mM HEPES (Sigma Aldrich,

Cat . No H3537). Af ter harvest, the cell s wer
at 37°C to label nuclear DNA. Cell cycle analysis (129) was done using the BD
FACSCalibur Flow cytometer (excitation with 488nm laser, detection with 670nm long-

pass emission filter) and the FlowJo software (v10)(130).

27. Li e lFll uorescence | maging An

20000 GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells were

seeded in polymer-treated 8-c h a mb -&lides §¢~66700 cells/ml) and were left to grow

O/N in complete media. The following day, the media was replaced with phenol-red free
FluoroBriteE DhEbFismee Gat aNo. A1896701) and the cells were

either imaged live as is, or after incubation with 4cM DRAQS5E ( Bi ostatus,
DR50200) for 10min at 37°C, to label nuclear DNA (129). Imaging was performed using

the Zeiss Axiovert 100 widefield fluorescence microscope (x63 magnification, 1.4 NA oil

lens), for GFP: 489/515nm (70% attenuation- 750ms), for Tdtomato: 585/602nm (20%
attenuation- for 200ms) and for DRAQ5: 650/669nm for 250ms.

28. Cel |l ProfilerE: Cellul ar Phe

20000 cells/ml GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells
were seeded in polymer-t r e a t24-well gates (ibidi, Cat. No 82406) and were left to
grow for 48h in complete media. After 48h, the cells were washed once with 1xPBS and
fixed with 2% PFA (Paraformaldehyde, ThermoFisher Scientific Cat. No 28908) for
20min at RT (room temperature). After fixation, the cells were washed twice with 1xPBS
and then were permeabilised with 0.1% Triton-X100 (Sigma Aldrich, Cat. No T8787) for
10min at RT. After washing twice with 1xPBS,
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(ThermoFisher Scientific, Cat. No. R37110) for 30min (at RT) to label the actin
cytoskeleton. After two 1xPBS washes, the Nu ¢ B | DAPE reagent (ThermoFisher
Scientific, Cat. No. R37606) was added to the cells to label nuclear DNA, following by
imaging of cells using the Zeiss Axio Observer Z1 inverted fluorescence microscope. For
each cell line, at least 30 fields of view were collected using the 20x objective 0.8 NA air
lens; for AlexaFluor488: max excitation 493nm -max emission 517nm and for DAPI: max
excitation 353nm-max emission 465nm.

Phenotypic image analysis was conducted on these fixed-cell images using the freely
avail abl e Cel | Rw3dB)i(131 an&twscastomised pipelines comparing
GFP-CD63 vs GFP-Parallel cells and CD81-Tdtomato vs Tom-Parallel cells,
respectively. Firstly, both customised pipelines identified and segment cell nuclei using
the DAPI stain, via a global Otsu thresholding algorithm with 2-classes (background and
foreground) and a thresholding Gaussian filter (threshold smoothing scale 1.3488 and
threshold correction factor 1.0). Next, the pipelines can determine and segment the cell
boundaries using the Actin488 cytoskeleton dye, starting at the previously- identified
nuclei via a propagation method again using the global Otsu algorithm. Finally, after
segmentation of cell outlines, the CellProfilerE pipelines were used to measure cell
shape characteristics; specifically, cell area and form factor (circularity) using the module
AMeasur eObject Si zeShapeo. Ou tt hiet Fd aotwal oEe rseo f
(v10)(130).

29. sEAAssoci ated Cel | Me mbr ane

50000 GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells were
seeded in 12-well plates in complete media (25000 cells/ml) and were left to grow for
48h. At this point, cells were harvested via trypsinization and after centrifugation (900rpm
for 7min) were resuspended in complete media supplemented with 20mM HEPES. Next,
the cell suspensions were incubated live with the following antibodies (Biolegend)
directy-conj ugated to PERCP/Cy5.5 (concentration:
human CD63, (Cat.No 353020), CD81 (Cat.No 349508), CD9 (Cat.No 312110), MHC-1
(Cat.No 311419) and IgG-Fc (isotype control, Cat.No 409311). Incubation with
antibodies was 1h at 4°C in the dark. After incubation, cells were washed with 1XPBS
and pelleted via centrifugation, followed by resuspension in cold complete media
(supplemented with 20mM HEPES) and analysis of PERCP/Cy5.5 fluorescence using
the BD FACSCalibur Flow cytometer (excitation at 488nm, detection with 670nm long-

pass emission filter). Analysis was done in the FlowJo software (v10) (130).
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2100Di f ferenti al Ulnd&®erctrreit fi o
Anal ysi s

130000 GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells were
seeded in T75 tissue-culture flasks in 10ml complete media (fifteen T75 flasks were used
for every cell line). Cells were left to grow for 7 days, at which point the cells and
conditioned media was collected and further processed.

The cell conditioned media was centrifuged twice at 400g (in Heraeus Megafuge
1.0R) for 6min (at 4°C) to pellet and remove dead cells. Next, the supernatant was
centrifuged at 2000g for 15min (at 4°C), to remove cell debris. After serial centrifugation,
the supernatant was transferred in Quick-Seal polyallomer centrifuge tubes for EV
isolation via differential ultracentrifugation. Specifically, the Quick-Seal tubes were
placed in a fixed angle rotor (Beckman Coulter, 70-Ti) and centrifuged at 10000g, for
90min (4°C) in the @PK ultnaceririfude.EThe supernatants were then
transferred into new Quick-Seal tubes and ultracentrifuged at 100000g in the fixed angle
rotor (70-Ti) for 90min (4°C). This resulted in pelleting of sEVs, which were then
resuspended in a total volume of 5ml 1XPBS and transferred in OptiSeal centrifuge tubes
(Beckman Coulter, Cat. N0.361621). The OptiSeal tubes were then placed in a fixed
angle rotor (Beckman Coulter, TLA110) and ultracentrifuged again at 100000g, for 60min
(4°C) in the OXP Ulreadhtrifude\td wash and pellet sEVs. Lastly, the
isolated sEVs were resuspended in 185¢l 1xPBS and stored in -80°C until required for
experiments.

To evaluate the number of vesicles secreted per cell (Vesicle Secretion Analysis), the
cells grown in T75 flasks (mentioned above) were trypsinised and counted in triplicate
with the Z1 Coulter® Particle Counter (Beckman Coulter), alongside EV-processing.
After cell counting and EV isolation via differential ultracentrifugation, EVs were analysed
via Nanoparticle Tracking Analysis (see Section 2.13) to calculate their particle
concentration (particles/ml). The sV particle concentration (particle/ml) and the total
volume of sSEV isolate (185¢l), were used to calculate the total sEV particle number
secreted by each cell line, which was then normalised to the total cell number, thus

estimating the normalised sEV number secreted per cell.
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211.Sucr€sshion UltracesnBEMY i fuga

| sol ati on

EV-rich conditioned media, collected from either conventional T75 flasks (Section

2.16.1), or CELLine Bioreactor Flasks (Section 2.18.2.2) was pre-cleared by being

subjected to serial centrifugation steps to pellet and remove cells and debris (twice at
400g for 6min and once at 2000g for 15min at 4°C in the Heraeus Megafuge 1.0R). Next,
the EV-rich conditioned media was filtered through a 0.22em syringe filter
(ThermoFisher, Cat.No 10268401) and was stored in -80°C until EV isolation by the 30%
sucrose/D.O cushion ultracentrifugation method (132). Specifically, after thawing, the
pre-cleared media was transferred in Quick-Seal polyallomer centrifuge tubes and was
underlain with 4ml of 30% sucrose/D,0 at a density of 1.2g/ml (flotation density of SEVs:
1.137 1.19g/ml (40)). The polyallomer tubes were then ultracentrifuged at 1000009 using
the SW-32 rotor (Beckman Coulter) for 90min at 4°C i n t he O{80Ki ma E
ultracentrifuge. Next, 2-3ml of the central base of the sucrose cushion solution was
collected and diluted in excess 1xPBS, followed by transfer in Quick-Seal tubes and
placement in the fixed angle rotor 70-Ti (Beckman Coulter) for ultracentrifugation at
100000g, for 90min (4°C) in t he O-BOK i utimdentrifugeE  After
ultracentrifugation, the sV pellets were resuspended in 1xPBS and stored at -80°C, until

required for further experimental use.

212BCA Protein Assay

10¢l of isolated sEV samples, or sEV lysates or cell lysates were used for protein
estimation using a micro-BCA kit (Thermo Fisher Scientific, Cat. No. 23235), according
to the manuf ac tSamples wese dijutedo (1L:8) amdl then compared in
triplicates against serially diluted BSA (Bovine Serum Albumin) as standard
(concentrationrange 0-2000¢ g/ ml ). Absorbance values of
generate a standard curve for concentration, of which values for samples were
extrapolated (using a third-order polynomial equation, with R?>0.98 for each assay).
Absorbance measurements (570nm) were conducted on a PHERAstar FS Microplate
Reader (BMG Labtech). The protein concentrations of sEVs isolated from conventional

2D tissue-culture flasks or CELLine Bioreactor Flasks are shown in Table 2.2.
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213.Nanopar takcilreg TAmal ysi s ( NTA)

Isolated sEVs were analysed by nanoparticle tracking to determine their size distribution
profile and particle concentration, usi ng |
Panalytical), configured with a 405 nm laser and a high sensitivity sSCMOS Camera

System (OrcaFlash2.8, Hamamatsu C11440). Each sV sample was diluted in MilliQ

purified water as necessary, so that number of particles per frame was approximately

50. Samples were administered at set temperatures (25°C) and recorded under
controlled flow, using the NanoSight syringe pump (set to 50) and script control system.

For each sample, three videos of 60-second duration were recorded, with a 10-second

delay between recordings, generating three replicate histograms that were averaged.
Videos were batch analysed using NTA 3.1 so
sensitivity and detection threshold set at 14-16. 100nm polystyrene beads (Malvern
Panalytical, Cat. NTA 4088) were also used as a standard to confirm that NTA
measurements were accurate. The particle concentrations (particles/ml) of sEVs isolated

from conventional 2D tissue-culture flasks or CELLine Bioreactor Flasks are shown in

Table 2.2.

2141 mmuPd enot yvpi Ag KEL IASA ay

SEVs were diluted in 1XPBS and bound onto high protein binding ELISA strip 96-well
plates (Greiner Bio-One, Cat. No. 756071), at a dose of 10¢ gl and incubated O/N at
4°C. Then, the wells were washed 3 times using a Tris-based wash buffer (Perkin Elmer,
Cat.N0.4010-0010), in the Well washE Micropl ate Was
unbound sEVs. Blocking solution of 1% BSA/PBS w/v (R&D Systems, Cat. No. DY995)
was added for 2h, before being washed 3 times. Primary antibodies were then added at
1 ¢ g/ m2h atfRd (diluted in 0.1% BSA/PBS w/v). Antibodies used were mouse anti-
human CD9 (R&D Systems, Cat. No. MAB1880), CD63 (Serotec, Cat. No. MCA2142),
CD81 (Biorad, Cat. No. MCA1847EL)and MHC-1( e Bi osci enc e E998383at . No
Isotype control antibodies were also used: IgG2, (Cat. No. 14-4732-82) for CD9, 1gG:
(Cat. No. 14-4714-82) for CD63 and CD81, as well as 1gG2, (Cat. No. 16-4724-82) for
MHC-1, al |l purchased .fAfteo antib@d inculsation, ¢he wellsEwere
washed 3 times, followed by addition of the secondary antibody; this goat anti-mouse
biotinylated antibody (Perkin Elmer, Cat. No. NEF823001EA) was diluted in 0.1%
BSA/PBS wl/v, at a 200ng/ml working concentration and was left to incubate in the wells

for 1h at RT. Next, the wells were washed 3 times, before adding the Europium-
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Streptavidin conjugate (Perkin Elmer, Cat. No. 1244-360), diluted in Assay Buffer (Perkin
Elmer, Cat. No. 1244-111), for 45min at RT. The wells were then washed 6 times,
followed by addition of Enhancement Intensifier solution (Perkin Elmer, Cat. No. 1244-
105), for 5min at RT. Lastly, the Europium fluorescent signal was assessed by time-
resolved fluorescence (TRF) on the PHERAstar FS Microplate Reader.

215.s EYet ect i on -Saprrdke aRloiFrutnct i on

Anal ysi s

Tetraspeck E fl uorescent 100nm microspheres (The
T7279), as well as GFP-CD63 and CD81-Tdtomato SEVs were diluted in a three-
dimensional (3D) thermo-r ever si bl e hydrogel CYyGELE (Biost
followed by imaging and Point-Spr ead Function (PSF) -TaenkaH y si s
chambered coverglass (ThermoFisher Scientific, Cat. No. 155380) was placed on ice,
containing small circular PVC inserts. After vortexing, microspheres and sEVs were
spread evenly within the inserts andthen Cy GELE ( whi c h °O)was &ddegui d a
directly on top (dilution 1:20). The chambered coverglass was then removed from ice,
enabling the CyGELE to sol i di topfocal miorbstopewe d b
Zeiss LSM 880. Imaging parameters were the following: Objective: 63X, Laser: 488 or
543nm, Numerical Aperture (NA): 1.4, Pinhole: 1.0 Airy Units, Frame Size: 2048x2048.
3D images were collected as a collection of Z-stacks, followed by determination of PSF
and FWHM (Full Width at Half Maximum) using the MetroloJ plugin (Fiji Software (133))
according to a published protocol (134), as well as projected into a 2D average intensity

image.
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216.SWAT-MS Proteomics Analysis

2161.SampPreepar ati on QamacdhtPf otcaitm on
and sEVs)

130000 GFP-CD63, GFP-Parallel control, CD81-Tdtomato and Tom-Parallel control
DU145 cells were cultured in conventional T75 flasks (10 flasks per cell line) for 7 days
in RPMI complete media supplemented with 10% exoFBS. After 7 days the cell-
conditioned media was collected followed by pre-clearing and then pelleting sEVs by
sucrose cushion ultracentrifugation (Section 2.11). After formation of the SEV pellet,
sEVs were resuspended directly in 1% SDC lysis buffer (sodium deoxycholate diluted in
50mM ammonium bicarbonate, Sigma Aldrich Cat. No. D6750 and A6141, respectively)
and were stored in -80°C until protein quantification. Simultaneously, upon removal of
cell-conditioned media after 7 days of culture, cells were washed twice with 1xPBS,
followed by trypsinisation with 0.05% trypsin/0.53 mM EDTA, neutralisation with
complete RPMI and centrifugation (400g for 6min, RT) to pellet the cells. Next, the cell
pellet was washed twice with 1XPBS and centrifuged again, following be resuspension
in the 1% SDC lysis buffer. Cells resuspended in lysis buffer were then spread in a 6-
well plate and placed on ice for 10min to enable cell lysis, following by addition of
Benzonase® Nuclease (Sigma Aldrich, Cat. No. E1014) to degrade nucleic acids, and
storage in -80°C until protein quantification. Protein quantification of cell and sEV lysates

was done using the BCA protein assay (Section 2.12).

216.2.Spectral Library GeM®ration an

After protein quantification, cell and sEV lysates were sent to our collaborators at the
BSRC Mass Spectrometry and Proteomics Facility at the University of St. Andrews (Dr
Simon Powis, Dr. Sally Shiran and Dr. Silvia Synowsky) to conduct SWATH-MS analysis
(Sequential Windows Acquisition of All Theoretical Mass Spectra) according to their
protocol (135). The rationale for this experiment was to compare the GFP-CD63 with the
GFP-Parallel control cells and seVs, and the CD81-Tdtomato with the Tom-Parallel
control cells and seVs; both GFP- and Tom- Parallel controls were used to establish the
basal protein expression levels of DU145 cells and sEVs before overexpression of CD63

or CD81, respectively (see Figure 4.1).
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Briefly, cell lysates were digested to generate spectral libraries, as follows: (i) Set 1
(Library 1) consisted of GFP-CD63 and GFP-Parallel control cell protein samples
combined and (ii) Set 2 (Library 2) consisted of CD81-Tdtomato and Tom-Parallel control
cell protein samples combined; these were further fractionated by strong cation
exchange (SCX) chromatography and high pH reversed phase chromatography (135).

Furthermore, digestions of cell and sEV lysates were prepared for SWATH-MS
proteomics analysis, as follows: (i) Set 3 consisted of GFP-CD63 and GFP-Parallel
control cell samples, (ii) Set 4 consisted of CD81-Tdtomato and Tom-Parallel control cell
samples (iii) Set 5 consisted of GFP-CD63 and GFP-Parallel control sV samples, and
(iv) Set 6 consisted of CD81-Tdtomato and Tom-Parallel control sEV samples. Note that
in each set every sample was digested separately.

After digestion, Sets 1-2 were used for spectral library generation via LC-MS/MS
analysis using the Sciex TripleTOF 5600+ system mass spectrometer (Sciex) on DDA
mode (Data-Dependent Acquisition). Furthermore, Sets 3-6 were used for SWATH-MS
data acquisition with the same mass spectrometer run on DIA mode (Data-Independent
Acquisition). To account for sample variability due to multiple sample processing steps,
each sample was ran as a technical replicate (triplicate). Reference iRT peptides
(Biognosys) were also added to each sample according t o t he manuf ac

instructions to enable correction of retention times.

216.3.SWAT-MS Data Processing

The Skyline v20.1.0.155 software (136) was used for spectral library generation (against
the UniProt/Swiss-Prot human database) using a global false discovery rate (FDR) of
1% as a threshold for the imported proteins. The SWATH-MS results were mapped
against their corresponding spectral libraries (Library 1 or 2) to extract chromatographic
peaks. Specifically, Library 1 was used for GFP-CD63 and GFP-Parallel control samples
(cells and sEVs, Sets 3 and 5 respectively), whereas Library 2 was used for CD81-
Tdtomato and Tom-Parallel control samples (cells and SEVs, Sets 4 and 6 respectively).
The Skyline parameters were chosen as follows: (i) Peptide settings (trypsin digestion
with 0 missed cleavage, human as background proteome, carbamidomethylation (C) and
oxidation (M) as modifications) and (ii) Transition settings (2+ and 3+ precursor charges,
1+ and 2+ ion charges, b and y ions and precursor, and six transitions were selected per
peptide).

Final chromatogram peak area was normalized based on the median value, and

accepted proteins were identified with at least two unique peptides, only when fragment
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ions exhibited more than 75% matching of the chromatogram peak intensity to the
corresponding spectral library (1 or 2) and when they aligned exactly over the expected
elution time of the spectral library. In addition, only proteins with a peak area variability of
less than 50% for two technical replicates were considered in the subsequent analysis
(coefficient of variation (CV) cut-off <50%). Note that Skyline import of proteins and set
of parameters were performed by our collaborators at the University of St. Andrews and
were based on their previous study on SWATH-MS proteomic analysis (135), whereas
the following statistical analysis, Gene Enrichment and Interaction analysis were

conducted by myself.

