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Abstract
Cells secrete small membrane-bound extracellular vesicles (sEVs) called exosomes. These
vesicles contain a mixture of protein, lipids, nucleic acids and saccharides (known
collectively as cargo) that mediate therapeutic effects similar to their producer cell.
Exosomes may be optimised to generate potent therapies through manipulating
exosome biogenesis mechanisms. This project aims to prove this concept by altering the
global heparan sulphate (HS) present in MCF-7 cells, in order to modify syndecan, a key
component in the syndecan-syntenin-ALIX mechanism for exosome production. We
predict that HS may be involved in exosome cargo selection, due to its ability to form
interactions with a wide range of factors. In addition, the structure of HS influences the
activity of heparanase, a regulator in the rate of exosome production. Therefore,
structural alterations to HS could allow the cargo (thus therapeutic activity) to be
modulated, whilst simultaneously increasing exosome yields.

To initiate this project, techniques to characterise the HS structures on MCF-7 cells and
their EVs were established. Methods included compositional disaccharide analysis and
flow cytometry to detect HS-protein binding epitopes. A bead-free flow cytometry-based
method was developed to characterise individual sEVs based on sEV enriched proteins
and the 10E4 epitope. Knockouts (KO) in three key HS biosynthetic enzymes were
generated using CRISPR-Cas9 technology. Subsequent alterations to HS structures were
confirmed. Wildtype and KO MCF-7 cells were cultured in CELLine Integra bioreactors to
obtain high sEV yields. While more work is required to demonstrate the potential of
manipulating HS biosynthesis to optimise sEVs, the techniques developed throughout
this project make such investigations possible.
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Acknowledgements
I would first like to thank Prof. Cathy Merry and Dr Oksana Kehoe for their amazing
supervision and guidance throughout my project. I am deeply grateful for all our meetings
and discussions which encouraged me and kept me calm when experiments weren’t
going to plan. I would like to thank Cathy in particular for our discussions which have
spurred on my interest in glycosaminoglycans and made me excited to be working in such
an interesting area.

I would also like to acknowledge and thank my collaborator Dr Jason Webber at Cardiff
University who was always there to offer advice and support and was instrumental in
overcoming the issues faced along the way. I would also like to thank Dr David Onion and
Nicola Croxall from the flow cytometry facility at the University of Nottingham, and Dr
Rebecca Holley for their help and technical expertise. Much of this work would not have
been possible without their support. I would also like to thank everyone from the Stem
Cell Glycobiology group for their technical and emotional support throughout my project.
I have thoroughly enjoyed being a part of such an amazing group.

Lastly, I would like to thank Sunil Rajput, James Kusena and Jenna James for being with
me through all of the ups and downs, and for enduring my rants and frustrations. Also, a
big thank you to my parents, sisters and grandparents who have been incredibly
supportive throughout my endeavours.

viii

Abbreviations
2/3/6OST

2/3/6-O-sulphotransferase

ALIX

Apoptosis linked gene-2 interacting protein

AMAC

2-aminoacridone

BSA

Bovine serum albumin

cABC

Chondroitinase ABC

Cas9

CRISPR associated protein

CHMP

Charged multivesicular body protein

CLEM

Correlative light electron microscopy

CRISPR

Clustered regularly interspaced palindromic repeats

CS

Chondroitin sulphate

CSC

Cancer stem cell

CTF

C-terminal fragment

DC

Dendritic cell

DS

Dermatan sulphate

ECM

Extracellular matrix

EM

Electron microscopy

ESCRT

Endosome sorting complex required for transport

EV

Extracellular vesicle

EXT

Exostosin

FACS

Fluorescence-activated cell sorting

FBS

Foetal bovine serum

GAG

Glycosaminoglycan

GalNAc

N-acetylgalactosamine

GlcA

Glucuronic acid

GLCE

D-glucuronyl-C5-epimerase

GlcNAc

N-acetylglucosamine

GlcNAc-T

N-acetylglucosamine transferase

GlcNS

N-sulphoglucosamine

gRNA

Guide ribonucleic acid

GvHD

Graft vs host disease
ix

HA

Hyaluronan

hBM-MSC

Human bone marrow mesenchymal stem cell

HPLC

High performance liquid chromatography

HPSE

Heparanase

HS

Heparan sulphate

IdoA

Iduronic acid

ILV

Intraluminal vesicle

ISEV

International society of extracellular vesicles

KD

Knockdown

KO

Knockout

KSR

Knockout serum replacement

LE

Labelling efficiency

LEV

Large extracellular vesicle

MCF-7

Michigan cancer foundation-7

MHC

Major histocompatibility complex

MV

Microvesicle

MVB

Multivesicular body

NDST

N-deacetylase/N-sulphotransferase

NTA

Nanoparticle tracking analysis

PAPS

3-phosphoadenosine-5-phosphosulphate

PMT

Photomultiplier tubes

POI

Protein of interest

RA

Rheumatoid arthritis

RAB

RAS-related protein

RP-HPLC

Reversed phase-high performance liquid chromatography

SAX-HPLC

Strong anion exchange-high performance liquid chromatography

scFv

Single chain variable fragment

SEC

Size exclusion chromatography

sEV

Small extracellular vesicle

shRNA

Short hairpin ribonucleic acid

siRNA

Silencing ribonucleic acid

Sulf

Sulfatase
x

TRAIL

Tumour necrosis factor-related apoptosis-inducing ligand

UPLC

Ultraperformance liquid chromatography

Vsp4

Vacuolar protein sorting-associated protein 4B

VSV-G

Vesicular Stomatitis Virus Glycoprotein

xi

Chapter 1- Introduction and literature review
1.1 Project overview
This PhD project was carried out under the EPSRC and MRC Centre for Doctoral Training
in Regenerative Medicine programme between Loughborough University, University of
Nottingham and Keele University. This project aims to investigate whether manipulations
to the global cellular heparan sulphate (HS) structure could be developed into a tool to
effectively engineer exosomes for specific therapies.

1.2 The extracellular vesicle family
Extracellular vesicles (EVs) are a large and heterogenous family of membrane-bound
vesicles, which can be grouped into three categories based on their biosynthesis.
Members of this family include 1) apoptotic bodies, 2) microparticles, microvesicles
(MVs) and ectosomes, and 3) exosomes. EVs from group one are formed from blebbing
membranes during apoptosis, group two bud directly from the plasma membrane and
group three are derived from the endosome. The biogenesis of these groups can be seen
in Figure 1, along with their typical size ranges1–3. EVs contain a diverse array of cargo
which includes proteins, lipids, nucleic acids and saccharides (Figure 1)2–4. As mentioned
previously, this project will focus on the exosome population.

1.3 Challenges associated with EV research
It is challenging to obtain and confirm pure exosome preparations due to the overlapping
characteristics of the different EV groups, and their small size5. There is no consensus on

1
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Figure 1 Biogenesis of extracellular vesicles (EVs). Apoptotic bodies are formed from the
blebbing from an apoptotic cell. Microvesicles bud directly from the plasma membrane and
are smaller than apoptotic bodies. Exosomes are derived from the endosome. They are formed
when the limiting membrane of the endosome invaginates to form multivesicular bodies
(MVBs) which contains intraluminal vesicles (ILVs). MVBs can either be directed to the
lysosome where they are degraded, or they can be directed to the plasma membrane where
they are released as exosomes. The general structure of an exosome is also given here. They
consist of a lipid bilayer which contains a number of membrane-bound proteins such as
tetraspanins. They also contain various soluble proteins, double stranded DNA and RNA such
as microRNA and mRNA. They also contain glycosaminoglycans such as heparan sulphate
(HS) which are either soluble or attached to proteoglycans.

the appropriate isolation method. Differential ultracentrifugation is one of the most
widely used and involves low speed spins to deplete conditioned media of cells and
apoptotic bodies, followed by a higher speed spin (10,000-20,000 x g) to remove large
EVs (LEVs). Finally, a high-speed spin (100,000-120,000 x g) will pellet small EVs (sEVs)
which are likely to include exosomes6,7. Since this method is based on size separation,
different EV types will be co-isolated due to their overlapping sizes. In addition, non-

2

vesicular components such as protein aggregates and lipoproteins will also be coisolated. The inclusion of a sucrose cushion to the 100,000 x g ultracentrifugation can
improve the recovery of EVs, both in terms of EV purity and integrity. This technique
involves loading the sample on top of 30% sucrose in deuterium water, prior to
ultracentrifugation. The resulting sucrose cushion has a similar density to the EVs (1.121.18 g/mL), which causes the EVs to remain in the sucrose rather than pelleting at the
bottom of the tube. This not only eliminated contaminating proteins of higher densities,
but also protects the EVs from the potential lysing effects caused by high-speed
ultracentrifugation8. Size exclusion and ion exchange chromatography, and ultrafiltration
methods have also been used to isolate EVs, but these have similar issues.