216.4.SWAT-MS $tiastical Analysis

Normalised data were exported from Skyline to the Perseus software (MaxQuant) (137)
where they were log. transformed, followed by statistical analysis ( St u destrfor 6 s t
adjusted p-value) and generation of Volcano Plots to visualise the differences of protein
expression between cells and sEVs overexpressing CD63 or CD81, compared to their
respective parallel controls. Furthermore, the normalised protein expression data were
analysed by Principal Component Analysis (PCA) to investigate clustering of technical
replicates and potential differences between other samples. In addition, Heat Maps with
hierarchical row and column clustering were constructed after the filtered normalised
data were Z-scored (calculated by subtracting the protein abundance from its mean value
for that protein across all samples in the row/column, then divided by the standard
deviation (SD) of said row/column), followed by clustering using the following

parameters: Euclidean distance, linkage method average and k-means pre-processing.

2165.Gene Enri chment and I nteractio

Gene Enrichment analysis was done in the FunRich functional enrichment and network
analysis tool (v3.1.3, released March 2017) which incorporates many databases i.e.,
Exocarta, UniProt, KEGG, Reactome etc. (138, 139). FunRich was used to determine
the enriched cellular components, biological processes, and molecular functions of
protein identifications in cell and sV samples overexpressing CD63 or CD81, compared
to their respective parallel controls (enriched when p-value <0.05 of a hypergeometric
test against the whole genome/proteome). Venn diagrams were also generated (after

conversion from UniProt identifier to GeneEntrez IDs) to reveal the number of unique
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and overlapping identifications between samples and the Vesiclepedia compendium of
EV molecular data (140). Finally, to generate a protein-protein interaction (PPI) network
the Search Tool for the Retrieval of Interacting Genes (STRING) database (141) was
utilised, with the following parameters: FDR stringency medium (5%), initial sort order by
enrichment score and Markov Clustering inflation parameter equal to 1.7 (142).

216.6.Val i daProheofmics Targets

In order to validate some of the targets discovered in the SWATH-MS proteomics
analysis in cells and sEVs, Western Blot analysis was conducted. To mirror the previous
SWATH-MS experiment, cells of the same passage (GFP-CD63, CD81-Tdtomato and
parallel controls) were cultured in the same way in conventional T75 flasks (10 flasks per
cell line) for 7 days (in RPMI complete media supplemented with 10% exoFBS), after
which cells and EV-rich cell-conditioned media were extracted. Cells lysates were
prepared as explained below (Section 2.17) and sEVs were isolated by firstly pre-
clearing the cell-conditioned media and then conducting sucrose cushion
ultracentrifugation (Section 2.11). Prior to Western Blotting, protein quantification of cell

lysates and sEVs was done using the BCA assay (Section 2.12 and Table 2.2 for sV

concentrations, isolation #3). Description of Western Blot analysis and primary
antibodies used for SWATH-MS target validation are shown in Section 2.17 and Table
2.1.
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217.West ern_ Bl ot anal ysi s

GFP-CD63, GFP-Parallel controls, CD81-Tdtomato and Tom-Parallel control cells grown
in tissue-culture flasks were harvested with the same method as mentioned previously
(Section 2.16.1) but using a different lysis buffer at the final step, the RIPA lysis buffer

system (Santa Cruz Biotechnology, Cat. No. SC-24948) which was used to lyse cells for
10min on ice and was prepared by addition of 1X Protease Inhibitor cocktail, 200mM
Sodium orthovanadate and 200nM phenylmethane sulfonyl fluoride (PMSF). Then, cell
lysates were centrifuged at 100009 for 10min (at 4°C), after which the supernatant was
collected and stored at -80°C for later use. Prior to Western Blotting, cell lysates and
sEVs isolated by sucrose cushion ultracentrifugation from tissue-culture flasks (Section

2.16.6), or CELLine Bioreactor Flasks (Section 2.18.2.2) were used for protein

quantification using the BCA protein assay (Section 2.12).

After protein quantification,the NUP AGEE L DS Sample Buffer (1X]

No. NPOOO7) wa s praehdrendcelltlysated dhd igolated sEVs (ratio 1:2)
along with 20mM dithiothreitol (DTT; Sigma Aldrich, Cat. No. D0632) for reducing
conditions (or DTT was not added for non-reducing conditions), following by heating of
the samples for denaturation at 70°C f or 10min (according
instructions). Next, samples and the molecular weight marker SeeBlue® Plus 2 Precision

Stain (Ther moFi sher Scientific, Cat. No. LC5

4-12% Bis-Tris gradient gels (ThermoFisher Scientific, Cat. No. NP0321PK2) and
subjected to electrophoresis in the XCell SureLock Mini-Cell Electrophoresis System
(Invitrogen). The conditions for electrophoresis varied depending on the molecular
weight (MW) of the proteins under investigation but ranged from 120-150V and 1-2h of
runningtt me in NuPAGEE MOPS SDS Running Buffer
No. NP000102).

After electrophoresis, the NuPAGEadttvatesd!l s
polyvinylidene fluoride (PVDF) membrane (GE Life Sciences, Cat. No. 10600023) and
were placed in the Mini Trans-Blot® Cell (BioRad) with 25mM Trizma Base® and 192mM
glycine (Sigma Aldrich. Cat. No. T1503 and G8898, respectively); transferring of proteins
to the PVDF membrane was done at 80V for 90min (at ice-cold conditions).

After protein transfer, the PVDF membranes were blocked in 5% (w/v) non-fat milk
powder (Marvel), diluted in 1XPBS-T (1xPBS with 0.1% (w/v) Tween20®) O/N at 4°C on
orbital shaker. After blocking and three 5-min washes with 1xPBS-T, membranes were
incubated with primary antibodies (see Table 2.1) for 2h at RT (or O/N at 4°C on orbital

shaker). Next, membranes were again washed 3 times with 1xPBS-T, followed by a 1-h
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incubation (at RT) with the goat anti-mouse horseradish peroxidase (HRP)-conjugated
secondary antibody (Santa Cruz Biotechnology, Cat. No. SC-2005, 1:10000 dilution).
After incubation with the secondary antibody, membranes were again washed three
times with 1xPBS-T (5-min washes), followed by a 5-min incubation with the
WesternSure® Chemiluminescent Substrate (Li-Cor, Cat. No. 926-95000) and detection
of protein bands using the C-Digit blot scanner (Li-Cor). In some cases when the
membrane had to be re-probed with a different primary antibody, after detection of
protein bands via chemiluminescence, the membrane was washed three times with
1xPBS-T (5-min washes), followed by a 1-h blocking at RT (5% w/v non-fat milk powder
diluted in 1xPBS-T), or by an O/N blocking at 4°C on orbital shaker. After blocking, the
procedures for primary and secondary antibody incubations, as well as the detection of

bands, were followed like mentioned previously.

Table 2.1. Primary Antibodies used in Western Blot analysis.

PRIMARY CATALOGUE

ANTIBODY DILUTION NUMBER COMPANY
Alix 1:200 sC-166952
Annexin lll 1:200 sc-390700
EGFR 1:200 sc-373746
Ezrin 1:200 sc-58758
GRP94 1:200 5c-393402
| nt e gor i 1:100 Sc-74466
I Nt e gsr | 1:100 5c-390186 Bf)?géﬁr%‘ézy
TSG101 1:200 sc-7964
VPS4A/B 1:100 sc-133122
b-catenin 1:200 SC-7963
CD81 1:100 sc-166029
CD63 11000 sc-5275
(non-reducing conditions)
GAPDH 1:10000 NBP1-47339 Novus biologicals
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218. CELLIi ne Bi oreactor Mai nt ena

Characterisati on

2181.Mai ntenance Procedur e

DU145 cells were cultured long-term in the inner cell compartment of the CELLine
adherent Bioreactor Flasks (Sigma Aldrich, Cat.No 688045-3EA) according to a
published protocol (127). The cell-free outer compartment contained complete RPMI-
1640 media plus 5% regular FBS, and maintenance involved weekly replenishment of
the outer compartment with fresh complete media. The inner cell compartment
maintained the DU145 cell lines which were cultured in RPMI-1640 complete media
supplemented with 5% exoFBS. The CD81-Tdtomato and GFP-CD63 cells were also
supplemented with 50 0 ¢ g/ ml G418 in both the outer an
During the weekly maintenance, the EV-rich conditioned media was collected from the
inner cell compartment, followed by washing of the compartment with media (three times)
and subsequent replenishment with fresh complete media. The collected EV-rich

conditioned media was then pre-cleared and stored in -80°C (see Section 2.11).

218.2.Characterisation Procedur e

2.18.2.1. Cell-Associated Processes

25x108 CD81-Tdtomato, Tom-Parallel control, GFP-CD63 and GFP-Parallel control cells
were seeded in the inner cell compartment of Bioreactor Flasks for long-term culture as
mentioned above. At weeks 4,8 and 11 the Characterisation Procedure took place,
where the contents of the inner cell compartment were collected and processed.

Briefly, the supernatant of the inner cell compartment was collected to isolate the
cells in suspension (Suspension Fraction), followed by three media washes which were
also collected to isolate the semi-adherent cells (Semi-Adherent Fraction). The cells left
adhering to the inner cell compartment (Adherent Fraction) were isolated after a 15-min
trypsinisation. The three cell fractions were then pelleted via centrifugation (400g for
6min, RT), and the EV-rich supernatant of the Suspension Fraction was kept for further
processing. Cells were then counted (in triplicate) using the Z1 Coulter® Particle
Counter, followed by re-seeding of 3.9x10° cells back (of Adherent Fraction) back into

the Bioreactors. Cells from all fractions were then resuspended in complete RPMI-60
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media supplemented with 20mM HEPES (final concentration 5x10° cells/ml), followed by
addition of 30nidnitdd Beh Qability (143, 144), or 200M tORAQS5E
assess cell cycle (129), according to the manufacturer ¢
conducted using the FACSCalibur flow cytometer, with the following parameters:

excitation laser 488nm, emission filters FL1: 530/30nm for GFP, FL2: 585/42nm for

Tdtomato, FL3: 670nmlong-p ass emi ssi on f il t er661f16nmfobRAQS5E
DRAQ7E. Compensati olfdomataandisPRAQPDE cell cycl
(FL3-FL2 =51%).

2.18.2.2. sEV-Associated Processes

Parallel to processing of the cell Fractions, the supernatants of the Suspension Fractions
(EV-rich conditioned media) were also processed with the same protocol as the weekly

Bioreactor Maintenance procedure (see Section 2.18.1). To clarify, the EV-rich

conditioned media processing occurred weekly and not just during the characterisation
procedure, i.e., collected from Weeks 2 to 4, Weeks 6 to 8 and Weeks 10 to 11. Then
the conditioned media was pre-cleared and stored at -80°C, until SEV isolation by
sucrose-cushion ultracentrifugation (see Section 2.11). It is important to note that prior
to SEV isolation, the pre-cleared media was batched together: Weeks 2 to 4 (Batch 1),
Weeks 6 to 8 (Batch 2) and Weeks 10-11 (Batch 3), as shown in_Figure 5.1.

Nanoscale Flow Cytometry

Fluorescence signal of isolated sEVs was assessed using the Apogee A50 microparticle
flow cytometer (Apogee Flow Systems). For optimisation and comparison to seVs, the
following reference polystyrene beads were used as non-fluorescent standards: (a)
100nm NIST (Thermo Fisher, Cat. No. 3100A) and (b) 200nm NTA (Malvern Panalytical,
Cat . No. NTA4089) , as well as fluorescent s
100nm and (b) 200nm (ThermoFisher, Cat. No. T7279 and T7280) which emit
blue/green/orange/dark red fluorescence. Furthermore, a manufacturer-supplied mixture
of silica and polystyrene standards were also used to calibrate and perform quality
control on the instrument (Apogee Standards, Apogee Flow Systems, Cat. No. 1493).
The instrument was run at a steady flow speed of 1.5¢1/min and light scatter was provided

using the 405nm laser (50mW); green fluorescence signal was generated using the
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488nm laser (50mW, emission 535/35nm) and orange fluorescence signal was
generated using the 532nm laser (emission 580/30nm).

Each sEV sample was run in triplicate, and after calibration with the Apogee #1493
beads, a serial dilution test for coincidence and swarm effect was conducted. For this
experiment, EV batches were pooled together in volume ratio of 1:1:1 (Batch 1-3, Weeks
2-11) to represent the entire sEV population and avoid batch-to-batch variability, and a
serial dilution was done (1:1000, 1:2000, 1:5000, 1:10000,1:20000,1:50000 and
1:1000000) to estimate particle concentration (particle/ml), followed by linear regression
to determine optimal sEV dilutions (see Supplementary Figure 18). The selected optimal
sEV dilutions (1:20000 for GFP-CD63 and GFP-Parallel sEVs and 1:10000 for CD81-

Tdtomato and Tom-parallel control SEVS) ensured that the number of particle events/sec

detected by the Apogee micropatrticle flow cytometer remained stable and lower (~1000

events/sec) than the swarm threshold (>5000 events/sec).

Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Cryogenic transmission electron microscopy (Cryo-TEM) experiments were performed
by our collaborators Dr. Nicole Hondow and Dr. Andy Brown at the School of Chemical
and Process Engineering at University of Leeds. Briefly, Cryo-TEM was conducted on a
FEI Titan® Themis G2 operating at 300kV fitted with 4 EDX silicon drift detractors and a
Gatan One-View CCD. stV samples were prepared for Cryo-TEM using a FEI Vitrobot
mark IV plunge freezer. A 3.5¢| drop of suspension was placed on a lacey carbon coated
copper TEM grid (EM Resolutions), blotted at blot force 6 and then rapidly plunged into
liquid ethane. A Gatan 914 cryo-holder was used for TEM, and the temperature
maintained below - 160°C to prevent devitrification. Cryo-TEM images were recorded at
a total electron fluence of 5e7/ A%to limit devitrification of the sample during imaging. Cryo-
TEM image analysis was conducted using the Fiji Software (v1.52c¢) (133), and involved
maximum diameter measurements of EVs (h= 1000 vesicles counted for each EV type).
CD81-Tdtomato and Tom-Parallel control EVs were selected for Cryo-TEM analysis and
to exclude week-to-week variability, the three Bioreactor-derived EV batches (Batch 1 to
3) were all pooled together for each EV type in a 1:1:1 ratio, thus generating a pooled
Batch 1-3 (Weeks 2-11) EV sample.
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Isolation/ Batch

BCA concentration

NTA

EV Isolation Method Platform Parental Cell line .
Number ( € g/ ml )| (Particles/ml)
CD81-Tdtomato 125.62 1.11E+12
Differential . Tom-Parallel control . 123.52 1.28E+12
Isol n #1
Ultracentrifugation T75 tissue culture flask |55 Cpes solatio 115.26 6.97E+11
GFP Parallel control 165.46 7.78E+11
CD81-Tdtomato 747.02 N/A
Sucrose Cushion . Tom-Parallel control . 768.47 N/A
) . Isolation #2
Ultracentrifugation T175 tissue culture flask GFP-CD63 253.06 N/A
GFP Parallel control 513.94 N/A
CD81-Tdtomato 924.03 N/A
Sucrose Cushion . Tom-Parallel control . 921.11 N/A
. . Isolation #3
Ultracentrifugation T175 tissue culture flask =25 "=5g3 1573.18 N/A
GFP Parallel control 915.27 N/A
Cel Line Bioreactor 1 CD81-Tdtomato 817.81 1.52E+13
Sucrose Cushion CelLine Bioreactor 2  |Tom-Parallel control Isolation #4 1607.74 2.45E+13
Ultracentrifugation CelLine Bioreactor3 |GFP-CD63 Batch 1, Weeks 2-4 874.56 2.39E+13
CelLine Bioreactor 4 GFP Parallel control 1240.31 1.93E+13
Cel Line Bioreactor 1 CD81-Tdtomato 2457.71 4.21E+13
Sucrose Cushion CelLine Bioreactor 2  |Tom-Parallel control Isolation #5 3479.15 7.89E+13
Ultracentrifugation CelLine Bioreactor3  |GFP-CD63 Batch 2, Weeks 6-8 2995.68 4.49E+13
CelLine Bioreactor 4 GFP Parallel control 2035.34 3.19E+13
CelLine Bioreactor 1 CD81-Tdtomato 2424.18 2.64E+13
Sucrose Cushion CelLine Bioreactor 2  |Tom-Parallel control Isolation #6 2847.70 2.86E+13
Ultracentrifugation CelLine Bioreactor3 |GFP-CD63 Batch 3, Weeks 10-11 2326.68 2.91E+13
CelLine Bioreactor 4 GFP Parallel control 3018.66 2.6E+13
CelLine Bioreactor 1 CD81-Tdtomato 2059.31 N/A
Sucrose Cushion CelLine Bioreactor 2 |Tom-Parallel control Ba:ChoazaW;aetléijs'll 2199.87 N/A
Ultracentrifugation CelLine Bioreactor 3 |GFP-CD63 chume ratio 111 2005.10 N/A
CelLine Bioreactor 4 GFP Parallel control o 2322.20 N/A
Sucrose Cushion CeLLine Bioreactors 5-8 |CD81-Tdtomato Isolation #7 3033.50 2.84E+13
Ultracentrifugation Weeks 1-12
Sucrose Cushion . . Isolation #8
. . GFP-CD63 1647.90 1.74E+13
Ultracentrifugation CeLLine Bioreactor 9 Weeks 1-12
Sucrose Cushion . . Isolation #9
. . DU145 1473.71 2.16E+13
Ultracentrifugation CeLLine Bioreactor 10 Weeks 1-12
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Table 2.2. Particle and
protein concentrations
of DU145-derived

SEVs.

Particle and protein
concentrations of
DU145-derived sEVs
calculated by BCA

protein assay and NTA
(respectively) of 9

separate sEV
preparations isolated by
either differential

ultracentrifugation or
sucrose cushion
ultracentrifugation from
2D tissue culture flasks
or CELLine Bioreactors.
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219.0D 7 BVWA4Dosi ng ExpeDUInemt s

and201

2191.QD7 Mo si nQUI BRI | s

30000 DU145 cells were seeded into 12-well plates in complete RPMI supplemented
with 10% exoFBS and incubated at 37°C and 5% CO: for 24h. Next, cells were dosed
with 3nM QD705 using the Qtracker®705 Cell Labelling Kit (ThermoFisher Scientific,
Cat. No. Q25061MP) in serum-free media as previously described (145, 146). Briefly,
the QtrackerE carri earevartexid f@ bsecafollenwed by additios
of the QtrackerE carrier in a falcon tu
directly into the carrier droplet at a ratio of 1:1, to reach a final concentration of 3nM. The
mixture was then incubated for 5min at RT, followed by addition of serum-free RPMI and
al0-secvortex. Fi nal | vy, 500c¢l of QD705 mi xture
incubate for 1h at 37°C (and 5% COy) with intermittent stirring every 15min. For control
wel | s, Qt r a was asedialome aAftar incahation, cells were washed twice with
media, followed by replacement with complete media. The QD705 cell uptake and
retention was assessed for the next 4 days of the experiment (24-, 48-, 72- and 96-h
post-labelling) by measuring the QD705 fluorescence intensity via flow cytometry using
the BD FACSCalibur flow cytometer (excitation 488nm and emission FL3 (670nm long-
pass filter)), which was calibrated using Dako FluoroSpheres (Agilent Technologies, Cat.
No. K011011-2). This experiment was repeated 3 times (N=3) with triplicates for each
control and 3nM QD705 i treated cell sample. Furthermore, the QD705 cell uptake was
imaged using the ImagestreamX flow cytometer (Amnis) with 30.000 events collected for
QD705-treated and control cells using the 488 nm excitation laser, 60X objective lens
and642i740 nm spectral channel for det effield,
0.9 NA). Analysis for flow and imaging flow cytometry experiments was conducted in
GraphPad Pri s m () any IDEAS® @Gmnlsh E
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219.2.Compari QO Mofsi nQUlI MY 20Ce | | s

7500 DU145 cells/well and 4000 Y201 cells/well were seeded in 8-well p-Slides in a final

vol ume of 3 0 0 eRPMI ornDMEM negpdcteselye supplemented with 10%

exoFBS and incubated for 24h at 37°C (and 5% CO,). Cells were then dosed with QD705

as in Section 2.19.1, except that the final volume of QD705 mixture added per well was

125¢1 (in duplicate for each condition). Aft
followed by replacement with complete media (RPMI or DMEM depending on cell line).

24h and 72h post labelling, cells were fixed with 1X CellFIX and labelled with
ActinGreenE and NucBIl ueE talabelmaimand noaear®NA r ev i o
respectively (Section 2.8). Multi-dimensional image acquisition was conducted on the

Zeiss Axiovert 100 widefield microscope (x20 objective, 0.8 NA lens), forAct i n Gr een E
(Actin-488, Ex:489nm/Em:515nm), for Nu ¢ B | (D&M, Ex:353nm/Em:465nm) and for

QD705 (Ex:405nm/Em:669nm) and using the MetaMorph software (Z-step= 0 . 2 £0M

slices). Single-cell image analysis was done in the Fiji software (133) and is explained in

Section 2.21.1 and graphically shown in Figure 2.1.
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2193.Compari Q@@ 06f Wwb6ADEYI ng | CeDU445

2.19.3.1. sEV Labelling with Alexa Fluor647 C, Maleimide Dye

Bioreactor-derived WT DU145 sEVs (Bioreactor No. 10, Weeks 1-12 isolation #10, see

Table 2.2) were labelled with the AlexaFluor647 C, Maleimide dye, as reported
previously (115) to generate the EV-647 population. First | y, 200eg/ ml Al exa
Maleimide dye (ThermoFisherSci ent i fi c, Cat . No . A208R¥7) wa
sample and diluted with 1XPBS up to final vo
mixture for 1h (at RT) under continuous orbital shaking in the dark. Then, EV Spin

Columns MW3000 (ThermoFisher Scientific, Cat. No. 4484449) were prepared
according t o manufacturer s instructions;
rehydrate the spin column for 15min at RT, followed by centrifugation (750g for 2min in

RT) to remove the interstitial fluid. Then, the seEV-dye mixture was added to the top of

the column, followed by another centrifugation (750g for 3min in RT) to finally elute the
Maleimide-labelled sEVs (EV-647), whereas lower molecular weight contaminants like

the free AlexaFluor647 C, Maleimide dye is being retained by the spin column. This

process was repeated with a final mixture of dye and 1xPBS only (without sEVs), and

the eluted solution was collected and used as a negative control to demonstrate the

retention of free dye by the spin columns (used as controls in flow cytometry).
Concentrationof EV-6 47 after the | abelling process was
t he Nan @eo Specitometer.

2.19.3.2. Dosing with QD705 Vs EV-647

7500 DU145 cells were seeded in 8-well p-Slides and incubated for 24h at 37°C (and
5% CO,) prior to dosing. The next day, DU145 cells were dosed for 1h at 37°C with EV-
64750 g/ ml) or 3nM QD705 with i nt Section2t19.2.nt st
After dosing, cells were washed with 1xPBS, fixed with 1X CellFIX, permeabilised with
0.1% Triton-X1 00 and | abell ed with ActinGreenE and
conducted on the Zeiss Axiovert 100 microscope (x63 objective, 1.6 NA oil lens) for
ActinGree n HEx:489nm/Em:515nm), for Nu ¢ B | (D&M, Ex:353nm/Em:465nm), for
QD705 (Ex:405nm/Em:669nm) and for EV-647 (Ex:650nm/Em:669nm) and using the

MetaMorph software.
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220.CD81MTdt onsEtVDe |l i vargel |l syst el

2201.CDS8Tdt omaaEWosiOpgt i mi s DtUilelrd | n

7500 DU145 cells/well were seeded in 8-well p-Slides 24h prior to dosing (final volume
300el) in complete RPMI suppl emeCGDBleTdtonvaiot h 10
SEVs used for dosing derived from Bioreactors No.5-8 (Weeks 1-12, see Table 2.2).
Specifically, CD81-Tdtomato SEVs were batched by pooling EV batches for Weeks 1-3,

4-6, 7-9 and 10-12 in a ratio 1:1:1:1 after a short vortex (10sec). Then, the pooled CD81-

Tdtomato sEVs (Weeks 1-12) were vortexed again for 10sec and after a short spin were

diluted in complete RPMI to reach concentration of 100eg/ml, after which 100¢l were

added in every well in duplicate (complete media used in separate wells as negative

control). Then, the p-Slides were manually mixed for 10sec and were placed in a
humidifying chamber in the incubator (100cm dish with 35mm dish filled with 1XPBS).

Cells were then dosed with the EV-rich media for 1, 2 or 3h, followed by two media
washes and addition of 300¢l fresh compl ete
20mM HEPES. Finally, the p-Slides were imaged live using multi-dimensional image
acquisition of Brightfield and Tdtomato fluorescence (Ex:554nm/Em:581nm) using the
Zeiss Axio Observer Z1 microscope (x63 1.4 NA oil M27 lens and AxioCam506 detection
camera) which generated Z-stacks that encompassed the entire cell (Z-stack interval=
0.5em, 5to 7 fields of view per condition). Single-cell image analysis was done in the Fiji
software (133) as explained in Section 2.21.2 and shown in Figure 2.2. This experiment
was repeated twice (N=2).
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220.2.CD8Tdt omaE¥Wcut e Delivery in

cel | s.

7500 DU145 cells/well and 4000 Y201 cells/well were seeded in 8-well p-Slides 24h prior
to dosing (final volume 300¢l) in complete RPMI or DMEM supplemented with 10%
exoFBS respectively. The batch of seVs for dosing (Bioreactors No.5-8, CD81-Tdtomato

sEVs Weeks 1-12) was generated as above (Section 2.20.1) and diluted accordingly in

complete DMEM (with 10% exoFBS)toreach concentrations of

200eg/ ml . Ne x t SEV toRcerdrationavhs addadcirheach well in duplicate
(complete media was also added in separate wells as negative control), followed by
incubation for 1h (acute exposure) at 37°C, 5% CO..

After incubation, the EV-rich media was replaced by fresh complete media (DMEM
for Y201 and RPMI for DU145 cells) supplemented with 10%exoFBS and 20mM HEPES.
Finally, the p-Slides were imaged live as detailed above (Section 2.20.1) directly after

the 1h incubation, as well as 24- and 48-h post-incubation without any further media
changes; the slides were kept in the humidifying chamber in-between imaging sessions.
Single-cell image analysis was done as explained in Section 2.21.2 and shown in Figure
2.2.

2203.CD8Tdt omaE®hr oni ¢ Del iGed s

For this experiment we repeated the above method (Sections 2.20.2), with Y201 cells
dosed with 50¢eg/ ml, 1 0-OdtognatorsEVs §Week® D 1R efar 72m |

(chronic sEV delivery) in duplicate wells, with slides intermittently mixed twice every 24h.

After incubation, the EV-rich media was replenished with fresh media and the p-Slides
were imaged live directly after the 72h incubation, as well as 24-,48-, 72- and 96-h post-

incubation. Live-cell imaging was done as previously explained (Section 2.20.1), with the

following multi-image acquisition parameters: Z interval= 0.5em, 20 slices and 16 fields
of view per condition. Image analysis was done in the Fiji software (133) and involved

Single-cell as well as Field-of-view analysis; these are explained in Section 2.21.2 and

shown in Figure 2.2.
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221.0D705 andd€CDb®&$hEWOSI ng: I

Anal ysi s

2211.Si ngleé¢ | | mage AnabDygsiisg f or

Single-cell image analysis was done in the Fiji Software (v1.52c) (133) and firstly
involved maximum intensity projection of the Z-stack QD705 fluorescence channel to
generate single 2D images (i.e., QD705 channel max-projected image). Next,
background was subtracted from each condition by removing the background
fluorescence using the negative controls (different for each timepoint). For this action the
Calculator Plus plugin was used with the following parameters: i1=QD705 channel max-
projected image, i2= Background max-projected image, operation= [Subtract: i2 = (i1-i2)
x k1 + k2]; (k1=2.5 k2=-2.5). Next, manual segmentation was done for every cell using
the Actin-488 (cytoskeleton) image; each segmented ROI (Region of Interest) was saved
and then used to extract single-cell images from the QD705 channel, followed by
extraction of cell shape information (cell area, convexity, roundness, circularity). Next,
the single-cell QD705 max-projected (and background-subtracted images) were
duplicated followed by contrast enhancement (histogram normalisation with 0.2%

saturation) and conversion to 8-bit using the "ScaleConversions" function to enable for

ma g

QD7

automatic thresholding. Specifically,Li 6 s aut omati ¢ t hreshol ding

Entropy thresholdingmet hod based on t he algoghmgidi)was ver s

applied by firstly generating a mask based on the 8-bit converted and contrast enhanced
image, which was then finally applied to the original maximally projected (and
background subtracted) image to extrapolate fluorescence QD705 intensity
measurements. Graphic representation of this method is shown in Figure 2.1 and macro
code is shown in Supplementary Figure 2.A-D.
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Aiii.

|:> Cell shape measurements

QD705
fluorescence

measurements
per cell

Figure 2.1. Single-c e | | i mage analysis with Li 0s-labdllededlsol di ng met hod f or (

A. Actin-488 images (cytoskeleton labelling) (i), were used to manually segment every cell and generated ROIs for every cell (ii), followed by cell shape
measurements (area, convexity, roundness, and circularity) based on segmentation (iii). B. Fluorescence Z-stack images (QD705-labelled cells) (i), were Z-
projected using maximum intensity projection (ii), followed by background subtraction (auto-fluorescence of control cells). C. Maximally projected and
background-subtracted fluorescence images were segmented based on the previously generated ROIs (i) with every cell being duplicated (ii) followed by
contrast enhancement (histogram normalisation with 0.2% saturation), conversion to 8-bitimageandgener at i on of a mask usin
Method (iii), thus enabling mean or integrated QD705 fluorescence intensity measurements (iv).
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221.2.Si ngle¢ | Faelfdi elwvnage Arfadrk¥ i

Dosing

Image analysis of CD81-Tdtomato sEV dosing experiments was done in the Fiji Software
(v1.52¢) (133) and firstly involved maximum intensity projection of Z-stack Tdtomato
fluorescence channel to generate single 2D images and subtraction of background from
each condition by removing background fluorescence using the negative controls
(different for each timepoint). For this action the Calculator Plus plugin was used with the
following parameters: il=Tdtomato channel max-projected image, i2= Background max-
projected image, operation= [Subtract: i2 = (i1-i2) x k1 + k2]; (k1=2.5 k2=-2.5).

Next for Single-cell image analysis every cell was manually segmented using the
Brightfield image; each segmented cell ROl was saved and then used to extract single-
cell images from the Tdtomato channel, followed by extraction of cell shape information
(cell area, convexity, roundness, circularity). Then, every single-cell Tdtomato max-
projected (and background subtracted image) was duplicated followed by contrast
enhancement (histogram normalisation with 0.2% saturation) and conversion to 8-bit
using the "ScaleConversions" function to enable for automatic thresholding. Finally, L i
automatic thresholding method (147) was applied by firstly generating a mask based on
the 8-bit converted and contrast enhanced image, which was then applied to the original
maximally projected (and background subtracted) image to extrapolate fluorescence
Tdtomato intensity measurements. Graphic representation of this method is shown in

Figure 2.2.A and macro code is shown in Supplementary Figure 2.A-D.

Alternatively, for the Field-of-view image analysis, after background subtraction, the

mean fluorescence intensity per field-of-view (for 0- to 96-h timepoints) was directly

calculated wusing LioO6s automatic t Iopeefedlyy | di ng

entire field-of-view max-projected and background subtracted Tdtomato channel images
were duplicated followed by contrast enhancement (histogram normalisation with 0.2%
saturation) and conversion to 8-bit using the "ScaleConversions" function to enable for
automatic thresholding. Next, Li 6 s a ut o mldingimethot tvas eisedh by firstly
generating an entire field-of-view mask that was then applied to the original maximally
projected (and background-subtracted) Tdtomato image to extrapolate fluorescence
intensity measurements. Finally, after manual counting of fluorescent cells in each field
of view, the mean fluorescence per field-of-view was divided by the number of cells in
each field to estimate the Tdtomato fluorescence per image and per cell. Graphic
representation of this method is shown in Figure 2.2.B and macro code shown in

Supplementary Figure 2. A,B.E.
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Tdtomato fluorescence
measurements per cell

Tdtomato fluorescence
measurements
per field-of-view

Chapter 2: Materials and Methods

Figure 2.2. Single-cell and Field-of-
view image analysis schematic.

A. Single-cell image analysis: Brightfield
images (i), were used to manually
segment every cell and generated ROIs
for every cell (ii), followed by cell shape
measurements (area, convexity,
roundness, and circularity) based on
segmentation (iii). Fluorescence Z-stack
images of Tdtomato-labelled cells (iv),
were Z-projected using maximum
intensity  projection,  followed by
background subtraction (auto-
fluorescence of control cells) (v). The
maximally projected and background-
subtracted fluorescence images were
then segmented based on the previously
generated ROIs (vi) with every cell being
duplicated (vii) followed by contrast
enhancement (histogram normalisation
with 0.2% saturation), conversion to 8-bit
image and by generation of a mask using
L i 6astomatic Thresholding Method
(viii), to measure Tdtomato fluorescence
intensity per cell (ix). B. Field-of-view
image analysis: maximally projected and
background subtracted fluorescence
images (from A.v) were used to count
fluorescent cells B(i) followed by contrast
enhancement (histogram normalisation
with 0.2% saturation), conversion to 8-bit
image and by generation of a mask using
Lids automatic THib,
to measure Tdtomato fluorescence
intensity per field-of-view (iv).
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222 AssessmOtt ewfgeni ¢ DiIi fdEVEnt

2221.LatOst eogenic Differentiat.i

Chronic Dosing with CD81-Tdtomato sEVs: Y201 cells were cultured in 8-well Ibidi p-
Slides (4000 cells/well) in complete DMEM media supplemented with 10% exoFBS
(regular media). Osteogenic media was also prepared as complete DMEM was
suppl emen t-glyderophosphate (3mM), dexamethasone (10nM) and 50ug/mL
ascorbic acid. CD81-Tdtomato SEVs (Bioreactors No.5-8, Weeks 1-12) were prepared
as explained in Section 2.20.1 and were diluted in regular or osteogenic media to reach
concentrations of 50gg/ml, 100eg/ ml and
125¢l of each sEV concentration (in regular or osteogenic media) was added in every -
Slide well, along with negative control wells (regular or osteogenic media only). Then,
the p-Slide was manually mixed for 10sec and was placed in a humidifying chamber at
37°C (5%CO0,) for 72h (chronic sEV delivery), with the slide intermittently mixed twice
every 24h. After incubation, the EV-rich media was removed from cells, followed by a
media wash (with regular or osteogenic media respectively) and then replenishment with
fresh media (regular or osteogenic). This media was changed every 3 days up to day 21
(i.e., 18 days after the end of the 72-h sEV dosing).

At day 21, the Alizarin Red S calcium stain was used to visualise and measure the
potential mineralised matrix depositions that form due to osteoblast mineralisation (148).
Specifically, the media was carefully removed from the wells, followed by three gentle
1xPBS washes. Cells were then fixed awRTt
followed by a wash with dH,O and staining with 250c¢l
Sigma Aldrich, Cat. No. A5533) for 30min in the dark (with gentle agitation, at RT). After
staining, the dye was carefully removed and the p-Slide was washed 6 times with 50%
Ethanol in dH2O, by placing in a shaking platform for 15 min. After washing, the p-Slide
was left for 2 min to air dry and was imaged in the Zeiss Axio Observer Z1 microscope
to visualise the calcium deposits and potential osteogenic nodules (x5 lens, AxioCam506
coloured detection camera, 5X5 Tile). Then, to quantify calcium deposits a 10%w/v
solution of Cetylpyridinium Chloride (CPC, Sigma Aldrich, Cat. No. C0732) was used.

on

A

200c¢

h
Al

4

Specifically, 250¢ | CPC was aSlideavdsplacedoaa er y

shaking platform for 16h until the red colour (from Alizarin Red S stain) was removed.
Then, the supernatant was transferred to opaque-walled, transparent-bottomed plates

and absorbance was read at 562nm in the PHERAStar plate reader.
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2222.Ear®Oeogenic Differentiation A

Chronic Dosing with GFP-CD63, CD81-Tdtomato and WT DU145 sEVs: Y201 cells were
cultured in 24-well plates (8,000 cells/well) in complete DMEM supplemented with 10%
exoFBS (regular media) 24h prior to dosing. The following day three type of SEVs were
prepared for dosing: CD81-Tdtomato, GFP-CD63 and WT DU145 sEVs. These sEVs
were all generated in CELLine Bioreactor Flasks (Bioreactors No0.5-8, 9 and 10
respectively, see Table 2.2) and were isolated in time-dependent batches i.e., Batch 1:
Weeks 1-3, Batch 2: Weeks 4-6, Batch 3: Weeks 7-9 and Batch 4: Weeks 10-12; these
batches were pooled together in a ratio of 1:1:1:1 after a short vortex (10 sec) and spin.
This generated the following pooled sEV samples: (i) CD81-Tdtomato (Weeks 1-12, used
previously for dosing), (i)GFP-CD63 (Weeks 1-12) and (iii) WT DU145 sEVs (Weeks 1-
12). These pooled sEV samples were again vortexed for 10 sec and after a short spin
were further diluted in media (control or osteogenic) t o reach concentrati
100¢e g/ ml

Next, media was discarded from the 24-well plates and 250¢l of each sEV

a n d shavinlnerable 8. a s
concentration (in regular or osteogenic media) was added in every well, along with
negative control wells (regular or osteogenic media only). Next, PBS was added in-
between wells to avoid evaporation and the plates were manually mixed for 10sec, after
which they were placed in the incubator (37°C, 5%CO,). Then, at set time-points, plates
were sacrificed for RNA extraction, specifically: (i) at 24h of continuous sEV dosing, (ii)
at 72h of continuous sEV dosing, (iii) at 24h after the 72- h sEV dosing (96h) and finally
(iv) at 72h after the 72-h sEV dosing (144h). Note that the plates were intermittently
mixed (twice) every 24h for the first 72h of the assay.