Immunoaffinity-based isolation methods involve isolation (or removal) of an EV
population based on the presence of a surface epitope. The main challenge associated
with this method is the lack of epitopes which are specific to a single EV population. CD9,
CD81 and CD63 were thought to be classical exosomal markers however, these have been
identified in other EVs6,7,9,10. Due to the lack of specific markers the international society
of EVs (ISEV) have recommended characterising EV preparations based on both the
absence and presence of specific protein groups6. This is summarised in Table 1. Despite
this, it is still almost impossible to confirm the presence of pure exosome populations.
Therefore, ISEV recommends basing nomenclature on the sizes of a particular
preparation. The 100,000 x g pellet is commonly called sEVs and the 10,000 x g pellet is
called LEVs6. In keeping with this nomenclature, all preparations obtained from the
100,000 x g and 10,000 x g throughout this project will be referred to as sEVs and LEVs
respectively.

3

Table 1 Protein categories recommended by MISEV2018 for EV characterisation

Category

Rationale

Examples
CD9, CD63, CD81, CD82
Syndecan
MHC Class I
Cell specific markers (E.g. CD90 for MSCs)

Transmembrane/GPI

Confirms presence of
lipid bilayer

Cytosolic

Confirms lipid bilayer ALIX, Flotillin-1, Syntenin
encapsulating
ESCRT machinery
intracellular material Heat shock proteins

Non-EV
Intracellular
compartment

To assess purity

Apolipoproteins, albumin

GM130, Calnexin
To confirm large EVs Actinin1/4
Cytokeratin 18

Abbreviations: GPI: glycosylphosphatidylinositol, MHC: major histocompatibility
complex, ALIX: ALG-2-interacting protein X, ESCRT: endosomal sorting complexes
required for transport machinery, GM130: Golgi matrix protein 130

On top of the variation between EV groups, there is likely to be heterogeneity within each
EV group. Samples obtained from differential ultracentrifugation have been shown to
contain a number of vesicles with different sizes, densities and morphologies. Differential
expression of various proteins and RNA has also been demonstrated in distinct EV
fractions6,11. Polarised cells have been shown to secrete different EV populations from
their basolateral side compared to their apical side11. The condition of the cell is also likely
to influence the properties of the EVs released, meaning that a particular EV group (such
as exosomes) is likely to be highly variable with time and culture conditions12. It is
suspected that exosome sub-populations originate from different biogenesis pathways.
As detailed later in this chapter, there are a number of mechanisms reported for the
production of exosomes. These are likely to be active to different extents between
different cell types and conditions3,13.

4

1.4 Roles of exosomes in health and disease
Exosomes are secreted by most cell types and can be found in biological fluids including
blood, urine and milk14. It was originally believed that exosomes were a mechanism for
the cells to discard unwanted cellular components3,15. Now they have been implicated in
intercellular communication through transporting their cargo to cells and the
extracellular environment1,3. Exosomes can attach to a cell surface where they are either
dissociated, internalised or remain on the surface1. Those which remain on the surface
can initiate signalling via receptor-ligand binding and those which are internalised can
release their cargo to cause alterations to cell phenotype2,16–19.

Exosomes are thought to have roles in development, homeostasis and immune
regulation. Their effects on immune regulation were first demonstrated in B-cell derived
exosomes. These exosomes contained antigen-bound major histocompatibility complex
(MHC) class II molecules on their surfaces which induced T-cell responses. It was
hypothesised that exosomes maintain long term T-cell memory and tolerance20.
Exosomes may also be involved in mounting an immune response to pathogenic
infections. Infected macrophages were found to secrete exosomes which contained
pathogen associated molecular patterns (PAMPS). These could be recognised by
receptors on immune cells to initiate a pro-inflammatory immune response15,21.

Given their importance under physiological conditions, it is no surprise that exosomes are
also implicated in a number of pathologies. Exosomes are thought to be involved in
rheumatoid arthritis (RA) development due to their ability to promote inflammation and
cartilage degradation2,22,23. They have also been implicated in promoting cancer
5

metastasis through aiding in the establishment of the pre-metastatic niche24. Exosomes
can deliver their cargo to recipient cells to promote angiogenesis and leaky vasculature
to support tumour growth24. They can promote immune evasion through decreasing Tcell proliferation, inhibiting T-cell and natural killer cell activation and inducing T-cell
apoptosis24. They can also disseminate metabolites to aid tumour growth and limit
metabolism in non-cancerous cells24. Exosomes have also been shown to promote the
differentiation of fibroblasts to myofibroblasts, which can support the growing tumour25.

1.5 Clinical applications of EVs
1.5.1 Therapeutic potential of EVs
Regenerative medicine is a multidisciplinary area of research focussed on healing or
replacing tissues which have been damaged by injury, age and disease. Cells are
commonly included in these therapeutic interventions to regenerate tissue directly, or
indirectly through cell-cell interactions and secretion of bioactive molecules26. The
potential of cell-based therapies is evident by the number of Food and Drug
Administration (FDA) approved products (e.g. Carticel and Dermagraft), and clinical
trials26. As of January 2020, there were over 5,500 clinical studies investigating potential
stem cell-based therapeutics (ClinicalTrials.gov). However, there are a number of
challenges associated with cell-based therapies which hinder their progression into the
clinic. As discussed in this section, EVs have the potential to become desirable
alternatives to cell-based therapies.
The manufacture of EV-based therapies is likely to have fewer regulatory and safety
hurdles and be more cost effective. Cell-based therapies would require tight controls on
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storage and transport since the therapy would require them to be administered as viable
cells27. Any alterations to the cells prior to administration could cause negative effects on
the therapeutic activity. In comparison, EVs are stable and can be stored at -80°C for up
to two years with no loss of biological activity28. They are also non-viable, nontumorigenic and less immunogenic29.

Cell phenotype is greatly influenced by the microenvironment which may limit the
efficacy of viable cells30–32. For example, mesenchymal stem cells (MSCs), which are
commonly used in cell-based therapies due to their immunomodulatory effects, can take
on a pro-inflammatory phenotype in the presence of high levels of TNF-a. This may
restrict the therapeutic window of an MSC-based therapy for autoimmune disorders (like
RA) 33,34. This change in cell phenotype is also prevalent in the tumour microenvironment.
Fibroblasts, which are commonly found in breast tissue, can be triggered to differentiate
into carcinoma-associated fibroblasts which promote tumour growth25. Overall, this
suggests that once administered, the diseased environment may trigger alterations to
the cell phenotype, abolishing therapeutic activity. Another benefit of an EV-based
therapy is that there is an opportunity to permanently modify EVs to improve their
therapeutic activity. This will be discussed later in this chapter.

Many studies have demonstrated that sEVs confer similar therapeutic effects to that seen
by the producer cell. The therapeutic potential of MSC-derived sEVs (MSC-sEVs) has been
explored for a number of regenerative medicine applications. Mokarizadeh et al.
assessed the effect of MSC-EVs in a murine model of autoimmune encephalitis, caused
by the production of CD4+ T-cells against myelin. In this study, EVs were able to inhibit
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auto-reactive T-cell activation and proliferation, promote anti-inflammatory cytokine
secretion and regulatory T-cell production35. Zhang et al. demonstrated the use of MSCsEVs for enhancing survival of an allogenic skin graft in mice36. MSC-sEVs have also been
used to treat a patient with steroid-resistant graft vs host disease (GvHD). One study
concluded that MSC-sEVs were well tolerated and significantly improved clinical
symptoms of GvHD through a similar mechanism to that seen by MSC cells37. Animal
models have also demonstrated the potential of MSC-EVs for the treatment of RA, acute
kidney injury and chronic kidney disease38,39.

While sEVs hold great potential in advanced therapeutics, the issues associated with their
isolation and characterisation mentioned previously, makes progression into the clinic
challenging. Isolation techniques are not standardised and lead to contaminants which
would need to be fully profiled (and removed if necessary). These contaminants also
include undesirable EV sub-populations with negative or neutral therapeutic effects
which may dilute the effects of the active population. There are limited techniques which
are able to identify and characterise individual EVs. This means that EV characterisation
is restricted to whole population analysis, where information is reported as an average
of the total EV population. Overall, this makes EV sub-populations difficult to identify and
thus remove. In addition, EV populations are likely to fluctuate over time due to variations
in cell condition. Again, these fluctuations would be hard to track compared to a cellbased therapy where single cell analysis is well established. All of these aspects would
need to be controlled when manufacturing EV therapies40. It is important to note that
there is a lot of work on-going to resolve these issues and the lack has not prevented the
progression of EV-based therapies into clinical trials. In January 2020, there were 151
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clinical trials involving exosomes which were registered as completed, active or recruiting
(ClinicalTrials.gov).