Table 2.3. sEV dosing experimental conditions for Y201 osteogenic
differentiation.
WT DU145 CD81-Tdtomato )
GFP-CD63 sEVs Negative
SEVs SEVs
(Weeks 1-12) Control
(Weeks 1-12) (Weeks 1-12)
50¢qg/ 50¢ g/ ml
Regular 50eqg/ n
) 100¢eg/ 100¢eg/ n Oegl/ 1
Media 100¢eg/
200¢eg/ 200e g/ n
) 50¢eg/ 50¢eqg/ ml
Osteogenic 50¢eqg/ n
_ 100¢eg/ 100¢eg/ n Oegl/ 1
media 100¢eg/
200¢e g/ 200¢e g/ n
*GFP-CD63 sEVs were not dosed at the highe
insufficient sample.
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2.22.21. RNA Extraction and cDNA Synthesis

RNA Extraction, Cleanup and Concentration

To prepare for RNA isolation, the conditioned media from the plates was removed at the
time-points mentioned above, followed by washing with 1XPBS and RNA extraction
using the RNeasy Mini Kit (Qiagen, Cat. No. 74106). Briefly, the plate was placed on ice
and 350¢| lysis buffer Buf f er RLT suppl e mmerdamodthamol) tvds 1 %v /
added, followed by disruption and homogenisation of the lysate, short vortex (10-20sec)
and then storage at -80°C (long-term storage). When all plates were lysed at the end of
the experimental timeline, the lysates were simultaneously processed for RNA
extraction. After a 3-min centrifugation (max speed), the supernatant was removed,
foll owed by addition of 70% et hanol (350¢1)
transferred to a RNeasy Mini spin column, placed in a collection tube, and was
centrifuged at 100009 for 15sec, after whichtheflow-t hr ough was di scarded
of Buffer RW1 was added to the column, centrifuged and flow-through was disposed.
Next500¢ |l of RerdaddedtotReRR&umn, followed by centrifugation (100009
for 15 sec) and removal of the flow-through; this step was repeated with a longer
centrifugation step (2min at 10000g). Finally, the RNeasy spin column was transferred
in a new coll ecti on -fteeuvimier wara added @irectly tootlie sftiNa s e
column membrane, followed by centrifugation (1min at 10000g) to elute RNA.

After RNA extraction, the RNA samples were further purified and concentrated using
the GeneJET RNA Cleanup and Concentration Micro Kit (ThermoFisher, Cat. No.

KO841) according to the manufacturerods instruc
to 200e | f RiNase-f r ee water, foll owed bibhding uffled and i on ¢
resuspensi on. Then, 300¢l of 100% et hanol W

purification column and centrifugation at 14000g for 1min (flow-through was discarded).

700¢ | o f uffaVa svdis thBn added to the column, followed by centrifugation

(14000g, 1min) and disposal of the flow-through. The next step was repeated twice and

i nvolved addition of 700¢ | of Wash Buffer 2
(14000g, 1min), and disposal of the flow-through. Then, the empty column was again
centrifuged (140009, 1min), to completely remove any residual wash buffer, followed by

its transfer to a new collection tube. Finally, RNase-f r ee water (10¢el ) was
column followed by centrifugation for 1min at 14000g to elute the concentrated RNA,

which was then stored at -80°C. The concentration and purity of RNA was measured
usingtheNanodr op E &g @losorbancenratio 260:280nm >1.7 for high quality

RNA sample).
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cDNA Synthesis by Reverse Transcription

After determination of RNA concentration, 0.
hexamer primers (Promega, Cat. No. C1181) an
free water (Invitrogen, Cat. No. AM9938). This was mixed and heated to 70°C (5 min),

foll owed by cooling on ice (5min). Then a ma
M531A), 0. 5¢ RNasin (20u, Cat . No. N2611),
dNTPs (10mM, Cat . No. U1330) aasdRTY(106ugCat. mmL V
No. M1701) was added to each sample; these were all purchased from Promega. This
master-mix was then incubated at 25°C for 10min (primer annealing), 42°C for 1h
(extension) and finally at 95°C for 5min (enzyme deactivation) in the S1000 thermal

cycler (BioRad). Synthesised cDNA was stored at -20°C until required. Note that RNA

was reverse transcribed and matched to the sample with the lowest RNA concentration

to control for RT bias.
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2.22.2.2. Quantitative polymerase chain reaction (QPCR)

To evaluate the effect of SEVs on expression of osteogenic-associated genes (ALP,

RUNX2) by Y201 cells, the isolated RNA from treated cells was assessed by quantitative

pol ymerase chain reaction (gPCR). I n a 25¢l
with125¢eISYBRE Green PCR Master Mix ( Theontars: Fi s he
AmpliTag Gold® DNA Polymerase, dNTPs with dUTP, Passive Reference Dye (ROX)

and optimized buffer), 2¢ | forward pRdlmerev&r0DaaMyr,i mer ( 2(
of water for the following genes (every sample was assessed in triplicate for each gene),

as shown in Table 2.4.

Table 2.4. Primers used for gPCR analysis
Gene Primer Sequence
GAPDH F -BOGCTCTCTTACTACCACTCACC-3 6
(selected reference gene) R 5 -AA\GATGGCAGTGACCGTGGGAAT-3 6
ALP F -BDBACGAGCTGAACAGGAACAACG-3 6
(Alkaline Phosphatase) R EBTGGCTTTTCCTTCATGGTG-3 6
RUNX2 F -BDBGGACGACGCAAGAGTT-3 6
(Runt-related transcription factor 2) R 5-TTCCCGAGGTCCATCTAC-3 6
**Due to large sample size only 3 genes could be tested in each plate. GAPDH (reference
gene), ALP and RUNX2 were selected from an optimization of gene expression comparison
between day 7 (earliest time point RNA available) and day 21 of osteogenic differentiation.

Then samples (in 96-w e | | plate) were | oaded into the
thermocycler (Thermofisher). Due to large sample number, each gPCR plate contained
samples of cells treated with sEVs at one concentration (i.e., Oug/ml, 50ug/ml, 100ug/ml
or 200ug/ml, in both regular and osteogenic media) and one time-point (24h, 72h, 96h
or 144h) for comparison of gene expression (GAPDH, ALP, RUNX2). Reaction steps:
initial denaturation at 95°C for 10min, then amplification for 40 cycles, with each cycle
consisting of a 95°C denaturation step for 15sec and then an annealing step at 60°C for
30sec. After completion of the reaction, the cycle threshold (CT) value (number of cycles
required to detect a fluorescent signal) was calculated to determine relative RNA
expression, with GAPDH being the selected reference gene. The established 2®®C!

method was adopted to analyse the relative quantities of gene expression (149).

Note that RNA extraction, cDNA synthesis and gPCR analysis was conducted by Dr

Rachel-Howard Jones as part of a collaboration for this experiment.
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223.Dat a and Statistical Analys

Data analysis for flow cytometry and imaging experiments was conducted in FlowJo
(v10)(130) as well as the freely available Fiji Software (v1.52c) (133) or CellProfilerE
(v.3.1.8) (131), where appropriate. Statistical analysis was performed using GraphPad
Prism (v5) which included one-way or two-way ANOVA with T u k e y @anfermomid s
multiple comparisons post-test (respectively) or St u d e rtastévish WEIch's correction.
These tests were performed where appropriate (stated in figure legends), to assess the
significance of means differences. Significant differences were denoted as either
*p<0.05, *p<0.01, ***p<0.0001 or ***p<0.00001. Error bars denoted standard deviation
or standard error of the mean.

Statistical analysis was also conducted in FlowJo (v10) and involved the Chi Square
distribution comparisons test (130, 150, 151). This algorithm can detect differences
bet ween populations by binning the fAcontrol o
of bins) so that their variance in standard deviations (SD) can be measured by the Chi
Square statistical test. The Chi Square value is then converted into a T(X) metric value
that can be used to estimate the probability that a test population is different from a
control population. In this study the baseline variance was determined by calculation of
the variance between control populations; this provided the minimum value of T(X)
(baseline T(x) value). The test populations in comparison were considered significantly
different when the estimated T(X) values were larger than the baseline T(x) values.
FlowJo statistical analysis also involved the comparison algorithms Overton and SE
(Super-Enhanced) Dymax % Positive algorithms (152). The Overton % Positive
algorithm was used to calculate the percentage of different events between two
distributions by subtracting one from the other. The SE Dymax % Positive algorithm was
also used as a comparison and calculated the percentage of different events between
two distributions by normalizing the data to a unit scale to protect against outliers, and

by factoring in the distribution of the data.

68



Chapter 3: Results

CHAPTER 3:
Characterisation of Prostate
Cancer Cell Lines Generating
Endogenously Fluorescent

Extracellular Vesicles

69



Chapter 3: Results

31. Il ntroducti on

The wunderstanding of SEV biogenesis, dissemination through the tissue
microenvironment, cell uptake and distribution through the propagating cell population,
is of particular importance for investigating the roles of these vesicles in pathological
conditions. This would include understanding sEV-mediated processes in cancer (41,
42), as well as their use as potential biomarkers (153) and as therapeutic drug delivery
systems (154, 155). Current sEV analysis methods like Electron Microscopy,
Nanoparticle Tracking Analysis (NTA), and Nanoscale Flow Cytometry are useful to
characterise their physical properties, size, concentration, and cargo. However, to
visualise and track spatiotemporal behaviour of SEVs in situ, high-resolution imaging is
essential (100, 108).

Currently, there are technical limitations for detection and tracking of endogenous
SEVs, as well as restrictions for using suitable in vitro and in vivo models for direct
imaging (100, 102, 120). Especially due to the diffraction-limited sub-resolution size of
sEVs, several methods have been developed to fluorescently-label sEVs, thus enabling
their detection and tracking in vitro and in vivo using Fluorescence Microscopy (explained
in detail in the Introduction).

One of the most common methods of SEV labelling is organic dyes, usually lipophilic
(e.g., PKH26, PKH67, Dil, DID) or membrane-permeable compounds (e.g., CFSE and
CFDA). However, these dyes have various disadvantages; for example, lipophilic dyes
have the propensity to Al eako fr omsomtEsVike t o
lipoproteins, or form micelles resulting to artefacts, or even induce structural
modifications to SEV membranes resulting to increase of their size, leading to changes
in their uptake dynamics or function (102-105). It was previously shown that uptake of
larger EVs is less efficient than smaller EVs (106). Membrane-permeable compounds
also have limitations, like their spontaneous hydrolysis, which results to higher
fluorescence background that can ultimately reduce signal-to-noise ratio and make their
detection by microscopy challenging (107). Finally, a common limitation of all organic
dyes is that they can only be used to exogenously label SEVs; thus, they are not suitable
for studies of sEV biogenesis or cell-to-cell transfer (102, 103).

In order to study sEV biogenesis, tracking from cell-to-cell, and cell uptake, many
studies design Afl uor es centtabls &N linas expressibge r s 0
fluorescent proteins fused with sEV-associated proteins, which ultimately produce
endogenously fluorescent sEVs; this allows for sEV studies without their prior isolation,

thus avoiding potential bias due to choice of isolation method (100). Usually, tetraspanins
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(CD9, CD63 and CD81) are chosen to be fused with fluorescent proteins, as they are
highly conserved, structurally well-characterised, and highly enriched in SEVs (4, 19, 21,
156); hence they provide a specific method of sEV visualisation, shown in a plethora of
in vitro and in vivo studies (116-123). Advantageously, as the fluorescent proteins are
specifically conjugated into sEV-associated proteins, this labelling strategy also avoids
false positive signals and artefacts observed with organic dyes (100).

However, there are also some limitations to this approach, for example, genetically
encoding fluorescent proteins fused to specific SEV markers may result in labelling of
specific subpopulations of SEVS, and not the entire SEV population, thus introducing bias.
Furthermore, this approach may induce overexpression of sEV-associated proteins like
tetraspanins, which might inadvertently cause changes in the phenotype and function of
generated sEVs, as these proteins are central players in sEV biogenesis (19, 21).
Despite this established role of tetraspanins, most studies using these fluorescent seV
reporters fail to acknowledge this issue and do not thoroughly investigate changes in the
phenotype of engineered cells or EVs (116-121).

Our study focused on generating stable DU145 prostate cancer (PCa) cell lines,
secreting endogenously-fluorescent sEVs by conjugating tetraspanins (CD63 or CD81)
with fluorescent proteins (GFP or Tdtomato, respectively). However, acknowledging that
this might induce overexpression of tetraspanins at the cellular level (and potentially the
SEV level), we also investigated any potential phenotypic changes that might have
occurred both in the engineered cells and the generated EVs due to these manipulations.

71



Chapter 3: Results

32. Aims and Objectives

In order to facilitate fluorescence detection of seVs for cell uptake, retention, and
distribution studies, we aimed to establishif | uor escent Qplng forteeport e
tetraspanin- fluorescent protein fusion approach, we hypothesised that there would be
some degree of tetraspanin overexpression in the engineered stable cell lines, which
might have significant impact on the general properties of the cells and generated EVs.
Hence, once these cell lines were established, we aimed to characterise both the
phenotype of engineered cells and the EVs they produce, in order to determine the
suitability of these research tools for these intended purposes. To attend to these aims

we identified the following main objectives:

0 To transfect DU145 PCa cells with plasmids genetically encoding tetraspanin-
fluorescent protein fusions; specifically, GFP-CD63 or CD81-Tdtomato.

o To undertake serial fluorescence-activated cell sorts to enrich for fluorescently
positive cells, and to establish the stability of each transfected cell line.

0 To assess cell cycle, growth, morphology and membrane expression of sEV-
associated protein markers for stable cell lines expressing GFP-CD63 or CD81-
Tdtomato.

0 To utilise stable cell lines expressing GFP-CD63 or CD81-Tdtomato for EV isolation.

0 To determine EV size distribution and expression of sEV-associated protein markers.

0 To detect and characterise fluorescent SEVs via confocal fluorescence microscopy.
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33. Resul t s

Fluorescent labelling of sEVs is essential to allow for their detection using an optical
detection platform, such as flow cytometry or microscopy. Thus, the DU145 PCa cell line
was used as the parent cell line for generating stable cell lines expressing fluorescently
labelled EV-associated tetraspanins (GFP-CD63 or CD81-Tdtomato). The GFP-CD63
plasmid was generated by Dr. Paul Luzio and involved fusion of GFP to the N-terminus
of CD63, and the CD81-Tdtomato plasmid was generated by Dr. Michael Davidson and
involved fusion of Tdtomato to the C-terminus of CD81 (see Introduction, Figure 1.6.D.i);
both plasmids were purchased from Addgene (GFP-CD63: #62964 and CD81-Tdtomato:
#58078). Detailed plasmid maps are shown in Supplementary Figure 1. The GFP-CD63
and CD81-Tdtomato DU145 stable cell lines were generated to enable studies such as
EV delivery, cell uptake and retention in dynamic cell systems; these will be discussed

in subsequent chapters.

3.31. Gener aof i 8habl e Cel | Li nes

Expr

Fl uorescently Conijjrugg.ated Tetr a

3.3.11. Transfection Optimisation

Firstly, selection and optimisation of the most appropriate transfection method was
conducted for DU145 cells. Initial transfection optimisations were performed using 25ng
of GFP-CD63 DNA and the transfection reagents tested were FUGENE® HD,
LipofectamineE2000, LipofectamineE3000

PLUSE Re @abkesi131-3 summarise our observations by widefield fluorescence
microscopy (with a simple scoring system) for transiently transfected cells regarding

transfection efficiency, expression level and overall toxicity (apparent by number of

detached and/or dead cells). We observed that Li pof ect ami neE3000 r

highest transfection efficiency and moderate toxicity, with a range of fluorescence
expression, and we thus selected it for further optimisation (Table 3.1).

Secondly, following selection of the optimal transfection reagent
(Li pof ect amiecoado@ed furthgr pptimisation regarding DNA concentration,
DNA: Li pof ect ami aiacht@tdmtbne, inaiddr o in@ease transfection
efficiency while simultaneously minimising toxicity. 25, 50 or 100ng of GFP-CD63 DNA
were wused for transfection i n 1:3 or

incubation within cells for 4, 6 or 8h. We observed that 50ng of DNA in ratio of either 1:3
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or 1:5 DNA: LipofectamineE3000 incubated wit
transfection efficiency and the minimum toxicity (Table 3.2).

Thirdly, a final optimisation experiment was conducted for transfecting GFP
(untagged), GFP-CD63, Tdtomato (untagged) and CD81-Tdtomato DNA in DU145 cells
using 50ng of DNA in 1:3 or 1:5 DNA: Li pofec
for 4h (Table 3.3). It was determined that the optimal transfection combination is 50ng of
DNA transfected in a ratio of 1:5 DNA: Lipof
for 4h, which gave the highest transfection efficiency and moderate toxicity for all the
different DNA constructs tested. These transfection parameters were used further in a

larger scale, to transfect a higher number of cells for the generation of stable cell lines.
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Table 3.1. Evaluation of transfection reagents effects on transfection efficiency,
cell expression level and overall toxicity.

Transfection Time Transfection | Expression Toxicity
Reagent post-transfection | Efficiency Level

FuGENE® HD + + -
Lipofectamine™2000 24h ++ ++ to +++ +++
Lipofectamine™ 3000 +++ ++ to ++++ ++
Lipofectamine™ LTX Reagent with PLUS™ Reagent ++ ++ +
FuGENE® HD + + -
Lipofectamine™2000 48h + +to ++ .
Lipofectamine™ 3000 ++++ + to ++++ +++
Lipofectamine™ LTX Reagent with PLUS™ Reagent ++ + to ++++ ++
FuGENE® HD + +to ++ +
Lipofectamine™ 2000 +++ +to +++ +++
Lipofectamine™ 3000 72h +++++ + to ++++ +++
Lipofectamine™ LTX Reagent with PLUS™ Reagent ++ + to ++ ++

*Note:
Transfected DNA: 25ng GFP-CD63, DNA:Transfection Reagent Ratio 1:3, incubation within cells: overnight (O/N)

Table 3.2. Eval uati on of DNA concentrati on,
and incubation time, for transfection efficiency, cell expression level and
overall toxicity.