1.5.2 Strategies to produce EV-based therapeutics
A summary of the various strategies to produce EV-based therapies can be seen in Figure
2. Therapies could be generated from EVs isolated from cells under standard culture

conditions (unmodified cells). Here, the therapeutic applications would depend on the
particular cell source and EV sub-population used.

Modifying EVs has become an appealing strategy to generate EV-based therapeutics.
Once such method is to ‘prime’ the producer cell line during in vitro culture to influence
the EV populations produced. This approach was used in the development of Dexosomes
for cancer treatments. Here, dendritic cells (DCs) are pulsed with tumour antigens which
results in exosomes presenting MHC Class II molecules complexed with these antigens.
These can be used inhibit tumour growth through priming cytotoxic T-cells. Dexosomes
were promising in a phase I clinical trial, but did not generate T-cell responses at phase
II40–42. Other methods include over-expression of certain factors in the producer cell line.
For example, EVs from DCs overexpressing interleukin (IL)-10, Fas ligand, IL-4 or
indoleamine2,3-dioxygenase all produced more potent therapeutic activities against
mouse models for RA in comparison to wildtype EVs39,43–45.
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EVs from primed cells

E.g. EVs from DCs pulsed with
tumour antigens

Unmodified EVs

E.g. MSC derived EVs for
immunomodulation

Cell derived EV mimetics

E.g. Nanoghosts from MSCs loaded
with TRAIL

F

C

Small molecule loaded EVs

E

Protein loaded EVs

A
B

E.g. Loading with methotrexate

RNA loaded EVs

D

E.g. siRNA targeting oncogenic
KRAS to inhibit tumour growth

E.g. TRAIL overexpression in MSCs

Figure 2 Strategies for EV engineering. Six potential strategies have been included. These include unmodified EVs which involves no targeted
alterations, EVs are used in their native state. Could also collect EVs from cells which have been primed/stimulated in culture to generate
alternative EV populations. Small molecules can be loaded into EVs through natural diffusion (A) or electroporation (B). RNA can also be
loaded through by overexpressing RNA (C) or by electroporation (D). Proteins can be loaded either through overexpression (E) or by more
complex routes. Example given here (F) involves fusing the protein of interest (purple) and a protein known to be incorporated into EVs (blue)
to ligands which interact with each other (grey). EV mimetics have also been produced which are derived from the cell membrane. These will
not contain components from the cell cytoplasm and so functional activity is conferred by loading components during the assembly of the
membranes into nanovesicles. Abbreviations; dendritic cell (DC), mesenchymal stromal cell (MSC), TNF-related apoptosis-inducing ligand
(TRAIL), silencing RNA (siRNA).
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Exosomes can also be modified by loading them with bioactive molecules during or after
exosome production. Kamerkar et al. used this approach to generate iExosomes for the
treatment of pancreatic cancer. Here, exosomes from fibroblast-like mesenchymal cells
were loaded with silencing RNA (siRNA) targeting oncogenic KRAS. The presence of
surface CD47 allowed for enhanced retention in murine models for pancreatic cancer,
and the silencing of KRAS inhibited tumour growth46. Proteins have also been loaded into
EVs. Yuan et al. produced an MSC cell line overexpressing TNF-related apoptosis-inducing
ligand (TRAIL) which was also present in their EVs. These EVs were shown to induce
apoptosis in 11 cancer cell lines47. More complex methods for loading proteins into EVs
have been described. Yim et al. devised a method to incorporate proteins based on the
optically reversible interaction of photoreceptor cryptochrome 2 (CRY2) with CRYinteracting basic-helix-loop-helix 1 (CIB1) protein module. This technology is based on
fusing an sEV enriched protein (such as CD9) to either CRY2 or CIB1, and the protein of
interest (POI) to the other. Under blue light, these fused protein complexes interact,
leading to the inclusion of the POI into sEVs. Once incorporated, the removal of blue light
will abolish this interaction, allowing the POI to be free in the sEV lumen48. Small
molecules such as methotrexate can also be loaded into EVs through electroporation or
natural diffusion40.

Alternatively, EV-like nanovesicles have been generated by manipulating the plasma
membrane of a cell40. This is an appealing method due to the high yields which can be
obtained in comparison to natural EVs. Toledano et al. produced MSC derived
nanovesicles loaded with TRAIL which they called Nanoghosts. The rationale was that the
MSC plasma membrane would contain the necessary molecules to allow for
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immunosuppression and targeting to the tumour site, where TRAIL could then initiate
apoptosis in the tumour cells49.

Loading EVs with active components like RNA and small molecules greatly improves their
activity. EVs can increase the bioavailability of a drug once administered in the body. For
example, the highly acidic nature of the tumour often leads to the deactivation of a drug
through protonation40. This would be avoided since EVs will prevent exposure of the drug
to this environment. EVs can improve targeting of the active component due to the
presence of epitopes on their membrane. They can also lower the immunogenicity and
toxicity; and allow for movement through the blood brain barrier. In addition, loading
therapeutically ‘neutral’ EVs with active components would make adhering to regulatory
frameworks easier. Safety regulations require the mode of action to be fully defined. This
can be complicated with a biological system as there may be a number of components
influencing activity. The challenges of EV characterisation create additional hurdles in
meeting this requirement. In the case of loaded therapeutically neutral EVs, the target
molecule can be fully characterised and the EV may be classed as an excipient which
requires less characterisation40.

It is important to note that the strategies to load EVs with RNA and protein may not
modify the whole EV population. Overexpression strategies will not necessarily lead to
the incorporation into EVs since their cargo is actively selected. In addition, the EXPLORS
method to load POI based on the incorporation of a known epitope like CD9, would result
in POI only being loaded into EVs expressing that particular epitope. This method would
also need to ensure that the POI is fused to the interacting components without loss of
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function. Furthermore, the effective treatment of complex diseases like cancer or RA may
require an array of bioactive components which would be complex to load using these
strategies.

We propose an alternative method to engineer exosomes based on altering exosome
biogenesis mechanisms. This strategy could provide both increased yields and altered
exosome cargo. This may address the challenges associated with obtaining clinically
relevant amounts of EVs by increasing potency (and thereby reducing therapeutic dose)
and increasing EV yields. As discussed in the next section, we aim to target the syndecansyntenin-ALIX mechanism for exosome production.

1.6 Mechanisms for exosome production
There appears to be a number of mechanisms involved in the production of exosomes.
This is evident in studies where the impairment of a specific mechanism did not result in
the complete loss of exosomes. It is suspected that each mechanism will give rise to a
distinct sub-population with different properties, and the proportion of each active
mechanism is cell type dependent. These mechanisms can be divided into endosome
sorting complex required for transport (ESCRT)-dependent and ESCRT-independent. The
different mechanisms are involved in cargo selection and inward budding of the
endosome membrane (Figure 1). There are processes which are likely to be common to
all mechanisms. The ESCRT-independent mechanisms are likely to still involve ESCRT-III
for the scission of the budding membrane. Endosomal trafficking is regulated by various
RAS-related protein (RAB) GTPases such as RAB5, RAB7 and RAB27. Trafficking is
important as this can influence cargo and fate of the MVB. The final step of exosome
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secretion involves the fusion of the MVB membrane with the plasma membrane. This is
thought to be carried out by snap receptor (SNARE) and synaptotagmin proteins3,4.

1.6.1 ESCRT-dependent mechanism
The ESCRT machinery is comprised of four complexes: ESCRT-0, -I, -II and -III. This
pathway is initiated by ESCRT-0 recognising ubiquitinated proteins, targeting them to this
pathway. ESCRT-I and -II are recruited to form an ESCRT-cargo enriched zone. ESCRT-I
and -II then promote the inward budding of the endosomal membrane. The ESCRT-III
complex is subsequently formed at this site by the sequential recruitment of the four subunits: charged multivesicular body protein (CHMP)6, CHMP4, CHMP3 and CHMP2.
ESCRT-III promotes membrane scission via the CHMP4 subunit to form the ILV. Once the
ILV is formed, vacuolar protein sorting-associated protein 4B (Vps4) promotes the
dissociation and recycling of the ESCRT subunits50. There are also accessory proteins
which aid this process such as apoptosis linked gene-2 interacting protein (ALIX). ALIX will
interact with CHMP4 to influence membrane scission. It may also have a role in
membrane budding51.

1.6.2 ESCRT-independent mechanisms
Studies deleting components of the ESCRT machinery led to the identification of
alternative mechanisms. One such pathway is the ceramide-dependent pathway which
involves the organisation of lipids in the endosomal membrane to form ceramide rich
regions. The structure of ceramide causes the membrane in these regions to bend
inward, promoting MVB formation52,53. CD81 has also been suggested to be involved in
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exosome production. CD81 has a cone like shape, which when clustered together (and
with other similar shaped tetraspanins), could cause the same alteration in membrane
curvature as that seen with ceramide. CD9, CD63 and CD81 are also thought to be
involved in cargo selection through forming clusters with other membrane and soluble
proteins. Cargo selection is also likely to take place via interactions with other membrane
bound proteins and lipid domains. It is still uncertain how nucleic acids are sorted into
exosomes. It is possible this involves indirect interactions via RNA/DNA binding
proteins4,54. Another mechanism, which is of particular interest in this project, is the
syndecan-syntenin-ALIX mechanism.

1.7 The syndecan-syntenin-ALIX mechanism
1.7.1 Overview of mechanism
The syndecan-syntenin-ALIX mechanism (Figure 3) was first described in 2012 by Guido
David and Pascal Zimmerman55. They found that syndecan, syntenin and ALIX coaccumulated in breast cancer derived exosomes due to their ability to interact (syndecan
to syntenin, syntenin to ALIX). Further investigation implicated these three components
in exosome formation. It was later identified that a HS endoglycosidase called heparanase
(HPSE) has a role in regulating this process through digesting HS present on syndecan56–
59

. Addition of exogenous HPSE (or upregulation of HPSE) led to increased exosome

production and enrichment of certain cargo. For example, increased HPSE expression in
myeloma cell lines led to increased levels of VEGF and HGF in exosomes. Exosomes
produced from HPSE high cells also had different functional activities to those with low
expression57. HPSE can influence this mechanism by trimming the HS on syndecan at the
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cell surface, increasing internalisation and altering HS binding sites60. Once in the
endosome, further HPSE digestion allows for syndecan clustering to promote the
recruitment of syntenin (Figure 3). HPSE may mediate syndecan clustering either through
altering the HS charge pattern or reducing steric hindrance and repulsion mediated by
the negatively charged sulphate and carboxyl groups57,59. Intact HS chains can span up to
50 nm in length, which is around the same size as a small exosome59. Therefore, the
digestion of HS will allow more syndecan molecules to be packaged into the endosome,
promoting syndecan clustering. Once the HS is digested, syndecan can be cleaved at their
protease cleavage sites to form C-terminal fragments (CTFs), these are commonly
identified in exosomes56–58,60,61.

This mechanism appears to be involved in producing CD63 positive exosomes, since
addition of exogenous HPSE was shown to increase the levels of syndecan, syntenin, ALIX
and CD6355–57. This is likely to be due to the interactions between syntenin and CD6362.
This CD63 positive population appears to be distinct from those which are enriched in
CD81, CD9 and flotillin-1, as manipulations to the mechanism did not lead to alterations
in the amounts of these. The syndecan-syntenin-ALIX mechanism was shown to produce
a significant proportion of the total exosome population in a number of cancer cell lines.
This makes it an appealing target for manipulating exosome populations56,57,60. For
reasons discussed in the following section, manipulations were targeted by altering the
HS component of this pathway.
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Figure 3 Syndecan-syntenin-ALIX mechanism for exosome production. A. syndecan at the cell surface is internalised into
early endosomes. This can be promoted by heparanase (HPSE) digestion of the heparan sulphate (HS) chains on syndecan
which promotes syndecan clustering. B. Once in the endosome, the HS is further digested by HPSE, promoting further
syndecan clustering. C. Clustering acts as a bait to recruit syntenin where it forms interactions with the protein core of
syndecan. CD63 also interacts with syntenin. Once HS has been digested, syndecan is often proteolytically cleaved to form
C-terminal fragments (not shown). D. Accumulation of syntenin recruits ALIX which is an accessory protein for the ESCRT
machinery. E. Components of the ESCRT machinery are recruited to this site to promote the inward budding and membrane
scission to form the ILVs. F. The production of multiple intraluminal vesicles (ILVs) leads to the production of the MVB. G.
This is then trafficked to the plasma membrane where it then fuses, releasing the ILVs as exosomes.
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1.7.2 Syndecan proteoglycans
Syndecans are proteoglycans composed of a core protein to which glycosaminoglycan
(GAG) chains are covalently attached63,64. GAGs are large, linear polysaccharides made
up of repeating disaccharide units, linked together by glycosidic bonds65. There are six
types of GAGs present in higher mammals. These can be divided into two groups: nonsulphated (which includes hyaluronan (HA)), and sulphated (which includes heparin, HS,
dermatan sulphate (DS), chondroitin sulphate (CS) and keratan sulphate (KS))66,67.
Proteoglycans can be found on the cell surface (e.g. syndecan and glypicans),
extracellular matrix (ECM) (e.g. aggrecan) and inside the cell (e.g. serglycin)68. There are
four members of the syndecan family: syndecan-1, -2, -3 and -4 (Figure 4A). Almost all
cell types will express at least one form of syndecan55. All four syndecans contain HS, but
syndecan-1 and -3 also contain CS63,69. The structures for these two GAGs and the
syndecan protein core can be seen in Figure 4B and C.

Syndecans are able to regulate the signalling of various molecules by controlling their
presentation to cell surface receptors. They can also support morphogen and chemokine
gradients70. This enables syndecan to have roles in adhesion, migration, angiogenesis,
cytoskeleton organisation and differentiation64,69. Various studies have implicated
syndecan in inflammation by influencing the recruitment of immune cells through
modulating adhesion molecule interactions and establishing chemokine gradients71–75.
They also have positive and negative effects on cancer progression, including breast
cancer. Syndecan is able to promote invasion and angiogenesis to support tumour growth
and has also been shown to be involved in breast cancer metastasis to the brain76,77.
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Figure 4 Protein and GAG structure of the syndecan family. A. Overview of the four
syndecan family members. Syndecan members vary on the extracellular domain including the
number and type of GAG attachment sites. Some contain both HS (green) and CS/DS (orange).
B. General overview of HS structure. HS is composed of a repeating unit of a uronic acid and
N-acetylglucosamine which is covalently linked to a serine residue in syndecan via its linker
domain. C. General overview of CS/DS structure. This is also linked to syndecan via the
conserved linker domain. The repeating unit consists of uronic acid and Nacetylgalactosamine. CS contains glucuronic acid, while DS contains iduronic acid. D.
Schematic of the syndecan core protein. The extracellular domain is highly variable, apart
from conserved GAG binding sites and a protease cleavage site. The transmembrane domain
is highly conserved and allows for syndecan clustering. Although regions within the
intracellular domain are conserved, containing binding sites for various proteins (such as
syntenin which interacts with syndecan through its PDZ domain), a variable region also
ensures family-member specific activity.

1.7.3 Heparan sulphate biosynthesis
Like other sulphated GAGs, HS has a highly heterogenous structure. HS synthesis is not
template driven like proteins, which are synthesised following a pre-determined coding
sequence. Instead, it involves the interdependent and incomplete activities of many
enzymes (Figure 5). HS synthesis takes place in the Golgi apparatus. The first step is the
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production of a linker domain which is covalently attached to a serine residue in the core
protein. This linker domain is common to both HS and CS/DS. Two exostosin (EXT)-like
proteins called EXTL2 and EXTL3 have been proposed to initiate HS synthesis by adding
the first N-acetylglucosamine (GlcNAc) residue to the linker domain. This is catalysed via
their GlcNAc transferase (GlcNAcT)-I activitiy78. Addition of the repeating glucuronic acid
(GlcA) and GlcNAc disaccharide units (chain elongation) is carried out by EXT1 and EXT2.
These form hetero-oligomeric complexes to catalyse this step78–80. Both have GlcNAcT-II
and GlcA transferase (GlcAT)-II activities78 however, EXT2 has low activity, and so is
thought to complex with EXT1 to assist in folding and transport to the Golgi81. It is
important to note that EXTL1 and EXTL3 also have GlcNAcT-II activities and so may also
be involved in chain elongation, at least in some cell types78,82.