GFP-CD63 DNA | DNA:Lipofectamine™ 3000 Incubation Transfection Expression Toxicity*

Concentration Ratio Duration Efficiency* Level* y
25ng 1:3 8h - - -
25ng 1:5 6h - - -
25ng 1:5 8h + + +
50ng 1:3 4h ++ +to ++
50ng 1:3 6h ++ +to ++ +
50ng 1:3 8h ++ +to ++ +
50ng 1:5 4h +++ +to +++ ++
50ng 1:5 6h ++ +to ++++ .
50ng 1:5 8h ++ +to ++++ FRIws
100ng 1:3 4h +++ ++ to ++++ ++++
100ng 1:3 6h ++ 4 {0 +++++ ET T
100ng 1:3 8h ++ ++ to +++++ +H+++

"Assessed 24 hours post-transfection via widefield fluorescence microscopy

Table 3.3. Eval uati on of 1:3 or 1:5 DNA:
transfection efficiency, cell expression level and overall toxicity for various
DNA constructs.

DNA Incubation| DNA:Lipofectamine™3000 |Transfection|Expression S
DNA Construct Concentration| Duration Ratio Efficiency* Level* Toxicity
1:3 + +t0o +++ +
GFP-CD63
1:5 ++ +to ++++ ++
1:3 + +t0 +++++ +
1:5 ++ +10 +++++ ++
50ng 4h
1:3 + +to +++++ ++
CD81-Tdtomato
1:5 ++ +t0 +++++ +++
. + -+ -
Tdtomato 1:3
1:5 +++ ++{0 +++++ ++
*Assessed 24 hours post-transfection via widefield fluorescence microscopy
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3.3.1.2. Transfection and Sequential Sorting

After transfection optimisation, we conducted a larger-scale transfection of GFP-CD63
and CD81-Tdtomato in order to generate stable cell lines; 72h post-transfection, the cells
were put under continuous selection with the antibiotic Geneticin (G418, 500eg/ml).
Starting one week after G418 selection, fluorescence expression of the GFP-CD63 and
CD81-Tdtomato DU145 cells was assessed via flow cytometry, and four weeks after
G418 selection, the stable cells were sorted sequentially via FACS (Fluorescence-
Activated Cell Sorting) to enrich the fluorescent cells. Figure 3.1 presents the timeline of
FACS (via the FACSAria Il cell sorter) and monitoring of fluorescence expression (via
the FACSCalibur flow cytometer). Of note, the FACSCalibur flow cytometer excitation
laser (488nm) is not optimal for the Tdtomato orange fluorescent protein (excitation
maxima 554nm), thus cells with low fluorescence might be under-represented in the total
percentage of fluorescent cells.

We observed that the GFP-CD63 cell line was enriched to more than 90% positive
cells after 3 sorts (Figure 3.1, Day 89 post-transfection) and fluorescence expression
was stable for at least 80 days (Day 175 post-transfection). The CD81-Tdtomato cell line
was enriched to about 80% fluorescence expression after 9 sorts (Figure 3.1, Day 139
post-transfection). For 3 of those FACS cycles, a sub-population of cells with
intermediate fluorescence expression was sorted (Figure 3.1, Days 79, 89 and 106 post-
transfection). Supplementary Figure 3 describes the FACS gating strategy for sorting
GFP-CD63 and CD81-Tdtomato cells.

3.32. Phenotypic Charfa cSttearbil ®atCiedd L

3.3.21. Fluorescence Profile of GFP-CD63 and CD81-Tdtomato
Cells

The fluorescence expression of GFP-CD63 and CD81-Tdtomato cells was monitored
long-term via flow cytometry, as we mentioned above (Figure 3.1). Wild-Type (WT) non-
transfected DU145 cells of the same cell passage were monitored in parallel to this
timeline and wereusedascontr ol s; +#amally ed GF&&rnadl |IfieTloom c o n
respectively. These WT parallel cell lines were used to control for any potential

phenotypic changes due to an aging cell line; the CD81-Tdtomato cells were 20 cell
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passages older than GFP-CD63 cells due to the longer duration of FACS (9 cycles for
CD81-Tdtomato vs 3 cycles for GFP-CD63 DU145 cells).

After the final sorting cycles and enrichment of the GFP-CD63 and CD81-Tdtomato
cells, we investigated their stability, scatter, and fluorescent properties at 80- and 30-
days post- enrichment, respectively, in comparison to GFP-Parallel and Tom-Parallel
controls via flow cytometry. We observed that GFP-CD63, and GFP-Parallel control cells
had similar scatter properties (size and granularity). This was evident from the Forward
Scatter (FSC-H) Vs Side Scatter (SSC-H) plots of GFP-CD63 (Mean FSC-H=421, Mean
SSC-H=176) and GFP-Parallel controls (Mean FSC-H=423, Mean SSC-H=169) (Eigure
3.2.A.i,ii).

On the other hand, we observed that CD81-Tdtomato cells exhibited some
differences to Tom-Parallel controls, as they were of smaller size and lower granularity;
the FSC-H Vs SSC-H scatter plots for CD81-Tdtomato (Mean FSC-H=414, Mean SSC-
H=198) and Tom-Parallel controls (Mean FSC-H=465, Mean SSC-H=225) are shown in
Figure 3.2.A.iii,iv. These results suggested that expression of CD81 in DU145 might have

induced changes in cell morphology, but further investigation is needed to confirm this,
especially when cells are attached to a substrate.

Regarding their fluorescence properties, this experiment demonstrated that GFP-
CD63 and CD81-Tdtomato cells retained their fluorescence for at least 30-days post-
stabilisation, as ~95% and ~78% of cells (respectively) were still fluorescent at that time
(Eigure 3.2.B.i,iii). In addition, this experiment showed that the GFP-CD63 cells exhibited

a constrained range of fluorescence intensity, suggesting that GFP expression is
homogeneous within the cell population (SD=26.1) (Eigure 3.2.C.i). On the other hand,
the CD81-Tdtomato cells had a wider range of fluorescence (SD=244), as shown by the

wide fluorescence histogram distribution (Eigure 3.2.C.iii), thus suggesting a rather

heterogeneous fluorescent cell population.

As expected, the GFP-Parallel and Tom-Parallel control DU145 cells showed no
fluorescence expression, except low signal resulting from a minor percentage of auto-
fluorescent cells, as shown in the fluorescence histogram distributions in Figure
3.2.C.ii,iv (geometric mean fluorescence intensity (gMFI) =2.04 or 3.57 respectively).

To conclude, expression of GFP-CD63 and CD81-Tdtomato in DU145 cells

appeared stable for at least 30-days post-enrichment. Furthermore, the expression of

GFP-CD63 resulted in a homogeneous fluorescent cell population, whereas expression
of CD81-Tdtomato resulted in a more heterogeneous fluorescent population that also

showed potential morphological differences to Tom-Parallel control cells.
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Figure 3.1. Timeline of GFP-CD63 and CD81-Tdtomato stable cell line FACS and
fluorescence expression.

Line chart depicting the progression of the fluorescent cell population enrichment for GFP-
CD63 (green line) or CD81-Tdtomato (red line) cells, over time (days post-transfection). The
small circle or square points depict the percentage of fluorescent GFP-CD63 or CD81-
Tdtomato cells respectively, as determined by flow cytometry.

Note that the large circle or square points denote FACS events for GFP-CD63 or CD81-

Tdtomato cells respectively. The large, filled squares depict FACS of a sub-population of
CD81-Tdtomato cells with intermediate fluorescence expression.
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Figure 3.2. Scatter and Fluorescence properties of GFP-CD63, CD81-
Tdtomato and WT DU145 parallel cell lines (GFP-Parallel and Tom-Parallel
controls).

A. Forward scatter FSC-H(eight) Vs Side Scatter SSC-H(eight) plot demonstrating the gate

used (ALiI veo))GFRCDS3 (ii)tGFR-Pamlel centrols, (iii) CD81-Tdtomato

and (iv) Tom-Parallel controls. B. SSC-H vs Fluorescence-H plots of viable cells showing

percentage of fluorescent cells for (i) GFP-CD63 and (ii) GFP-Parallel controls (gate

AGFP+0), adiiigB8l-Tdtomato ahd(iv) Tom-Par al | el contro
C. Fluorescence intensity histograms of viable GFP+ cells for (i) GFP-CD63 and (ii) GFP-

Parallel controls, as well as viable TOM+ cells for (iii) CD81-Tdtomato and (iv) Tom-

Parallel controls.
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3.3.2.2. Growth Curve Analysis

Further phenotypic analysis involved investigation of the growth rates for the GFP-CD63
and CD81-Tdtomato stable cell lines, which were compared alongside the non-
transfected WT DU145 cells of the same cell passage (GFP-Parallel and Tom-Parallel
controls). Thus, we conducted a growth curve analysis, where we seeded the same
numbers of cells for every cell line (in triplicate) and 24, 48, 72, 96 and 168h after seeding
cells were counted with the automated Z1 Beckman Coulter® Particle Counter. Next, we
generated the growth curves for every cell line as shown in Figure 3.3. We observed that
GFP-CD63 cells exhibited a similar growth rate as their control counterparts (GFP-
Parallel cells) as no statistically significant differences were observed, with the cell
population doubling times being 29.40h and 29.77h respectively (Figure 3.3.A).
Conversely, the CD81-Tdtomato cells showed a significantly lower growth rate (from 96h
onwards) than their control counterparts (Tom-Parallel cells) with the cell population
doubling times being 28.28 and 27.14h respectively (Eigure 3.3.B). Doubling times were
calculated based on the formula DT=T In2/In(Xe/Xb), where T equals to incubation time
in hours, Xb equals to the cell number at the beginning of the incubation time and Xe
equals to the cell number at the end of the incubation time.

3.3.2.3. Cell Cycle Analysis

Due to the significant differences in growth rate between the CD81-Tdtomato and Tom-
Parallel controls, we further investigated their capacity for cell cycle progression. Cell
cycle progression studies were conducted using Colcemid; a mitotic spindle poison
(microtubule-depolymerizing agent) which induces mitotic arrest and is useful for
studying cell cycle dynamics based on the rate of accumulation of cells to S/G,/M phase
(128).

Briefly, GFP-CD63 and CD81-Tdtomato cells, as well as GFP- and Tom-Parallel
control cells were treated with Colcemid for 8, 16, 24, 32h or were left untreated (Oh),
followed by D R A Q 5ificubation to label nuclear DNA, and finally cell cycle analysis via
flow cytometry. The gating strategy for cell cycle analysis, including gates for cell phases:

Gi1, S/G2/M and polyploid (>2n), is described in Supplementary Figure 4. Examples of

cell cycle distribution histograms (D R A Q 5) Bre depicted in Supplementary Figure 5 as
overlays of GFP-CD63 and CD81-Tdtomato with GFP- and Tom-Parallel control cells

respectively; these exemplary histograms showed the effects of Colcemid treatment (O,

8, 16, 24, 32h) on cell cycle progression.
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Cell cycle analysis demonstrated that Colcemid treatment caused similar arrest of
GFP-CD63 and GFP-Parallel control cells at S/G2/M phase proportionally to the duration
of treatment, with cells plateauing at S/G>/M phase after 16h of treatment (Eigure 3.4.A,
green lines). Interestingly, it was observed that a lesser population of GFP-CD63 cells
participated in cell cycle, as a ~5% higher percentage of cells still remained in G; phase
even after 32h of Colcemid treatment (Eigure 3.4.A, blue lines). On the other hand, no
significant differences were observed between GFP-CD63 and GFP-Parallel control cells
regarding progression to a polyploid cell phase (>2n) even after 32h of Colcemid
treatment (Eigure 3.4.A, black lines).

Conversely, CD81-Tdtomato and Tom-Parallel control cells showed differential
progression to S/G./M phase after Colcemid treatment. Specifically, while Tom-Parallel
control cells plateaued at S/G./M phase after 16h of Colcemid treatment, CD81-
Tdtomato cells plateaued at 24h after treatment, suggesting slower S/G,/M phase arrest
for the latter (Figure 3.4.B, red lines). In addition, a significantly higher percentage of
CD81-Tdtomato cells was observed at G cell phase (~10%), thus not participating in
cell cycle, which persisted until 16h after Colcemid treatment (Figure 3.4.B, blue lines).
After 16h of Colcemid treatment CD81-Tdtomato and Tom-Parallel control cells showed
similar accumulation at G; cell phase. However, significant differences were observed
regarding progression to polyploidy, with a higher percentage of Tom-Parallel control
cells progressing to a polyploid cell phase (>2n) over the first 24h of Colcemid treatment,
compared to CD81-Tdtomato cells (Figure 3.4.B, black lines).

To conclude, cell cycle analysis demonstrated that GFP-CD63 and GFP-Parallel
DU145 cells show similar cell cycle progression; however, CD81-Tdtomato cells exhibit

slower cell cycle progression compared to the Tom-Parallel DU145 control cells.
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Figure 3.3. Growth curve analysis for GFP-CD63 and CD81-Tdtomato
DU145 cells compared to the WT DU145 parallel control counterparts.

A. Growth curve for GFP-CD63 (green) and GFP-Parallel WT control (blue) cells
demonstrating cell numbers 24, 48,72,96 and 168h post-seeding. B. Growth curve
CD81-Tdtomato (red) and Tom-Parallel WT control (orange) cells demonstrating cell
numbers 48,72,96 and 168h post-seeding. This experiment was conducted with
triplicate samples (N=1); error bars denote standard deviation and statistical analysis

was done using two-w a y

ANOVA and B oot multiple qmparsongy

denoting significant differences with ***p<0.0001.
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Figure 3.4. Cell cycle
progression for GFP-

CD63 and CD81-
Tdtomato DU145
cells compared to
their WT  DU145
parallel control
counterparts.

A. Percentages of GFP-
CD63 cells (solid lines) or
GFP-Parallel control cells
(dashed lines) distributed
in G1 cell phase (blue),
SIG2/M cell phase
(green) and polyploid cell
phase (>2n, black) after
0,8,16,24 and 32h of
Colcemid treatment. B.
Percentages of CD81-

Tdtomato cells (solid
lines) or Tom-Parallel
DU145 control cells

(dashed lines) distributed
in G1 cell phase (blue),
S/IG2/M cell phases (red)
and polyploid cell phase
(>2n, black) after
0,8,16,24 and 32h of
Colcemid treatment.

This experiment was
conducted three
times(N=3); error bars

denote standard error
and statistical analysis
was done using two-way

ANOVA and Bo
post-hoc multiple
comparisons test
denoting significant

statistical differences with
*p<0.05, **p<0.001 and
***n<(0.0001.
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3.3.24. Localisation and Effects on Cell Morphology

Live-cell and fixed-cell imaging (Eigures 3.5-3.6) were also conducted to investigate the

localisation of GFP-CD63 and CD81-Tdtomato and assess their potential effects on cell
morphology. Live-cell imaging involved direct imaging of GFP-CD63, CD81-Tdtomato,
GFP-Parallel and Tom-Parallel controls after nuclear staining with 20uM DRA Q5 E
(129), whereas fixed-cell imaging involved cytoskeletal labelling with ActinGreen488 and
nucl ear | abelling with NucBlue (ADAPI 0) .
To begin with, live-cell imaging showed that GFP-CD63 (green fluorescence) and
CD81-Tdtomato (orange fluorescence) constructs were predominantly localised at the
cell membrane, cell protrusions and in some cases appeared with punctate perinuclear
staining (Eigure 3.5.A,C and Supplementary Figure 6. B,D). In contrast to the localisation
of GFP-CD63 and CD81-Tdtomato, untagged GFP and Tdtomato exhibited diffused

cytosolic green or orange fluorescence signal, respectively (Supplementary Figure 6.

A,C). The GFP-Parallel and Tom-Parallel control DU145 cells showed no fluorescence
expression (no autofluorescence) in the GFP (Eigure 3.5.B) or Tdtomato (Figure 3.5.D)
fluorescence emission channels.

Furthermore, fixed-cell imaging demonstrated that GFP-CD63 cells exhibited a more
typical DU145 epithelial cell morphology, similar to GFP-Parallel controls (Figure
3.6.A,B). In addition, live-cell imaging showed homogeneous GFP expression for GFP-

CD63 cells (Figure 3.5.A), thus agreeing with the previous flow cytometry results (Eigure
3.2.C.i). Conversely, live-cell imaging showed that CD81-Tdtomato cells exhibited a
range of fluorescence expression (Figure 3.5.C) which also agreed with the flow
cytometry results (Eigure 3.2.C.iii)). This heterogeneous fluorescence reflected a

morphologically heterogeneous CD81-Tdtomato cell population (Eigure 3.6.C), which
was also observed for the Tom-Parallel controls (Figure 3.6.D).

CellPrr of il er E Automated Morphology Analysis

Next, we followed a quantitative approach to investigate the effects of GFP-CD63 and
CD81-Tdtomato expression on cell morphology. To achieve this, the fixed-cell images of
GFP-CD63, CD81-Tdtomato, GFP-Parallel and Tom-Parallel control cells (Figure 3.6)
were processed using the CellProfiler software (v.3.1.8) (131). Specifically, two
customised pipelines were used to compare GFP-CD63 vs GFP-Parallel and CD81-
Tdtomato vs Tom-Parallel controls. These customised pipelines were used to perform

automated cell identification by: (i) detecting the nucleus (using the Nu ¢ B | -uDAB
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stain), (ii) detecting the cytoskeleton (i.e., the cell outline, via the ActinGreen488 dye),

followed by (iii) measurement of various cell features, including cell area and form factor

(circularity) (Eigure 3.6.E).

Then, these measurements were imported

distributions of cell area and form factor, followed by a Chi Squared statistical test (130,
150); this test was used to calculate the variance in SD between cells expressing GFP-
CD63 and CD81-Tdtomato, compared with their relevant WT parallel controls (Eigure
36.FG).CellPr of il er E and statistical anal ysi
CD63 lead to generation of cells with a significantly larger cell area (> 65 SD variance),
and with a more circular shape (larger form factor >13 SD variance) than GFP-Parallel

control cells (Figure 3.6.F,G.i). Conversely, expression of CD81-Tdtomato lead to the

development of cells with significantly smaller cell area than Tom-Parallel control cells
(>19 SD variance, Figure 3.6.F.ii); however, no significant differences were observed
regarding circularity (form factor, <1 SD variance) as shown in Figure 3.6.G.ii.
Interestingly, the smaller size of CD81-Tdtomato cells was also reflected in the flow
cytometry experiments, but not the larger size of GFP-CD63 cells (Figure 3.2.A.iii,i). To

conclude, our results suggested that expression of GFP-CD63 or CD81-Tdtomato
resulted in differential morphological changes of DU145 cells, when compared to GFP-
Parallel and Tom-Parallel controls, respectively.