During elongation, the repeating disaccharide units are modified by various enzymes. Ndeacetylase/N-sulphotransferase (NDST) enzymes modify the growing HS chain early on
and therefore influence subsequent modifications79. NDSTs will remove the acetyl (Ac)
group from GlcNAc and then transfer a sulphate group to this site (using 3phosphoadenosine-5-phosphosulphate (PAPS) as the sulphate donor) to give Nsulphoglucosamine (GlcNS). NDST-1 has been shown to interact with EXT2 (and
potentially EXTL3) however, with lower affinity than EXT1. This is speculated to influence
chain length and degree of sulphation. For example, high levels of EXT2 would mean that
complexes could be formed with both EXT1 and NDST-1, allowing for chain elongation
and N-sulphation. However, low levels of EXT2 (or high EXT1) would limit the amount of
EXT2 interacting with NDST-1, reducing the degree of N-sulphation81.
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D-glucuronyl-C5-epimerase (GLCE) can also modify the HS chain by catalysing the
epimerisation of GlcA to iduronic acid (IdoA)79. GLCE activity is also thought to influence
chain length and degree of sulphation83,84. Next, is the sulphation of oxygen at position 2
of GlcA/IdoA by HS 2-O-sulphotransferase (HS2OST). IdoA is the preferred substrate for
this modification83. Sulphate groups may also be added to the oxygen at position 6 on
GlcNAc/GlcNS by HS 6-O-sulphotransferase (HS6OST)79. The final modification to be
carried out is the addition of a sulphate group to the oxygen at position 3 on
GlcNAc/GlcNS. This is catalysed by HS 3-O-sulphotransferase (HS3OST) and is considered
to be a rare modification85. As mentioned, the activity of one enzyme will influence the
activity of the next, and most do not run to completion yielding domains of low (NA),
moderate (NS/NA) and high (NS) sulphation (Figure 5).

The presence of multiple isoforms for most of these enzymes further complicates this
process (Figure 5). Each isoform may have different activities and preferred substrates
which could yield different structures79. For example, the overexpression of either NDST1 or NDST-2 yielded different HS structures. Both led to increased GlcNS however, NDST1 would mostly give 3 to 6 consecutive GlcNS residues, whereas NDST-2 would give 6 or
more86. The extended regions of GlcNS seen with NDST-2 is not surprising since NDST-2
is expected to be involved in producing heparin; a highly sulphated form of HS87. Dual
knockout (KO) of NDST-1 and NDST-2 suggested that NDST-3 may be involved in
producing the rare GlcNH3+ modification87. This modification may be a result of NDST-3
having reduced N-sulphotransferase activity.
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Figure 5 HS biosynthesis. The first step involves the production of the linker domain which
is covalently linked to serine residues in the proteoglycan. Initiation of HS production is
carried out by the addition of an N-Acetylglucosamine to this linker domain. This is proposed
to be carried out by EXTL2 and EXTL3. EXT1 and EXT2 mediate chain elongation through
catalysing the polymerisation of glucuronic acid and N-acetylglucosamine repeating units.
De-acetylation and sulphation of glucosamine residues is carried out by NDST (four
isoforms). Glucuronic acid can be epimerised to give iduronic acid by GLCE. Sulphate groups
can be added to oxygen at various positions by HS2OST, HS6OST (three isoforms) and
HS3OST (seven isoforms). The resulting HS chain will have regions of high sulphation (NS
domains) and low sulphation (NA domains). Regions with intermediate sulphation are also
present (NS/NA domains- not shown). The areas which can be modified by sulphation (purple)
and epimerisation (blue) has been indicated on the disaccharide structure. Abbreviations:
xylose transferase (Xylt1/2), galactose transferase (GalT), exostosin-like protein (EXTL),
exostosin (EXT), N-deacetylase/N-sulphotransferase (NDST), D-glucuronyl-C5-epimerase
(GLCE), HS 2-O-sulphotransferase (HS2OST), HS 6-O-sulphotransferase (HS6OST) and HS
3-O-sulphotransferase (HS3OST).

The HS chain is subjected to further modifications once it has been synthesised. As
mentioned in the syndecan-syntenin-ALIX mechanism, HPSE can digest HS chains. This
enzyme cleaves at the non-reducing side of the NS domains to release various HS
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ligands88. Sulfatase (Sulf) 1 and 2 also target HS chains by catalysing the removal of 6OS
groups from NS domains89,90.

Overall, these modifications could lead to 48 possible disaccharide sequences, 23 of these
have been identified in mammals91. In addition to this, the length of the HS chain and
number of chains attached to a core protein will vary. This demonstrates the high level
of heterogeneity and polydispersity possible in a given proteoglycan population.

1.7.4 Heparan sulphate-protein interactions
HS (and other GAGs) can interact with a wide range of molecules such as growth factors,
cytokines, chemokines, ECM components, adhesion molecules and degradative
enzymes70. These interactions are considered to be complex and not fully understood.
HS and proteins will predominantly interact through electrostatic interactions formed
between the sulphate and carboxyl groups present on the HS chain, with basic amino
groups from the protein (such as lysine)66,85,92,93. Hydrogen bonding, hydrophobic
interactions and Van der Waals forces may also mediate ligand interactions. Due to the
strong influence of electrostatic interactions, the majority of proteins will interact with
the NS domains. The NA domains are highly flexible and so facilitate binding of multiple
ligands per HS chain. Epimerisation to IdoA can also increase flexibility. HS-protein
interactions can vary in affinity and specificity. It is likely that ligands can bind to multiple
HS structures with low affinity but have a specific sequence which they will bind to with
high affinity (such as the single chain variable fragment (scFv) phage display HS antibodies
introduced in Chapter 2). There are also ligands which will have low specificity and can
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bind with common and varied HS structures. High specificity interactions can be
conferred by the requirement of a rare HS modification such as 3OS and unsubstituted
glucosamine (GlcNH3+) 85. FGF-7 is an example of a ligand which binds to HS with high
specificity. FGF-7 interactions with HS require 2OS and 6OS94, however the presence of
3OS may inhibit FGF-7 binding95.

1.8 Aims of PhD project
Originally, this project aimed to optimise exosomes secreted by human bone marrow
derived MSCs (hBM-MSCs), in order to generate RA therapies. MSCs have potent
immunomodulatory properties which triggered interest in their use as a therapy for
autoimmune and inflammatory diseases33,96,97. Their potential was evident in the number
of studies and clinical trials which used MSCs to treat GvHD31,98–101 and RA102–108. MSCs
confer some of their therapeutic effects via the secretion of various components
including exosomes16,27,35,36,109. It was therefore reasoned that MSC-derived exosomes
could be used instead of MSCs, to overcome challenges associated with a cell-based
advanced therapeutic. While MSC-derived exosomes confer similar effects to their
parental cell, they may be developed further to generate potent and more cost-effective
therapeutics. Initial work involved isolating and characterising sEVs from hBM-MSCs.
However, due to issues discussed in Chapter 2, work could not be continued with these
particular cells. Instead, this project developed into proof of concept work using a breast
cancer cell line, Michigan Cancer Foundation (MCF)-7s.
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This project will perform targeted alterations to the global HS present in MCF-7 cells to
modify the syndecan-syntenin-ALIX mechanism. It was hypothesised that targeting HS
may provide a method to alter both the cargo and rate of exosome production. Given the
ability of HS to form interactions with a large variety of ligands, it is an appealing
candidate for cargo selection in this particular mechanism. The first step of the
mechanism involves the internalisation of syndecan with its HS. This step is likely to also
internalise an array of HS ligands, many of which may still be present in the endosome
during MVB formation. Additional ligands trafficked to the endosome may also form
interactions with these HS chains. This could allow for cargo to be held near the region
of the forming ILV. The observations that HPSE may be involved in cargo selection further
strengthens this hypothesis. Roucourt et al. demonstrated that loss of HS (through the
combined knockdown of EXT1 and EXT2) led to a reduction of syntenin, syndecan CTFs
and CD63 by half. They assessed this based on protein content rather than EV numbers58.
While this result could imply that HS is required for the production of this exosome
population, it is also reasonable to suggest that the loss of HS resulted in this loss of
protein due to impaired cargo selection. Figure 6 provides details on the steps to be taken
to address the project aims.

It is important to note that at this point in time, the modification of HS structure to fine
tune cargo selection may not be feasible given the complexities and uncertainties of HSprotein interactions. However, proof of concept that HS structures can influence
exosome cargo selection could pave the way to a method for refined exosome
engineering in the future. This is what we set out to achieve in this research project.
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1. Establish techniques
to analyse HS structures
on cells.

2. Establish techniques
to characterise sEVs.

4. Develop techniques to
characterise and sort specific
sEV sub-populations.

3. Develop techniques to
analyse HS structures from
sEV samples.
5. Perform targeted
alterations to global
cellular HS.

6. Use established techniques
to characterise altered HS
structures

7. Characterise sEVs from
knockouts using established
techniques
9. Sort and further
characterise relevant sEV
sub-populations.

8. Assess alterations to HS
from sEV samples using
established techniques.

Figure 6 Steps to be taken to address aims of PhD project. 1. To initiate project, methods will be established to characterise HS structures
from cell samples in order to confirm successful alterations to global HS structures (5). 2 and 3. Next, sEVs will be isolated and
characterised from wildtype cells in order to develop techniques to probe for any alterations in the sEV population caused by 5. 4. Since
sEVs are thought to arise from a number of mechanisms yielding various sEV sub-populations, techniques will also be developed to
perform single sEV characterisation and sorting of specific sub-populations so that the effect of 5 can be assessed in more detail. 5.
Alterations to global HS will be carried out by targeting HS biosynthetic enzymes. 6. Techniques developed on wildtype MCF-7 cells will
be utilised to characterise subsequent alterations to HS structures. 7,8 and 9. Techniques developed early on to characterise whole sEV
populations and sub-populations will be used to assess the effects of altered HS on the sEVs produced.
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Chapter 2- Establishing methods for glycosaminoglycan analysis
2.1 Introduction
2.1.1 Chapter overview
Since the aim of this project was to alter cellular HS and characterise the resulting sEV
populations, techniques to study HS structures were required. These techniques should
enable 1) characterisation and comparison of wildtype HS on cells and sEVs, and 2)
detection of altered HS structures after the targeted disruptions. This chapter involves
establishing techniques to allow for this analysis.

2.1.2 Challenges of GAG structural characterisation
As discussed in Chapter 1, GAG synthesis is driven by the interdependent activities of
numerous enzymes which exist in tissue-specific isoforms, rather than via a predetermined template. This means that GAG structural information cannot be inferred by
characterising a coding sequence as is possible with protein. In addition, GAG
biosynthesis generates a high degree of heterogeneity and polydispersity. The complexity
in HS structures comes from variations in chain number and length, number and spatial
orientations of sulphate groups and the proportions of GlcA and IdoA. Therefore, the
structure is difficult to characterise in comparison to amino acids which vary based on
distinct functional groups. Their high negative charge and labile sulphate groups also
complicate structural analysis110,111. In addition, polysaccharides absorb light at 200 nm
which is in the same region as many solvents and compounds112. This prevents them from
having a characteristic UV spectrum which would aid in their identification.

27

2.1.3 Methods for GAG structural characterisation
There are a number of methods employed to analyse GAG structures. High performance
liquid chromatography (HPLC)110,113,114, ultraperformance liquid chromatography
(UPLC)111 and capillary electrophoresis115 have been used to separate oligosaccharides
and disaccharides which can then be detected based on UV, fluorescence or radiolabel.
These can be used as a stand-alone technique or coupled with mass spectrometry110 and
nuclear magnetic resonance (NMR)116 for more in-depth analysis. Metabolic
radiolabelling using 3H glucosamine and 35SO4 can also be used to give very useful insights
into both the chain length and sequence117. GAG-protein interactions can be probed by
techniques such as surface plasmon resonance (SPR)91 and flow cytometry118. HPLC and
flow cytometry will be used in this project to characterise HS and so will be discussed
further.

2.1.4 GAG compositional analysis by depolymerisation and HPLC separation
It is challenging to characterise the intact GAG chain; therefore, the majority of
techniques involve their breakdown into oligosaccharide or disaccharide units prior to
separation by HPLC. There are two common HPLC methods utilised for GAG
characterisation: strong anion exchange HPLC (SAX-HPLC)113,114,119 and reversed phase
HPLC (RP-HPLC)111,120. Comparisons between the two can be seen in Figure 7.

As mentioned, saccharides do not have a characteristic UV absorption. Therefore, a
common technique to liberate disaccharide units involves enzymatic digestion with
bacterial lyases. The resulting products contain a C4-C5 double bond in the non-reducing
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Figure 7 Comparing reversed phase HPLC (RP-HPLC) and strong anion exchange HPLC (SAX-HPLC) for analysis of GAG
disaccharides. A. RP-HPLC method using AMAC-derivatised disaccharides as an example. 1A. Derivatised disaccharides are
applied to a hydrophobic stationary phase (e.g. carbon-18 column) via a polar mobile phase which is typically a combination of
water with an organic solvent such as methanol or acetonitrile. 2A. The hydrophobic AMAC component (green circle) will cause
derivatised disaccharide to adsorb onto the hydrophobic stationary phase, slowing its progression through the column. A gradient
of increasing organic solvent is applied to elute the disaccharides. 3A. Disaccharides with the lowest hydrophobicity (i.e. highly
sulphated shown by yellow circles) will adsorb less readily and so will be eluted first in the lower organic solvent concentrations.
These will be detected by UV and fluorescence detectors (FLD) B. SAX-HPLC method using underivatised disaccharides as an
example. 1B. Disaccharides will move onto a positively charged stationary phase (e.g. ProPac WCX-10 columns) via the applied
mobile phase which contains a strong anion exchanger (e.g. sodium chloride). 2B. Disaccharides will adsorb onto the column,
slowing progression through the column. A gradient of increasing anion concentration is applied, eluting the disaccharides in
order of their charge. Disaccharides with the lowest level of charge (i.e. unsulphated) will elute first. 3B. They will then be
identified by UV-Vis detection.
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terminal hexuronate residue, this has a UV absorption at 232 nm which can be used for
detection. These disaccharides can then be separated and analysed using SAX-HPLC.
Enzymatic digestion has the added advantage of providing selectivity over which
particular GAG is broken down and thus analysed. It is important to note however, that
the introduction of the double bond prevents residues containing IdoA and GlcA from
being distinguished120.

The low sensitivity of UV-based detection can be an issue when analysing GAGs from
biological samples which have limited amounts of GAG. In addition, other non-GAG
components in the sample will also absorb at this wavelength. The free reducing groups
in the digested products provide the opportunity to derivatise them with fluorescent
tags. Fluorophores such as BODIPY FL hydrazide have been used to label these
disaccharides, greatly improving detection specificity and sensitivity119. Derivatisation can
also be carried out using 2-aminoacridone (AMAC) which is a hydrophobic fluorescent
molecule. Derivatisation with AMAC increases the hydrophobicity of the disaccharides,
allowing for separation by RP-HPLC111,114,121. This offers advantages as reversed phase is
a common form of HPLC and so is more readily available. This is the method which will
be used in this project.

2.1.4.1 RP-HPLC compositional analysis using AMAC derivatised disaccharides
Originally described by Deakin et al. 2008114, AMAC derivatisation can be carried out by
reductive amination of the carbonyl group present on the disaccharide unit as shown in
Figure 8. Derivatisation does not require clean-up prior to analysis because the unlabelled

AMAC is retained more readily in the column, allowing adequate separation from the
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Figure 8 Reaction scheme for the derivatisation of disaccharides with 2-aminoacridone (AMAC). Digestion of GAGs with bacterial lyases
allows for the breakdown of a GAG chain into its repeating disaccharide units. In addition, treatment with these particular enzymes generates
a C4-C5 double bond into the non-reducing terminal hexuronate residue of the disaccharide. The carbonyl group will readily react with the
amino group present in AMAC to form a Schiff base. This can be further reduced using a reducing agent such as sodium cyanoborohydride to
form a stable secondary amine. The resulting derivatised disaccharide is fluorescent with an excitation and emission wavelengths at 425 nm and
520 nm respectively. HS has been used here as an example.
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disaccharides. It also allows for the positive identification of UA-GlcNAc/UA-GalNAc
which can be misinterpreted in UV-based detection114. As little as 10 ng of HS can yield
interpretable spectra in comparison to the 10 µg limit of UV-based detection. While not
as sensitive as BODIPY derivatisation, this is still a vast improvement. AMAC does contain
an impurity which elutes within the region seen for disaccharides. This impurity can be
very prominent in samples with low levels of GAG and therefore requires pre-purification.
This is routinely carried out by hydrophobic interaction chromatography114.

2.1.4.2 Overview of AMAC derivatisation and RP-HPLC identification method
An overview of the method used in this project can be seen in Figure 9. The first step
involves the selective breakdown of non-GAG components in the biological sample which
includes lipids, proteins and DNA. GAGs are then purified using anion exchange
chromatography which works following the same principle as SAX-HPLC (Figure 7). This
involves a low salt wash to remove hyaluronan (HA). This is important as HA will also be
digested by cABC to yield UA-GlcNAc disaccharides which will interfere with CS/DS
analysis114. Once the sulphated GAGs are purified, a clean-up step is required to remove
the high levels of salts from the sample which can interfere with downstream analysis.
This is carried out using size exclusion chromatography (SEC). Separation is based on
smaller molecules taking longer to traverse through the column due to the extended path
they must take through the packing material. Larger molecules have a more restrictive
and shorter path, so will elute faster. The GAG of interest will then be selectively digested
with bacterial lyases, derivatised with AMAC, followed by separation using RP-HPLC and
detection based on fluorescence. Each disaccharide is identified by comparison with
known disaccharide standards which are run alongside the samples. Labelling efficiencies
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(LE) need to be applied to account for the different disaccharide structures influencing
derivatisation efficiency. LE are calculated based on the ratio of peak areas from the
fluorescence spectra (i.e. amount of labelled disaccharide) to the UV spectra (i.e. total
disaccharide) for each disaccharide standard114.