3.3.2.5. Cell Membrane Expression of sEV-Associated Protein

Markers

Besides cell morphology, further characterisation was essential to measure the protein
levels of the tetraspanins CD9, CD63 and CD81, as well as other proteins like the MHC
Class | receptor (MHC-1), especially since they are highly associated with sEVs (19). To
achieve this, the cell membranes of GFP-CD63, CD81-Tdtomato and respective WT
parallel control cells were labelled live with antibodies against CD63, CD81, CD9 and
MHC-1 (directly conjugated to PERCP/Cy5.5). These samples were then analysed via
flow cytometry to evaluate cellular membrane expression of these proteins. The gating

strategy for these experiments is described in Supplementary Figure 7, and examples of

raw data (fluorescence intensity scatter plots and histograms) are shown in

Supplementary Figure 8.

Firstly, we observed overexpression of CD63 in the membrane of GFP-CDG63 cells,
compared to other cell types (3- to 4-fold increase in gMFI of PERCP/Cy5.5 signal),

which was expected. Furthermore, we observed a slight increase of the other
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tetraspanins (CD9 and CD81) compared to GFP-Parallel controls. Interestingly, we also
observed that GFP-CD63 cells exhibited a 2-fold higher expression of MHC-1, something
that was not observed in any of the other cell lines (Eigure 3.7).

On the other hand, the CD81-Tdtomato cells only showed significant increase in the
membrane expression of CD81 compared to the other cell lines, whereas no significant
differences were observed for CD9, CD63 or MHC-1 (Eigure 3.7). Interestingly, some
minor differences in membrane expression of CD9 and CD63 were observed between
the WT parallel control cells, which might suggest phenotypic changes in cells after a
certain period of cell passaging.

These results suggested that overexpression of CD63 resulted in differential
expression of tetraspanins and MHC-1 at the cell membrane, compared to
overexpression of CD81, which only appeared to increase the levels of CD81 at the cell

membrane.
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Tdtomato

Tdtomato

Figure 3.5. GFP-CD63 and CD81-Tdtomato live-cell localisation.

Live-cell fluorescence images for: A. GFP-CD63 cells, B. GFP-Parallel control cells, C.
CD81-Tdtomato cells and D. Tom-Parallel control cells. The left column depicts GFP
fluorescence (green) or Tdtomato fluorescence (yellow/orange). Middle column depicts
cell nuclei (DRAQ5E was used to label nuclear DNA red). Right column consists of the
merged channel images. Sc al e bars r e (B3xenwmgnifidation] Widefield
fluorescence microscope).
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Figure 3.6. Cell morphology analysis for GFP-CD63 and CD81-Tdtomato compared to their WT parallel controls.

Fixed-cell images of A. GFP-CD63, B. GFP-Parallel control, C. CD81-Tdtomato and D. Tom-Parallel control cells labelled with (i) NuncBlue (DAPI) to stain

cell nuclei, (ii) ActinGreen488 to label actin cytoskeleton and (ii)t he mer ged i mage. Scale bars represent 2(
microscope). E. Schematic describingthe Ce |l | Prof i | er E pi pel i n é)separatedchahrnels of fixedecgll émages veete yised ta firstly (ii)
outline the nuclei (using DAPI) and then to detect the (iii)c yt os kel et on outline using Actwarevas esedrfod &i®mated -

cell identification and measurements F. Cell area and G. Form Factor (circularity) for: (i) GFP-CD63 (green) vs GFP-Parallel controls (blue) and (ii) CD81-
Tdtomato (red) vs Tom-Parallel controls (orange). CellProfiler automated analysis was conducted for more than 2,000 cells per cell line and further statistical

analysis was done in FlowJoE wusi t he Chi
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Figure 3.7. Cell membrane
expression of EV-associated
markers by GFP-CD63 and
CD81-Tdtomato cells
compared to their WT
parallel controls.

Geometric mean PERCP/Cy5.5
fluorescence intensity denoting
membrane protein levels of CD9,
CD63, CD81, MHC-1 and IgG
(isotype control) in GFP-CD63
(green), GFP-Parallel controls
(blue), CD81-Tdtomato (red) and
Tom-Parallel control cells
(orange). These column graphs
represent three independent
experiments (N=3 and technical
triplicates); error bars denote
standard error and statistical
analysis was done using 2-way
ANOVA with Bonif
test multiple comparisons.
Significant differences are shown
in the graphs, denoted with
*p<0.05, **p<0.01 or ***p<0.0001,
whereas ns denotes non-
significance.
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3.3.3. | s ol oant, Characteri satamwns and

The characterisation of GFP-CD63 and CD81-Tdtomato DU145 stable cell lines
described above, suggested that overexpression of these proteins differentially affected
the phenotype of the resulted cell lines. Thus, it was essential to characterise generated
EVs from these cell lines as their phenotype and secretion may also be impacted by the
cell manipulations.

To address this, GFP-CD63, CD81-Tdtomato and WT parallel cell lines were grown
in conventional 2D (two-dimensional) tissue culture flasks for 7 days, after which the
conditioned media was used for EV isolation by differential ultracentrifugation (see
Materials and Methods, Section 2.10). The use of the differential ultracentrifugation
method was necessary due to the large volume of cell-conditioned media, but it was
albeit a fast method, with intermediate recovery and specificity according to MISEV2018
guidelines (6), which was used to preliminary assess the size distribution, loading of EV-
associated markers and fluorescence signal of isolated EVs. Of note, as vesicles were
isolated from the 100000g ultracentrifugation pelleting step (after removal of the larger

vesicles at the previous 10000g ultracentrifugation step), they can be considered as

smal | EVs, which wi ||l be referred to from

guidelines (6). In Chapter 4 we explore thoroughly the phenotype of sEVs (and parental
cells) by proteomics analysis, using sEVs isolated by the 30% sucrose/D,O cushion
ultracentrifugation method, which is a high-specificity and high-purity method for seV
isolation (6, 157) (see Materials and Methods, Section 2.11).

3.3.31. Comparison of EV size and sEV-associated proteins

To confirm successful isolation of EVs, the protein and particle concentrations of the
isolates were determined using the BCA protein assay and Nanoparticle Tracking
Analysis (NTA), respectively. NTA is a method of visualisation and analysis of
nanometre-sized vesicles (507 1000 nm), and is used to determine their size distribution
and particle concentration (158). Table 2.2 shows the protein and particle concentrations
for all EV isolations for each cell line (isolation #1).

To begin with, representative NTA size distributions for isolated vesicles (from all cell
lines) are shown in Figure 3.8.A, which demonstrated relatively monodispersed
populations of vesicles mostly sized between 50-150nm (diameter), which are indicative
of small EVs (157, 159, 160). The NTA size distributions between GFP-CD63 vs GFP-
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Parallel (Figure 3.8.A.i)) and CD81-Tdtomato vs Tom-Parallel sEVs (Figure 3.8.A.ii)

exhibited similar size distributions, suggesting that overexpression of GFP-CD63 or
CD81-Tdtomato did not apparently alter the size of secreted sEVs, when isolated by the
differential ultracentrifugation method.

An immuno-phenotyping ELISA-like assay was also performed to determine the
presence and protein levels of CD9, CD63, CD81 and MHC-1 in isolated sEVs. This
immuno-phenotyping assay involved immobilisation of sEVs in high-affinity protein-
binding microplates, followed by blocking and then addition of primary antibody (anti-
CD9, CD63, CD81, MHC-1 and isotype controls) and subsequent recognition by a
secondary-biotinylated antibody; lastly, a streptavidin-europium conjugate was used to
amplify the signal which was detected using time-resolved fluorescence (TRF).

Results from this assay confirmed that isolated sEVs from all four parental cell lines
carried these typical highly sEV-associated protein markers (Figure 3.8.B). Interestingly,
we observed that GFP-CD63 sEVs carried significantly higher seEV-associated proteins
compared to GFP-Parallel controls, CD81-Tdtomato and Tom-Parallel SEVs
(approximately 2-fold increase of CD9, CD63, CD81 and MHC-1 levels). Conversely,
CD81-Tdtomato sEVs showed no significant phenotypic differences compared to Tom-
Parallel control SEVs (except the levels of CD9 which were 1.2-fold lower), as shown in
Figure 3.8.B. Surprisingly, there was no evidence for heightened CD81 expression on
these sEVs as we might have expected from overexpression of CD81, as previously
seen in parental cells (Figure 3.7).

3.3.3.2. Comparison of SEV Secretion

Finally, we investigated whether GFP-CD63 and CD81-Tdtomato DU145 cell lines
exhibited differences in SEV secretion, as CD63 and CD81 have central roles in sV
biogenesis and secretion (22, 24). For this preliminary experiment, we utilised the cells
previously cultured in the conventional tissue-culture flasks for EV production (see above
and Section 2.10). Specifically, simultaneously to sEV isolation by differential
ultracentrifugation, cells grown in the conventional 2D tissue-culture flasks were
trypsinised and counted to calculate the total cell number for each cell line. Then, in
conjunction with the particle concentration of isolated sEVs (particle/ml via NTA) and the
total volume of SEV isolate, we calculated the total SEV particle number secreted by each
cell line and normalised that to total cell number, thus estimating the normalised sEV

number secreted per cell.
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We observed that CD81-Tdtomato cells secreted the highest SEV number per cell
(~9100 sEVs/cell), followed by Tom-Parallel control (~6700 sEVs/cell), GFP-CD63
(~3900 sEVs/cell) and GFP-Parallel control cells (~3100 seVs/cell), as shown in Figure
3.9. This suggested that overexpression of CD81 or CD63 lead to alterations in sEV
biogenesis and/or secretion, as demonstrated by the 1.4-fold increase in secreted sEVs
by CD81-Tdtomato cells (compared to Tom-Parallel controls) and the 1.25-fold increase
by GFP-CD63 cells (compared to GFP-Parallel controls). More prominent differences
became apparent when directly comparing CD81-Tdtomato to GFP-CD63 cells, as
overexpressing CD81 lead to a 2.3-fold increase in sEV secretion compared to
overexpression of CD63.

Surprisingly, we also observed differences in sEV secretion by the WT parallel control
cells, as Tom-Parallel controls demonstrated a 2.2-fold increase in SEV secretion
compared to GFP-Parallel controls. It remains to be elucidated if the aging of the DU145
cell line (Tom-Parallel controls are 20 cell passages older than GFP-Parallel controls)
may also be a contributor to changes in SEV secretion. As this is a preliminary
experiment, further investigation is necessary to validate our results, however they
suggested that overexpressing CD63 or CD81 in DU145 cells resulted to increased sEV
biogenesis/secretion, which is probably attributed to the essential roles of these
tetraspanins in these processes (22, 24).

Collectively, the above observations suggested that overexpression of CD63 or
CD81 in DU145 cells did not have apparent effects on the size distribution of secreted
sEVs when isolated by differential ultracentrifugation. On the other hand, overexpression
of CD63 in DU145 cells induced phenotypic changes in sEVs, which were evident by
elevation of various sEV-associated proteins at the EV membrane (CD63, CD81, CD9,
MHC-1), even though overexpression of CD81 did not cause any analogous changes in
these proteins. Despite this, we also demonstrated that overexpression of CD63 or CD81
lead to significant changes in the quantity of secreted sEVs per cell (increased secretion
compared to controls), thus demonstrating how these fluorescent sV reporter cell lines
overexpressing tetraspanins can induce significant changes to seV biogenesis and

secretion.

92



w

Time Resolved Fluorescence (a.u.)

CD81-Tdtomato Tom-Parallel
Mean 114.0nm 117.3nm
Mode 94 6nm 93.9nm

46.5nm

50.0nm

é o GFP-CD63 crpparatiet | N .§_ Ly
© ©
= Mean 114.3nm 117.9nm 1
S 8o € 80
8 Mode 88.4nm 91.2nm 8
5 5
O e SD 39.8nm 43.9nm O e
2 K
S S
=~ S =
5 R
° °
ﬁ 204 § 20-
© T
5 E |
) /
2 o L S 2 ot
S e S S S S S S S S s ¢
Size (nm)
o kkk
3.0x10° =y
ey
*kk
—
il Kk
2.0x10 — -
—
***
1.0%10¢- I
T .m.l HII iri-la-
2.0x1044
1.5%x104+
1.0x1044
5.0%10°3- '
ol |
CD9 CD63 CD81 MHC-1 1gG2b

Protein Detected

& & p S P

Size (nm)

B GFP-CD63

= GFP-Parallel control
Il CD81-TdTomato
[ Tom-Parallel control

=]
1gG1

93

lgG2a

$

Chapter 3: Results

Figure 3.8. Characterisation of isolated EVs for
size and EV-associated protein markers.

A. Nanoparticle Tracking Analysis (NTA) showing size
distributions of i. GFP-CD63 (green) versus GFP-
Parallel (blue) and ii. CD81-Tdtomato (red) versus Tom-
Parallel (orange) isolated sEVs. The NTA histograms
represent the average of three NTA acquisitions which
were acquired in a single experiment (N=1). The mean,
mode and standard deviation (SD) for size (nm) are
indicated for each sEV population and were calculated
based on the three NTA acquisitions. B. An immuno-
phenotyping ELISA-like assay on isolated SEVs showing
the levels of typical sEV-associated markers
tetraspanins CD9, CD63, CD81 and the sEV-associated
MHC-1 receptor (with isotype controls IgG2, for CD9,
IgG: for CD63 and CD81 and IgG2a for MHC-1). The
column graphs represent three independent
experiments (N=3); error bars denote standard error and
statistical analysis was done using two-way ANOVA and
Bonf er r o-test Gudtiplep amrapiarisons. Significant
differences only are shown in the graphs, denoted with
*p<0.05 or **p<0.001 or ***p<0.0001.
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Figure 3.9. sEV secretion
comparison between overexpressing
cell lines and WT parallel controls.

A. Combination plot of CD81-Tdtomato
(red), Tom-Parallel control (orange), GFP-
CD63 (green) and GFP-Parallel control
(blue) cell numbers indicated with bars (left
y-axis), whereas respective SEV particle
numbers are shown with points (right y-
axis). B. Table showing the average cell
number, sEV concentration (particles/ml),
estimated total sEV particle number for all
cells (based on volume of isolate), as well
as the calculated normalised sEV number
per cell for each cell line.

This preliminary experiment was conducted
once (N=1), with three technical
measurements of cell and particle numbers.
Error bars denote standard deviation and
statistical analysis was done using two-way
ANOVA and Bo n f-test mutiple
comparisons. Significant differences only
are shown in the graphs, denoted with
**n<0.001 and ***p<0.0001, or with ns for
non-significance. Note that asterisks (*)
refer to sEV particle numbers as no
statistically significant differences were
found between cell numbers of each cell
line.
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3.3.3.3. Detection of Fluorescent sEVs

Due to their nanoparticulate size, seVs are diffraction-limited (<200nm) and their
detection will be restricted by their total fluorescence intensity, whereas their resolution
will be dependent on their size; thus, imaging SEVs in cells is limited by their
spatiotemporal parameters and their low signal-to-noise ratio. Even though the GFP-
CD63 and CD81-Tdtomato cell lines were successfully generated and are inherently
fluorescent, the fluorescence properties of SEVs needed to be assessed to determine if
their signal is detectable by confocal microscopy. It was also essential to optimise and
improve the detectability of SEVs by using different acquisition parameters and studying
their effects on spatial resolution using Point-Spread Function (PSF) measurements
(134).

PSF, Optical System Resolution and Theoretical Resolution

PSF is the three-dimensional resulting image of a sub-resolution point source and
originates from diffracted light passing through the microscope (134). PSF depends on
the wavelength of emitted light from the point source, the numerical aperture of the
objective and the size of the object. The generated axial and lateral 3D PSF, provide the
respective Full Width at Half Maximum (FWHM), which is the estimated resolution of the
optical system; thus, the FWHM can be compared to the Theoretical resolution (134).
The Theoretical resolution represents the foptimal abilityd of an optical system to
discriminate between two objects in close proximity, and is based on the Rayleigh
criterion (161). Generally, Theoretical resolution depends on the excitation wavelength
of the laser, the refractive index of the immersion medium the numerical aperture of the
objective lens, and is affected by the emission wavelength, sample thickness and pinhole
size of the confocal microscope (134).

Hence, in these initial imaging studies, the GFP-CD63 sgVs, CD81-Tdtomato SEVs,
and the commercially avail abl em dameter)ansen
detected via confocal fluorescence microscopy, followed by generation of their
respective PSFs and FWHM which were then compared to the Theoretical resolution.

As the fluorescent properties (fluorescence intensity and signal-to-noise ratio) of sEVs

eck

werestllunknown, the Tetr aspeck Esefvédaostasdardsdont mi

detection using confocal microscopy. These 100nm-sized microspheres are used as
sub-resolution fluorescent sources for calibrating fluorescence microscope optics for

high-precision multi-colour imaging, especially in 3D applications. In addition, these
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microspheres are brightly fluorescent (high signal-to-noise ratio) and they are stained
throughout with four different fluorescent dyes; displaying four well-separated
excitation/emission peaks - 360/430 nm (blue), 505/515 nm (green), 560/580 nm
(orange) and 660/680 nm (dark red). Hence, they could be compared to both the green
GFP and orange Tdtomato sEVs and, advantageously, their 100nm- size was also
comparable to the average size of sEVs. Therefore, the Tet r a s pricosplieres
were used as a standard for detecting a diffraction-limited fluorescent nanoparticle using
confocal microscopy (162). In extent, detection of the Tet r aspeckE

microspheres alongside sEVs enabled the direct comparison of their generated PSFs
and FWHM (optical resolution). Of note, T e t r a s pniEroskHeres and sEVs, like other
vesicles and small particles, exhibited a Brownian-like motion in liquids, which rendered
their detection inherently difficult, lowering the spatial resolution (163). Thus, to minimise
Brownian motion, the microspheres and seEVs were immobilised in a 3D thermo-

reversible hydrogel (CyGEL), followed by their detection using confocal microscopy.