2.1.5 Probing for HS protein binding epitopes using HS antibodies
HPLC-based compositional analysis provides valuable information on the proportions of
different HS disaccharides. This can give an indication of the variation in HS structure
between samples. However, information on the patterning of these disaccharides along
a given HS chain is limited with this technique. This is important as the sulphation pattern
will strongly influence the binding capabilities of a given HS chain, which determines
overall function. Antibodies are capable of recognising protein binding epitopes, allowing
this sulphation pattern to be further investigated.

2.1.5.1 Mouse hybridoma HS antibodies
HS antibodies are difficult to raise due to the non-immunogenic nature of GAGs122. There
are a few HS antibodies produced from mouse hybridomas which are commercially
available. These include 10E4 which has an epitope comprising of GlcNS and GlcNAc
sequences (O-sulphation has little impact on reactivity)123, and JM403 which is specific
for GlcNH3+ residues124. 10E4 is a common epitope and so can be used to give information
into the general distribution of HS throughout a system. 3G10 recognises a ‘neo-epitope’
or ‘HS stub’ which includes an unsaturated uronic acid produced after digestion with

33

1. Lyse and
Pronase digest

2. Purification of GAG
using chromatography

UA
-G
lcN
Ac

UA
-G
lcN
Ac
6S

UA
-G
lcN
S
lcN
S

4. AMAC label

*

UA
2S
-G

lcN
S6
S

lcN
S6
S

UA
-G

UA
2S
-G

Fluorescence Units (FU)

3. Digestion using
bacterial lyases

5. RP-HPLC
analysis

Retention Time (mins)

Figure 9 Overview of the AMAC derivatisation and RP-HPLC identification. 1. Protein, lipid and DNA components from the
biological sample are broken down using detergents and enzymatic digestion to yield sample with intact GAGs. 2. These are then
purified using anion exchange and size exclusion chromatography. 3. GAG of interest is selectively digested into disaccharide units
using bacterial lyases. 4. These can then be derivatised with 2-aminoacridone (AMAC). 5. These can then be separated and detected
by RP-HPLC. Identification of each disaccharide is carried out by comparisons with known disaccharide standards.* indicates peak
corresponding to AMAC impurity.
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bacterial heparinases122,123. Unlike other HS antibodies which can potentially bind
multiple times along a single HS chain, 3G10 will only bind once per chain. This means
that 3G10 can be used to investigate the number of HS chains present. It can also be used
in combination with antibodies like 10E4 to investigate chain length, based on the
proportion of 10E4 to 3G10 epitopes.

2.1.5.2 Phage display HS antibodies
Phage display technology allows antibodies to be raised towards self-antigens,
overcoming the issues associated with the low immunogenic property of GAGs. Using this
technology, Toin van Kuppevelt’s group have developed a number of HS single chain
variable fragment (scFv) antibodies with different epitopes125. ScFv antibodies are fusion
proteins consisting of heavy and light chains connected through a short peptide linker.
Their small size is useful for binding hidden epitopes126. These scFv antibodies are often
Vesicular Stomatitis Virus Glycoprotein (VSV-G) tagged which means their detection relies
on either a tertiary or secondary system. While this increases the number of steps
required for staining, it greatly amplifies the fluorescence signal122. The tertiary detection
system (scFv, anti-VSV-G tag antibody and detection antibody) is commonly used for flow
cytometry for this reason and will be used in this project.

As with many HS protein ligands, the scFv HS antibodies do not appear to have a
straightforward reactivity. They are suspected to have multiple high and low affinity
epitopes. The high affinity epitope is likely to give stronger fluorescence due to the
extended off rates. This means that increased fluorescence may not necessarily
correspond to an increased number of epitopes but rather an increase in the high affinity
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epitope over the lower affinity epitope118. Careful titrations are required to optimise the
number of antibodies per cell to encourage binding of the high affinity epitopes122.

A summary of the suggested epitopes for the scFv antibodies used in this current project
can be found in Table 2. HS4C3 is suggested to have a low affinity epitope which consists
of an octasaccharide sequence containing NS, 2OS and/or 6OS. The presence of 3OS
produces the high affinity epitope127. AO4B08 is thought to target an octasaccharide
sequence containing three consecutive 6OS and one internal 2OS. This epitope will likely
correspond to NS domains present in HS128. NS4F5 has been shown to recognise an
epitope consisting of three IdoA2S-GlcNS6S disaccharides. This epitope is common in
heparin but restricted in HS129. RB4Ea12 is thought to recognise 6OS-containing
GlcNAc/GlcNS residues. The 6OS is of high importance to this epitope and in regions
where 6OS is high, the presence of 2O sulphation may be tolerated130. The LKIV69 epitope
is reported to contain stretches of NS, IdoA and 2OS. The presence of 6OS is likely to
inhibit antibody binding131. HS4E4 is a complex epitope which is suggested to contain
NAc, NS, IdoA and GlcA. It appears to bind to low sulphated domains due to the
importance of GlcNAc. However, it also has weak binding to sequences with no Osulphation, suggesting that low levels of O-sulphation is preferred to high levels. Its
epitope also requires the presence of IdoA128. Finally, EV3C3 binds to an epitope
containing NS, IdoA and 2OS, the presence of 6OS will inhibit antibody binding89.

These antibodies have been used to map the distribution of different HS structures
throughout tissues124, and to study the roles of specific epitopes in promoting
differentiation and proliferation in various cell types118,132,133. Importantly for this project,
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they have also been used to study the effects of disrupting HS synthesis on the final HS
structure134,135.
Table 2 Suggested epitopes of scFv HS antibodies
scFv antibody

Reactivity

Inhibitory sequences

HS4C3#

NS, 6S, 3S (2S minor importance)

AO4B08#

NS, IdoA, 2S, 6S high

HS4E4#

NAc, NS, IdoA

NS4F5#

NS, IdoA, 2S (high), 6S (high)

RB4Ea12#

NS, NAc, 6S

LKIV69#

NS, IdoA, 2S

6S inhibits

NS, IdoA, 2S

6S may inhibit

EV3C3t

6S 2S inhibits

Abbreviations: NS (GlcNS), 6S (6-O-sulphated glucosamine), 3S
(3-O-sulphated glucosamine) and 2S (2-O-sulphated uronic
acid). #T. Wijnhoven et al. 2008, tH. Christianson et al. 2012.

2.1.6 Principle of flow cytometry
Fluorescence-activated cell sorting (FACS) can characterise and sort fluorescently stained
cells based on their scattering and fluorescent properties (Figure 10)136–138. The MoFlo
Astrios EQ sorter (Beckman Coulter) will be used throughout this project as it also has
applications for analysing sEVs (see Chapter 4).
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Figure 10 Principle of FACS using MoFlo Astrios EQ sorter. A. Sample is pressurised and
injected into the sheath core flow. B. Sample passes through the nozzle and
hydrodynamically focussed into the centre of the sheath fluid, causing the cells to progress
in single file. C. Cells move through a series of incident lasers at the interrogation point.
For the Astrios, there are six lasers (355, 405, 488, 561, 592, 640 nm), each with their own
spatially separated collection path. D. The forward scattered light will be detected by the
forward scattered (FSC) detectors (for the Astrios, there are two FSC detectors-not shown).
The side scatter and fluorescence will be detected at approximately 90° to the incident light.
The obscuration bar prevents the incident laser light reaching the detector to lower the
background. E. The nozzle vibrates causing the stream to break into individual droplets
which become charged. F. These pass through an electrical field between two charged
plates. G. The sorted drops are then collected into the appropriate receptacle. The Astrios
is capable of sorting up to six populations. Figure adapted from J. Picot et al. 2012 and A.
Morales-kastresana et al. 2019.
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2.2 Materials and methods
2.2.1 Culture media constituents
A summary of all media constituents used throughout the project can be seen in Table 3.
Table 3 Summary of media used throughout project

Media
MSC Culture Media

Composition
DMEM, 4.5 g/L glucose (Life Technologies, 21969-035)
2 mM L-glutamine (Gibco, 25030-024)
1% (v/v) NEAA (Sigma, M7145)
5% (v/v) FBS (Gibco, 10500-064, Lot: 08G7458K)
100 U/mL penicillin/1000 U/mL streptomycin (Lonza,
DE17-602E)