PSF Analysis of Microspheres and sEVs

Confocal imaging analysis revealed the fluorescence signal of GFP-CD63 and CD81-
Tdtomato SEVs compared to the Tet r a s pnaiccokpBeres. Figure 3.10 shows
representative fluorescence images (Z-stacks projected based on average fluorescence
intensity to form a 2D image), generated PSFs images, the Theoretical resolution and
the estimated FWHM (optical resolution of the system). In addition, Supplementary

Figure 9, shows the FWHM (axial and lateral) resolution analysis of all the manually

counted TetraspeckE microspheres aCD83sEVEVs

(n=176) and CD81-Tdtomato sEVs (n=199)) and the percentage of spheres and sEVs
that are optically characterizable, based on Theoretical resolution. Firstly, we observed
that the TetraspeckE microspheres were relatively monodispersed with homogeneous

size and fluorescence intensity (Figure 3.10.A.i,iii). Secondly, whereas the GFP-CD63

and CD81-Tdtomato sEVs had detectable fluorescence signal, they presented with
colloidal-like structures and clusters, as well as relative heterogeneity in size and

fluorescence intensity (Figure 3.10.A.ii,iv).

The Theoretical resolution for our optical system was calculated as 0.139gm for the
488nm excitation laser, and 0.155¢m for the 543nm excitation laser (lateral resolution,
XY-axes), suggesting that objects distanced closer than 0.139em or 0.155em

respectively, cannot be optically resolved (Figure 3.10.A,B). Differences in resolution are

expected as longer wavelengths of excitation light lower the lateral and axial resolution
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of the optical system (134). Similarly, the Theoretical axial Resolution (Z-axis) was
0.349em or 0.388em, for each excitation laser (488 or 543nm) respectively (Eigure
3.10.A,B) ; the axial FHWM was larger compared to lateral FWHM, as expected from the
literature (134).
To calculate and compare the sizeoft he TetraspeckE microsphe
the resolution of our optical system, generated PSFs lead to calculation of FWHM and

distribution analysis (Supplementary Figure 9). This demonstrated that the average

FWHM of lateral resolution (xy-axes) for the microspheres was estimated at 0.210em

and 0.240em, when excited by the 488 or 543nm laser respectively (Figure 3.10.B: xy-

axes). Similarly, the average FWHM for axial resolution (Z axis) was estimated at

0.440em and 0.530em (Ex:488nm or 543nm, respectively, Figure 3.10.B: z-axis).

Therefore, even though the Tet r aspeckE mi cr os jnidiametes thear e 1
optical system resolved them as 210nm or 240nm laterally, and 440 or 530nm axially,
when excited by the 488nm and 543nm lasers, respectively.
Regarding GFP-CD63 sEVs, we observed that the mean lateral resolution of the sEV
population was 0.250em, and the axial resolution was 0.43em, which is a slightly lower
than the Tetraspeck microspheres (excited at 488nm) (Supplementary Figure 9 and

Figure 3.10.B). On the other hand, the mean lateral resolution of the CD81-Tdtomato
SEV population was 0.230em, and the axial resolution was 0.46em, which is a slightly
higher resolution than the Tetraspeck microspheres (excited at 543nm) (Supplementary

Figure 9 and Figure 3.10.B). Despite these small differences, our results overall

suggested that the FWHM betweenthe Tet r aspeck E mi crospheres w
GFP-CD63 and CD81-Tdtomato SEVs, as no statistically significant differences were

notable (Figure 3.10.B).

Fluorescence Intensity Analysis of Microspheres and sEVs

Finally, image analysis involved the comparison of the fluorescence intensity of
TetraspeckE microspheres and sEVs. Specifically, the gMFI of objects (SEVs or
microspheres) was measured manually after subtracting the background, using the Fiji
software. As expected, the TetraspeckE microspheres exhibited a constrained range of
fluorescence intensity at both the green and orange emission channels (SD=33.17 and
45.84, respectively), demonstrating high signal-to-noise ratio (Figure 3.10.C).
Conversely, GFP-CD63, and especially CD81-Tdtomato sEVs, had wider
fluorescence intensity distributions (SD=62.64 or 691.0, respectively), suggesting that

sEVs are of lower signal-to-noise ratio. Despite this, the mean fluorescence intensity of
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CD81-Tdtomato SEVs (gMFI=418.7) was significantly higher than the TetraspeckE
microspheres (gMFI=142.3, orange emission channel). On the other hand, the mean
fluorescence intensity of GFP-CD63 (gMFI=54) was significantly lower than the
TetraspeckE microspheres ( gMFI as8showsib Eigurg
3.10.C.

Collectively, these initial experiments confirmed that the GFP-CD63 and CD81-
Tdtomato sEVs have detectable fluorescent signal, suggesting they can be used for
further imaging studies. It also became evident that, as sEVs are biologically complex
and heterogeneous (heterogenous size, dispersion, and fluorescence intensity), they
pose significant challenges for high-resolution imaging, e.g., due to their low signal-to-
noise ratio and refractive index; thus, all these parameters need to be taken into

consideration for future imaging studies.
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Ai. tetraspeck™ PSF il. GFP-CDE3EVs HI Figure 3.10. Point-Spread Function

381 I : measurements and  fluorescence
intensity analysis of GFP-CD63 and
CD81-Tdtomato sSEVs.

FWHM Theoretical
Resolution A~ Average intensity projected images (from Z-

FWHM Theoretical

Resolution (m) M) giacks) were used to calculate the PSF (lateral

(um) — (um) x 0.296 0.139 and axial views of the object) and the estimated
x 0.247 0.139 y 0.293 0.139 resolution of the optical system (FWHM-Full
Zgég; 8;28 z20.330 0.349  wjigth at Half Maximum) compared to the

o i Theoretical resolution for: (i) Tet r asp

Tetraspeck™ PSF iv.CD81-Tdtomato- EVs PSF microspheres (excitation 488nm), (ii) GFP-
=% I ' ' CD63 sEVs, (i) TetraspeckE m
(excitation 543nm) and (iv) CD81-Tdtomato
SEVs. Calculation of PSF and FWHM (x-y-z
FWHM Theoretical axes) was done using the MetroloJ plugin (Fiji
Resolution  Software) after manual selection of particles:

(um) — @M  TetraspeckE ( nGDBD OsEVs

FWHM Theoretical
Resolution

(um)  (um) x0.261 0.155  \_176) and CD81-Tdtomato SEVs (n=199). B.
x 0.304 0.155 y 0.225 0.155 Graph showing the mean lateral and axial
y 0.273 0.155 20.545 0.388  pwHM of microspheres and SEVs (calculated
2 0.839 0.388 from PSF analysis generating FWHM

B C distributions, see Supplementary Figure 9.)

1 8 Tetraspeck™ (Ex:488nm) bl s Graph also includes the Theoretical resolution

0.9 m GFP-CD63 SEVs (exc_itqtion 488 or 543nm) for _comparison.
0.8{ 7 Theoretical Resolution (Ex:488nm) Z g Statistical analysis was done using two-way
0.7 M Tetraspeck™ (Ex:543nm) § 1000 ANO V A and B on f est rmultiple 6

T Il CD81-Tdtomato SEVs £5 comparisons, but no significant differences

2 %7 Theoretical Resolution (Ex:543nm) g% were apparent. C. Fluorescence intensity

£ il 82 100- distribution of microspheres and sEVs.

. [ . . .

EM ‘gg Statistical analysis v
034 g T-test with Welch's correction (for each
0.2 £ : :

é [ Tetraspeck™ (Ex:488nm) [l Tetraspeck™ (Ex:543nm) flgor_e_scence .Chf*rlnel’ Sepa:rately) d.enOtmg
01 GFP-CD63 SEVs I CD81-Tdtomato SEVs significance with ***p<0.0001; geometric mean
0.0- 1 (horizontal line) is also shown.
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34. Di scussi on

In summary, the aims for this chapter included the generation and phenotypic
characterisation of DU145 cell lines stably expressing fluorescently conjugated SEV-
associated tetraspanin proteins (GFP-CD63 and CD81-Tdtomato). Our aim was to
characterise seVs from such cells and detect endogenous fluorescent seVs. The GFP-
CD63 and CD81-Tdtomato were selected based on many studies using similar reporters
in vitro and in vivo (116-123), especially on a previous study expressing CD63-, CD81-
and CD9- pHluorin (GFP variants) on HEK293 and HelLa cells, which determined that
CD63 and CD81-pHiluorin vesicles exhibited similar MVB to plasma membrane fusion
characteristics typically associated with sEVS, whereas CD9-pHluorin exhibited shorter
fusion events typically associated with small EVs that bud from the plasma membrane
(118, 164).

As an important consideration of this, it was essential to investigate potential effects
of overexpression of these tetraspanins on both the parental cell and secreted sV
phenotype; especially since CD63 and CD81 play such vital roles in SEV biogenesis (19,
21) as well as cell adhesion, motility, invasion, membrane fusion, signalling and protein
trafficking (165, 166). Potential phenotypic changes due to tetraspanin overexpression
is a well-known limitation of genetically-encoded fluorescent tetraspanin cell lines; albeit
it is vastly underexplored by previous studies which relied on these approaches (116,
117, 119-121, 123).

To begin with, we observed that overexpression of CD81 (but not CD63), led to
changes in cell cycle progression and cell growth compared to the WT control
counterparts. Further investigation is needed to elucidate the mechanism behind the
slower growth and cell cycle of CD81-Tdtomato DU145 cells; however, previous studies
have shown that CD81 overexpression induces cytostasis (inhibition of cell growth and
multiplication) in various cell types including glioma cells, hematopoietic stem cells and
astrocytes (167-169).

Furthermore, we demonstrated that overexpression of CD63 leads to the
upregulation of all sEV-associated markers tested (CD63, CD81, CD9 and MHC-1) at
the cell membrane, whereas overexpression of CD81 only led to upregulation of CD81.
These differential roles of CD63 and CD81 may be attributed to the different roles of
these tetraspanins or the different basal expression level (caused by the overexpression
system) which may subsequently affect other proteins in a different, greater or lesser
extent, through interactions in the TEMs at the plasma membrane (19, 21). These

observations, however, only concern the cell membrane levels of CD63, CD81, CD9 and
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MHC-1 as the endocytic pool of these factors has not been investigated yet; thus,
Western Blot and immunofluorescence analysis with antibodies against these elements
may be more informative on their total protein levels as well as their potential changes
arising in their subcellular localisation.

Indeed, fluorescence microscopy analysis showed that the cellular localisation of
GFP-CD63 and CD81-Tdtomato was predominantly in the plasma membrane, cell
protrusions and in the perinuclear compartment, in agreement with previous studies
(117, 118, 121, 123); this was expected due to the transmembrane structure of CD63
and CD81, which can be localised in membranes and endosomes (19, 21). Fluorescence
microscopy analysis also demonstrated that overexpression of CD63 or CD81 led to
changes in cell morphology as resulting cells were significantly larger or smaller,
respectively, to WT parallel controls. Overall, it remains to be elucidated why a rather
modest overexpression of CD63 or CD81 resulted in such differential phenotypic
changes at the cellular level (changes in growth, cell cycle, morphology, expression of
sEV-associated markers). To our knowledge, the effects of CD63 or CD81
overexpression have not been greatly addressed in PCa cell lines.

Limited studies suggested that CD63 overexpression effects may potentially depend
on the cell type. For example, a study in melanoma demonstrated that CD63
overexpression inhibited invasiveness and epithelial-to-mesenchymal transition (EMT)
(170), whereas a study in ovarian and gastric cancer cell lines showed that CD63
downregulation inhibited EMT (171). Regarding CD81, studies from various cancers
overall support that CD81 promotes cancer progression (172-174). For example, a study
in melanoma demonstrated that ectopic CD81 expression results in increased cell
migration and invasion, and promotes acquisition of a mesenchymal spindle-like cell
shape (172), while a study in breast cancer also demonstrated increased cell proliferation
and migration after CD81 overexpression (173). Furthermore, one study in PCa showed
that increased expression of CD81 is a poor prognostic marker of PCa as it is significantly
associated with lymph node metastasis, TNM cancer stage (T: primary tumour, N:
regional lymph nodes, M: distant metastasis) and poor survival (174). This study also
demonstrated that knockdown of CD81 in DU145 and PC3 PCa cell lines resulted to
inhibition of cancer cell proliferation, migration, and invasion (174). This study however
has not conducted any CD81 overexpression studies on PCa cell lines; thus, further
investigation is necessary to address the effects of CD63 or CD81 overexpression on
the phenotype of DU145 PCa cells.

In conclusion, basic morphological and phenotypical characterisation of the GFP-
CD63 and CD81-Tdtomato DU145 cell lines demonstrated significant changes in the

phenotype of these cell lines. Previous studies using these fluorescent tetraspanin
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reporter overexpression systems, have not done any similar investigations (116, 117,
119-121, 123), and have wrongly assumed that overexpression of tetraspanins does not
alter their cell systems. However, this Chapter highlighted the importance of phenotypic
characterisation of the parental cells, as these changes would inadvertently affect the
secreted sEVs, in terms of the sub-population distributions, their molecular content and
ultimately their functions. Further insights into the molecular changes that arise in GFP-
CD63 and CD81-Tdtomato DU145 cell lines will be gained from proteomics analysis,
described in detail in Chapter 4.

After basic phenotypic characterisation of the GFP-CD63 and CD81-Tdtomato
DU145 cell lines, isolation of sEVs was performed followed by NTA which determined
the distribution of their size (diameter approx. 50-150nm). This agreed with the typical
size for WT PCa-derived sEVs, also observed from other studies (157, 159, 160). Further
analysis suggested that whereas overexpression of CD63 or CD81 did not affect the size
distribution of sEVs, overexpression of CD63 (but not CD81) induced the elevation of
sEV-associated markers on the EV membrane, thus reflecting the changes observed at
the cell membrane. In contrast to our observations, a previous study showed that
overexpression of CD63-pHIluorin (GFP variant) in HeLa cells, did not significantly affect
the levels of tetraspanins in isolated sEVs compared to WT cells (determined by Western
Blot analysis) (164).

We also observed that overexpression of CD63 in DU145 cells increased the quantity
of secreted seEVs compared to WT control cells, even though this previous study
supported that overexpression of CD63-pHIluorin did not result in significant increase in
SEV secretion (164). However, a follow-up study overexpressing pHIuorin_M153R-CD63
(M153R is a stabilising mutation in the pHluorin moiety) in HT1080 fibrosarcoma cells,
demonstrated increased secretion rate of sEVs (119).

It is still unknown why CD63 expression induced this significant phenotypic change
in SEVs. It may be attributed to the generally higher levels of tetraspanins (CD9, CD63
and CD81) present within the cell and/or the cell membrane, which subsequently resulted
in higher levels of these tetraspanins being sorted into sEVs. However, it was surprising
that CD81 overexpression on the cell membrane did not result to changes in the
repertoire of EV-associated markers on the sEV membrane but did significantly increase
the quantity of SEV secretion in these cells. These differences between the fluorescent
EV reporter systems might be attributed to the different functions and protein interactions
of CD63 and CD81 (e.qg., with other proteins and tetraspanins at the TEMSs) (19, 21). For
example, CD63 participates in cargo sorting for seVs via ESCRT-dependent and
ESCRT-independent mechanisms (12); CD81 also participates in cargo sorting and may

induce inward budding of the TEM due to clustering with other proteins and cholesterol
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(23, 156). Furthermore, it has been shown that CD63 is absolutely vital for the biogenesis
of lysosome-related organelles in melanoma cells (25); however, CD81 is not as
essential in lymphocytes, as its absence did not have any effects on SEV secretion (22).
Another aspect is that perhaps overexpressing CD63 or CD81 causes a shift in the sub-
populations of sEVs secreted from CD81-Tdtomato or GFP-CD63 cells, which might
collectively be responsible for different effects on sV phenotype and secretion (7, 175).

Lastly, the stable cell-line derived fluorescent seEVs were successfully detected via
confocal fluorescence microscopy and were further analysed to determine the
distribution of their fluorescence intensity and to measure their response (degree of
blurring and detectability) in a biological mimic environment 1 this is termed the point-
spread function (PSF). Both the microsphere standard and the sEVs were placed in a

3D hydrogel designed with specific biophysical properties, such that the optical path was

tightly defined. Whereasthe Tet r aspeckE microspheres ar

larger than the Theoretical resolution, thus demonstrating the actual limits of the optical
system to resolve a diffraction-limited fluorescent standard microsphere. According to
the literature, the PSF of a sub-resolution fluorescent microsphere should ideally be
within 1071 40% of the Theoretical resolution which was indeed observed for the
TetraspeckE microspheres, the GFP-CD63 and the CD81-Tdtomato sEVs (134). The
PSF measurements also showed that the axial PSF was larger than the lateral PSF
(estimated 3 times larger), thus corresponding to the literature (134).

A lower resolving ability of sSEVs was expected due to their range in sizes (50-
150nm), varying fluorescence intensity, lower signal-to-noise ratio and lower refractive
index compared to the TetraspeckE microspheres (SEV RI range 1.36-1.398 and
polystyrene microsphere Rl is 1.633) (176); the latter being uniformly shaped with high
fluorescence yield and high signal-to-noise ratio. One relevant study successfully
detected C eDil-lafelled csEsr Bs well as sSEVs co-labelled with
Cel | Tr abDil kamdr dfti-CD63 antibodies-fused to AlexaFluor647, using super-
resolution fluorescence microscopy, TIRF, PALM and STORM (TIRF: Total Internal
Reflection Microscopy, PALM: Photo-Activated Localisation Microscopy and STORM:
Stochastic Optical Reconstruction Microscopy) (177). This study subsequently
generated PSFs for seVs end estimated the FWHM at 650nm for TIRF, and 70nm for
PALM/STORM (177). However, this study generated PSFs with exogenously-labelled
sEVs and/or conjugated with antibodies, whereas in our study we were able to detect
and optically characterise single endogenously fluorescent seVs in live-cell imaging
conditions. A recent study also generated PSFs of endogenously fluorescent seVs
(CD63-GFP-mCherry) immobilised on glass slides and compared them to PSFs of
100nm Tetraspeck microspheres (122). Specifically, they detected and optically
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characterised sEVs and Tetraspeck microspheres by widefield fluorescence microscopy,
followed by deconvolution, and reported similar Theoretical and optical resolution to our
study (122).

Some issues that occurred with detecting endogenously fluorescent seVs were the
colloid-like structures and clustering that were especially prominent with GFP-CD63
sEVs; these may be partly attributed to the isolation method that was used. While
ultracentrifugation-based methods are common for vesicle purification, this approach
can result in co-isolation of non-vesicular materials; thus, future isolations will be
conducted with ultracentrifugation on a 30% sucrose/D,0 cushion which results in higher
purity preparations, as it focusses on collecting vesicles of a certain density of 1.2g/ml,
and is effective at eliminating a large proportion of non-vesicular matter (157).

Collectively, this study generated PSFs of stable-cell line derived fluorescent seVs
and compared them with commercially available microspheres of relevant size
(TetraspeckE) using conventional confo
detection and PSF analysis was conducted for the first time on a 3D hydrogel (CyGEL)
which emulated a simple 3D tissue-mimic model; thus, it provided valuable information
on the ability of the optical system to resolve the GFP-CD63 and CD81-Tdtomato sEVs
and established the baseline for future high-resolution imaging studies on more complex

models.
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35. Coal usi ons

To summarise, this was the first study that has generated and attempted to
phenotypically characterise DU145 PCa cell lines expressing the GFP-CD63 and CD81-
Tdtomato fluorescent sSEV reporter proteins. Collectively, GFP-CD63 expression
increased the protein levels of sEV-associated proteins (CD9, CD63, CD81 and MHC-1)
in both the cell and seEV membrane. Conversely, CD81-Tdtomato expression did not
significantly affect the levels of these proteins at the cell or sEV membrane (except
upregulation of CD81 in parental cells). Interestingly, whereas GFP-CD63 expression
induced significant phenotypic changes to sEVs and EV-associated proteins at the cell
membrane, it did not cause significant effects on cell growth or cell cycle but did alter cell
morphology (larger cell area and more cobblestone-like shape) and increased sEV
secretion. On the other hand, CD81-Tdtomato expression did not induce significant
phenotypic changes to sEVs and or EV-associated protein expression at the cell
membrane expression, however, it did cause significant phenotypic changes to the cells
including slower growth rate, slower cell cycle progression, morphological changes
(smaller cell area compared to controls) and increased SEV secretion. Further
investigation is thus necessary to elucidate the mechanisms behind these differential
results for GFP-CD63 and CD81-Tdtomato DU145 cells and sEVs. Despite these
observations, the GFP-CD63 and CD81-Tdtomato stable DU145 cell lines were used to
isolate fluorescent sSEVs, which were then successfully detected and optically
characterised via confocal fluorescence microscopy. These initial imaging studies
confirmed the detectability of the GFP-CD63 and CD81-Tdtomato sEV fluorescence
signal and underlined their biological complexity in terms of size, dispersion, and
fluorescence heterogeneity, which needs to be taken into consideration for future

imaging studies.
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CHAPTER 4.

Quantitative Proteomics by
SWATH-MS on DU145 cells and
Extracellular Vesicles
Overexpressing CD63 or CD81

106



Chapter 4: Results

41. |l ntroducti on

In the previous chapter (Chapter 3), we demonstrated that overexpression of CD63 or
CD81 fused with fluorescent proteins (GFP and Tdtomato respectively) induces various
phenotypic changes in DU145 cells (changes in cell morphology, cell growth, cell cycle
and expression of tetraspanins at the cell membrane), as well as in generated sEVs
(differences in tetraspanins levels or secretion levels). Further investigation of changes
in the proteome of CD81-Tdtomato and GFP-CD63 sEVs was essential however,
especially since they would be further used for dosing and functional studies, which might
be influenced by altered protein composition of these sEVs. As mentioned previously,
many studies have generated stable cell lines expressing fluorescent proteins fused with
tetraspanins for use as fluorescent sV reporter systems in vitro and in vivo (117, 118,
121-123, 178); however, the majority of them have not investigated whether
overexpression of these tetraspanins altered the phenotype or proteome of engineered
cells or sEVs.

Conventionally, DDA-MS (Data-Dependent Acquisition tandem Mass Spectrometry)
approaches have been utilised for proteomics analysis of SEVs, and allow the phenotypic
determination and identification of biomarkers in the proteome of various cancer-derived
sEVs, e.g., PCa (179-182), bladder cancer (183), colorectal cancer (184), ovarian
cancer- derived sEVs (185), and even sEVs generated from the 60 types of cancer cell
lines deriving from the National Cancer Institute (NCI-60) (186). Other studies have
utilised DDA-MS analysis to investigate potential changes of the sV proteome after
exposure of cancer cells to therapeutics e.g., treatment of PCa cell lines with docetaxel
(187) and dihydrotestosterone (188), or exposure to hypoxia (PCa- and glioma cell-
derived sEVs) (189-191). In addition, a few studies investigated the changes in the
proteomic profile of sEVs after genetic manipulation of the cells of origin i.e.,
overexpression of CD151 and knockdown of CD9 in the RWPEL prostate cells (192), or
overexpression of GFP-CD63 in HEK293T (human embryonic kidney) cells (122).

Following the same rationale as these studies, our aim was to investigate whether
overexpression of CD63 or CD81 (fused with GFP and Tdtomato, respectively) would
alter the proteome of the DU145 cells of origin, and the generated sEVs. However,
instead of conducting a conventional DDA-MS analysis, we utilised a next generation
DIA (Data-Independent Acquisition) approach, named SWATH-MS which stands for
Sequential Windows Acquisition of All Theoretical Spectra (193).

DDA-MS is the classic form of tandem mass spectrometry (MS/MS), which involves

scanning of all precursor peptide ions during the survey scan (MS1), and selection of a
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specific number of predefined precursor ions (usually the most abundant), which are then
subjected to fragmentation (MS2) and then analysed with a database search algorithm
(194, 195). On the other hand, the DIA SWATH-MS approach starts by scanning all
precursor ions at MS1 (similarly to DDA-MS), but the second step involves fragmentation
of all these precursor ions within a specific mass-to-charge ratio (m/z) region, by
fragmenting sequentially in a fixed number of windows that cover the entire m/z range,
thus leading to increased proteomic coverage (193-195). Furthermore, the SWATH-MS
DIA analysis requires a reference library of spectra (Spectral Library) generated in DDA
mode, in order to extract fragment ion chromatograms based on this library (193-195).
Recently, SWATH-MS has started being utilised in quantitative proteomics analysis of
sEVs; one example is a comprehensive study profiling glioma sEVs as a method of
tumour surveillance (196), and another example is an exploratory study screening for
biomarkers in urinary seVs (197).

Collectively, due to the design of the DDA-MS method, its major limitations are the
lack of reproducibility between technical replicate experiments and low sensitivity, as low
abundant peptides are missed and cannot be measured by this analysis; on the other
hand, the DIA SWATH-MS approach that sequentially scans the whole m/z range in
predefined windows increases the sensitivity for detection and has been reported to be
highly reproducible between runs (194, 195). Figure 4.1 shows a schematic workflow
describing the SWATH-MS process.
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42. Ai ms and Objectives

In this Chapter we selected the SWATH-MS method as it is a sensitive, quantitative, and
unbiased approach, in order to determine the global proteomic changes in DU145 cells
and generated sEVs after overexpression of CD63 or CD81, compared to their
respective WT parallel controls. Ultimately, we aimed to conduct dosing and functional
experiments with these sEVs; thus, it was imperative to fully understand the biological
consequences of overexpressing CD63 or CD81 on this system. Therefore, this chapter

aimed:

0 To utilise a DIA-MS approach for global proteomic profiling of cells and sEVs.

o0 To identify and compare differentially expressed proteins in cells and sEVSs.

0 To explore potential biological implications of these predicted proteomic alterations
in silico, in order to determine the likely severity of these changes on seV
functions.

o To validate the MS-based protein identifications as differentially expressed using

other methods such as Western Blot.
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43. Resul t s

431. Quantitativ®OiAdalrenits adfi y Expr

Proteins

431.1. SWATH-MS Rationale and Workflow

As CD63 and CD81 are major players in SEV biogenesis (19, 24, 156, 198), and CD81-
Tdtomato and GFP-CD63 sEVs were to be used for further dosing and functional studies,
it was essential to investigate potential phenotypic differences of both the cells of origin
and generated sEVs. For this Chapter we conducted a comprehensive quantitative
proteomics analysis for the generated CD81-Tdtomato and GFP-CD63 sEVs (and the
parental cells) to profile any potential proteomic variations after overexpression of CD63
or CD81 compared to their respective WT DU145 parallel controls.

For this analysis, the cell-culture conditions of Chapter 3 were reproduced with GFP-
CD63, CD81-Tdtomato and WT parallel control DU145 cells grown in conventional 2D
tissue-culture flasks, followed by extraction of the EV-rich cell-conditioned media after 7
days, pre-clearing to remove dead cells and debris, and then pelleting and isolating
vesicles by the 30% sucrose/D,0O cushion ultracentrifugation method (see Chapter 2,
Materials and Methods, Section 2.11). The sucrose cushion ultracentrifugation method
is a high-specificity and high-purity approach that enables the isolation of sEVs (small
EVs, size C200nm) by flotation at a certain density (1.2g/ml) and eliminates the majority
of non-vesicular constituents (6, 157). In parallel to SEV isolation, cells grown in the
tissue-culture flasks were extracted, and together with isolated sEVs, were lysed
followed by protein quantification (Table 2.2, isolation #2).

After protein quantification, the cell and sEV lysates were used for SWATH-MS
analysis, which is a DIA method used in conjunction with a targeted data extraction
strategy to comprehensively profile these cells and sEVs and determine global proteomic
changes (193). This strategy involved the generation of custom spectral libraries by DDA
analysis of the combined proteomes of: (i) GFP-CD63 and GFP-Parallel cells (Spectral
Library 1) and (ii) CD81-Tdtomato and Tom-Parallel cells (Spectral Library 2). These
spectral libraries were then used as reference libraries to match peptide fragmentation
spectra (generated in SWATH-MS DIA runs) and extract the identities (IDs) and
quantities of the proteins in the Skyline software (136). A schematic workflow describing
the preparation of cell and sEV lysates, generation of spectral libraries, SWATH MS runs,

data extraction and comparisons in the Skyline Software is shown in Figure 4.1.
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Figure 4.1. Schematic workflow
describing the SWATH-MS process.

A.GFP-CD63 (green), CD81-Tdtomato
(red) and GFP- and Tom-Parallel control
cells (grey) were cultured in 2D culture
flasks, with the cell-conditioned media
being extracted to isolate sEVs, followed
by lysis of the cells, protein quantification
and tryptic digestion. B. Spectral Library
generation was done after fractionation of
digested cell samples, based on all
identified fragment ions, peptides, and
proteins from DDA LC-MS/MS (GFP-
CD63 with GFP-Parallel for Spectral
Library 1 and CD81-Tdtomato with Tom-
Parallel for Spectral Library 2). C. sEVs
were isolated from the EV-rich conditioned
media (from A.) by 30%/D20 sucrose
cushion ultracentrifugation, followed by
SEV lysis, protein quantification and tryptic
digestion. D. DIA SWATH-MS analysis
was done using digested cell and sEV
samples. E. The Skyline software was
used for targeted data extraction and
peptide quantification based on the
predefined targets found in the spectral
libraries. Further data processing was
done to compare GFP-CD63 with GFP-
Parallel and CD81-Tdtomato with Tom-
Parallel controls (cells and SEVS).

*LC-MS/MS: Liquid Chromatography
Tandem Mass Spectrometry
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4.3.1.2. Detection of proteins in cells and seEVs by SWATH-MS

analysis

As shown in the previous workflow schematic Figure 4.1 after preparation of cell lysates,
tryptic digestion and fractionation, a LC-MS/MS (Liquid Chromatography Tandem Mass
Spectrometry) DDA analysis was conducted to generate spectral libraries, which
consisted of 3470 proteins (Spectral Library 1, GFP-CD63 and GFP-Parallel control
cells) and 3364 proteins (Spectral Library 2, CD81-Tdtomato and Tom-Parallel control
cells) with a 1% false discovery rate (FDR).

Next, DIA SWATH-MS runs were conducted comparing: (i) GFP-CD63 with GFP-
Parallel control cells, (i) GFP-CD63 with GFP-Parallel control sEVs, (iii) CD81-Tdtomato
with Tom-Parallel control cells and (iv) CD81-Tdtomato with Tom-Parallel control SEVS,
for protein identifications, followed by chromatogram peak alignment to the
corresponding Spectral Library (1 or 2). Of note, each cell and sEV sample was run as
a technical replicate (triplicate) to account for potential sample variability due to complex
sample processing.

Principal Component Analysis (PCA) of the technical replicates was performed and
demonstrated the variability between different samples, but effective clustering of the

three technical replicates for each sample, as shown in Supplementary Figure 10. Of

these detected proteins, only proteins with chromatogram peak area variability of less
than 50% between two technical replicates were included in the subsequent analysis
(CV <50%). The number of detected proteins for each sEV and cell sample are shown
in detail in Table 4.1. Briefly, DIA SWATH-MS led to the detection of 346 and 347 proteins
for GFP-CD63 and GFP-Parallel control sEVs, as well as 280 and 279 proteins for CD81-
Tdtomato and Tom-Parallel control sEVs (respectively). On the other hand, a higher
number of proteins were detected for cell samplesi.e., 1028 and 1030 proteins for GFP-
CD63 and GFP-Parallel control cells, as well as 1079 and 1077 proteins for CD81-
Tdtomato and Tom-Parallel control SEVs (respectively); all shown in Table 4.1.

To begin illustrating the differences between cells and sEVs, we generated Venn
Diagrams to determine the common and unique MS-protein identifications between
them, comparing sEVs and cells overexpressing CD63 or CD81 with the respective WT
Parallel controls (Figure 4.2.A). This analysis was done to emphasise the extreme
differences in the proteome between cells and sEVs, by looking at the presence or
absence of protein identifications; subsequent analysis will explore the differences

arising in protein abundance.
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Our analysis showed that 136 protein identifications (~40%) were unique in GFP-
CD63 and GFP-Parallel control sEVs, whereas 818 protein identifications (~80%) were
unique in the parental cells (Figure 4.2.A.i).Furthermore, 210 protein IDs were common
in both cells and sEVs suggesting that ~60% of detected proteins in SEVs reflected the
cells of origin. Interestingly, we identified 1 protein ID that was absent from GFP-CD63
sEVs, and 2 protein IDs absent from GFP-CD63 cells compared to WT Parallel controls.

Similarly, we observed 91 protein identifications (~33%) unique in CD81-Tdtomato
and Tom-Parallel control seVs, while 888 protein IDs (~83%) were unigue in the parental
cells. In addition, 187 proteins were common between CD81-Tdtomato and Tom-Parallel
control sEVs and parental cells, suggesting that ~67% of detected proteins in SEVs
reflected the cells of origin (Eigure 4.2.A.ii). Finally, we detected 2 unique protein IDs in
CD81-Tdtomato sEVs and 4 IDs in CD81-Tdtomato cells, which were absent from Tom-
Parallel control sEVs and cells, respectively. The detailed UniProt Accession humbers
and Gene Names for these common and unique proteins are shown in Supplementary

Figure 11.
Next, we transformed the UniProt Protein IDs of the common identified proteins of

our sEV datasets into Gene Symbol IDs, and then cross-referenced them with the
publicly available EV proteome database Vesiclepedia (140), using the FunRich software
(139) (Eigure 4.2.B). This analysis showed that >95% of detected proteins in GFP-CD63,
CD81-Tdtomato and WT Parallel control sSEVs have been documented previously in
Vesiclepedia in PCa and other cancer types. However, we additionally identified 11
proteins not previously documented in SEVs, including: (i) TMEM184C (Transmembrane
Protein 184C), (ii) STRIP2 (Striatin Interacting Protein 2), (iii) TLDC1 (MTOR Associated
Protein Eak-7 Homolog), (iv) AKAP10 (A-Kinase Anchoring Protein 10) and (V)TIGAR
(TP53 Induced Glycolysis Regulatory Phosphatase); AKAP10 and TIGAR were detected
in all four sEV types analysed by SWATH-MS. Further investigation and validation of
these targets will be necessary to establish their presence and significance on sEVs.
To conclude, our analysis so far demonstrated a partial overlap of the proteome of
sEVs with the parental cells (60-67%), which is expected due to their biogenesis.
However, a plethora of unique protein identifications were also detected for both the
parental cells and the sEVs, highlighting their differences in composition. Finally,
comparison of the proteins identified in the sEV datasets with Vesiclepedia, revealed a
few novel identifications, despite the fact that the majority of IDs were previously

reported.

113



Chapter 4: Results

Table 4.1. Detected and quantified proteins from SWATH-MS analysis in DU145 sEVs and cells overexpressing CD63 or CD81

compared to WT parallel controls.

SWATH-MS
(DIA analysis)
Sample

GFP-CD63 sEVs

GFP-Parallel control sEVs

CD81-Tdtomato sEVs

Tom-Parallel control sEVs

GFP-CD63 cells

GFP-Parallel control cells

CD81-Tdtomato cells

Tom-Parallel control cells

SWATH-MS Common Proteins
Detected _ Common
_ (DIA analysis) _ CV 50%*
Proteins s : Proteins
ample .
CV 500+ P CV 509+ p-value<0.05 p-value<0.05
Comparisons Fold Change > |1.4]
346 GFP-CD63 Vs GFP- 346 133 78
347 Parallel control sVs
280 CD81-Tdtomato Vs 279 180 123
279 Tom-Parallel control sEVs
1,028 GFP-CD63 Vs GFP- 1.028 483 95
1.030 Parallel control cells
1,079 CD81-Tdtomato Vs 1.075 456 73
1.077 Tom-Parallel control cells

*Note: SWATH-MS detected proteins shown here were extracted after a Q value cut-off 0.01 based on decoy peptides; decoy peptides are generated in silico
in the Skyline software by shuffling the amino acid sequences of target peptides. These decoys closely resemble the chromatographic and spectrometric
properties of the target peptides and are used to determine the error rate of random co-elution fragment ions and protein inference in SWATH-MS data; thus,
a threshold for false discovery rate (Q cutoff: 0.01) is applied which distinguishes detected target peptides from decoy peptides based on a scoring algorithm

in the Skyline software (199)
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Figure 4.2. Venn Diagrams for
cells and sEVs overexpressing
CD63 or CD81 compared to WT
parallel controls.

GFP-Parallel GFP-Parallel Tom-Parallel

A. Venn Diagrams depicting unique
and overlapping proteins for (i) GFP-
CD63 and GFP-Parallel cells versus
sEVs and (ii) CD81-Tdtomato and
Tom-Parallel cells versus sEVs. For
generation of these Venn diagrams
the UniProt Accession numbers of
proteins with peak area variability of
less than 50% between two technical
replicates were included for analysis
(CV<50%). Details for unique IDs of
each Venn diagram are shown in
Supplementary Figure 11. B. Venn
Diagrams depicting uniqgue and
overlapping proteins after IDs were
transformed to Gene Symbol IDs,
which were detected in sEV samples
7 compared with the Vesiclepedia
GFP-Para database (included in the FunRich
control _ software). B(i): 11 unique IDs were
sEVs f VESICLEPEDIA ‘ VESICLEPEDIA detected for GFP-CD63 and GFP-
~ 12925 12979 Parallel sgEVs (AKAP10, CLUH,
YEATS4, TLDC1, MRPL24, ARL5B,
TIGAR, DCAF13, TMEM184C, UTPG6,
STRIP2), as well as 1 unique ID
(CD033) for GFP-Parallel sEVs only
and B(ii): 2 unique IDs were detected
for CD81-Tdtomato and Tom-Parallel
sEVs (AKAP10, TIGAR).
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