Basal Media

DMEM, 4.5 g/L glucose
2 mM L-glutamine

Culture Media

Basal Media
10% (v/v) FBS (Gibco, 10500064, Lot. 2025814K)

Inner Integra Media

Basal Media
5% (v/v) EV-depleted KSR (Gibco, 10828-028, Lot. 1867715)
100 U/mL penicillin/1000 U/mL streptomycin

Outer Integra Media

Basal Media
5% (v/v) KSR
100 U/mL penicillin/1000 U/mL streptomycin

Transition Media

Basal Media
5% (v/v) FBS
5% (v/v) KSR
100 U/mL penicillin/1000 U/mL streptomycin

Cryopreservation Media

90% (v/v) FBS
10% (v/v) DMSO (Sigma-Aldrich)

Abbreviations: Dulbecco’s Modified Eagle Medium (DMEM), MEM nonessential amino acids (NEAA), foetal bovine serum (FBS), Knockout Serum
Replacement (KSR)
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2.2.2 Culture of MCF-7 cells
Two MCF-7 cell lines were used for this work. Initial studies were carried out with batch
1, which were obtained from ATCC. Batch 2 were used later on in this chapter and all
subsequent chapters, these were from the CRN-60 cell bank, provided by Dr Anna
Grabowska at the University of Nottingham. Both batches were cultured using the same
method. MCF-7s were thawed and seeded into uncoated tissue culture flasks in culture
media (Table 3). Cells were cultured throughout under atmospheres of 5% CO2 with 20%
O2 at 37°C. 24-hours post-thaw, cells were media changed with culture media. At
approximately 80% confluence, cells were harvested using 0.25% trypsin/EDTA (Life
Technologies, 25200056). Cells were either re-seeded for further in vitro culture or
cryopreserved in cryopreservation media. Batch 1 was used between passages 17 to 20
and batch 2 between passages 12-29. Population doubling time (PDT) was calculated
using Equation 1:
"#$ =

#&'(
0 3.32
(log(&) − log(/))

(1)

Where a= end cell count and b= initial cell count

2.2.3 Preparation of MCF-7 samples for GAG isolation and characterisation
MCF-7s were expanded using culture media until 80% confluent, then media changed
with serum-free culture media (basal media) and incubated for 24 hours at 37°C. The
resulting conditioned media was collected and centrifuged at 300 x g for 5 minutes at 4°C
(to pellet whole cells) followed by 2,000 x g for 20 minutes at 4°C (to pellet cell debris).
After each spin the pellet was discarded, and the supernatant collected for the following
centrifugation. The resulting samples were stored at -80°C. The cells were washed with
1X DPBS (Gibco) to remove residual media. When required, conditioned media was
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thawed overnight at 4°C and EVs were isolated by differential ultracentrifugation. This
involved centrifugation at 10,000 x g for 45 minutes at 4°C (to pellet LEVs) using Beckman
Coulter Optima MAX ultracentrifuge (MLA80 fixed angle rotor). The resulting supernatant
was filtered using a 0.22 µm pore syringe filter (SLS) before being centrifuged at
100,000 x g for 2 hours at 4°C (to pellet sEVs) using the same ultracentrifuge. The
supernatant was collected (EV-depleted media) and stored at -80°C and the sEV pellet
was re-suspended in 5 mL 1X DPBS and centrifuged again at 100,000 x g for 2 hours at
4°C (to remove protein contaminants). sEVs were resuspended in 1X DPBS and stored at
-80°C. Two T175 flasks were pooled to give cell and EV-depleted conditioned media
samples. The EV samples were further pooled so that one sample corresponded to four
T175s.

2.2.4 Extraction of GAGs from MCF-7 samples
After being washed in 1X DPBS, cells and EVs were lysed using 1% (v/v) Triton X-100
(Sigma-Aldrich) in 1X DPBS for 2 hours at room temperature on an orbital shaker. All
samples including the conditioned media samples were then digested using 100 µg/mL
pronase (Roche Diagnostics) for 4 hours at 37°C. The MCF-7 cell samples were processed
further due to high levels of DNA which would interfere with downstream processing.
Samples were incubated at 90°C for 15 minutes to deactivate the pronase before
14 µg/mL DNase I (Sigma) was added. 10 mM MgCl2 (Sigma) was added to promote
DNase I activity. These were incubated at 37°C overnight. All preparations were loaded
onto a pre-equilibrated 1 cm diethylaminoethyl (DEAE)-Sephacel anion exchange column
(Sigma-Aldrich) and washed with 50 mL of 0.25 M NaCl (Fisher Chemical), 20 mM
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NaH2PO4.2H2O (Scientific Laboratory Supplies) in MQ water, pH7.0 buffer. Sulphated
GAGs were eluted with 5 mL 1.5 M NaCl 20 mM NaH2PO4.2H2O in MQ water, pH7.0
buffer. GAGs were then de-salted by passage over PD-10 Sephadex G-25M pre-packed
columns (GE Healthcare). Samples were loaded onto pre-equilibrated PD-10 column,
1 mL at a time. After each addition of sample, 2 mL of MQ water was added and run to
waste and then an additional 2 mL of MQ water was added and the eluent collected as
‘de-salted GAG’. In between each addition of sample, the column was washed with 15 mL
MQ water to remove salts. The de-salted GAG was freeze-dried using the Thermo Savant
Modulyo Benchtop Freeze Dryer ready for further processing.

2.2.5 Purification of 2-aminoacridone fluorescent label
Prior to labelling disaccharides, 2-aminoacridone (AMAC) (Sigma-Aldrich) required
purification by hydrophobic interaction chromatography. AMAC was solubilised in 85%
(v/v) DMSO/15% (v/v) acetic acid to give a 10 mg/mL stock and diluted 1:4 in MQ water.
1 mL was loaded onto a pre-equilibrated 2 mL Macro-prep t-butyl column (BioRad).
20 mL of 20% methanol(aq) (Honeywell) was added to elute the impurity, AMAC was then
eluted using 20 mL of 100% methanol. Purified AMAC was freeze-dried and reconstituted
in 85% (v/v) DMSO/15% (v/v) acetic acid to a final concentration of 0.1 M and stored at 20°C.

2.2.6 Preparation and analysis of AMAC-labelled disaccharides by HPLC
To separately identify and characterise HS vs CS/DS composition in each sample, the
freeze-dried sample was divided and digested by appropriate GAG lyases. Samples for HS
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compositional analysis were re-hydrated in 100 µL of 0.1 M sodium acetate and 0.1 mM
calcium acetate before being digested with 0.8 mIU of each bacterial (Flavobacterium
heparinum) heparinase I (EC 4.2.2.7), heparinase II (no EC number assigned) and
heparinase III/heparitinase (EC 4.2.2.8) (Iduron). Heparinase digestions were carried out
over 12 hours at room temperature (0.4 mIU at t=0 then an additional 0.4 mIU at t=4h).
Those for CS/DS compositional analysis were re-hydrated in 100 µL of 50 mM Tris, 50 mM
NaCl, pH 7.9 before being digested with 0.8 mIU of chondroitinase ABC (cABC) (Sigma)
following the same procedure as for heparinase digestion. Digested samples were freezedried and re-suspended in 10 µL of 0.1 M AMAC. This was incubated for 20 minutes at
room temperature in the dark before 10 µL of 1 M NaBH3CN (aq) was added and incubated
for a further 16 hours at room temperature. Samples were diluted with 80 µL MQ water
and analysed by RP-HPLC using a Zorbax Eclipse XDB-C18 RP-HPLC column (35 µM,
2.1 mm x 150 mm) (Agilent Technologies). The flow rate was 200 µL/min and injection
volume was 20 µL for samples and 5 µL for standards. The elution solvents were 20 mM
NH4OAc(aq) (solvent A) and acetonitrile (solvent B). A linear gradient of 95:5 (t0), 95:5 (t5),
80:20 (t30), 0:100 (t35), 95:5 (t55), 95:5 (t65) was used (A:B). Disaccharides were
detected by fluorescence (lex: 425 nm, lem: 520 nm) and identified by comparison with
known disaccharide standards. Peak integration analysis was carried out and a
disaccharide labelling efficiency factor (Section 2.2.7) was applied for relative
quantification as described previously114.

2.2.7 Preparation and analysis of disaccharide standards for HPLC
Seven HS disaccharide standards (Iduron, HD001, 2, 4 to 8) and eight CS/DS disaccharide
standards (Iduron, CD001 to CD008) were used for analysis. For each standard, aliquots
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from the 1 mg/mL stocks were freeze-dried and AMAC labelled. These were diluted in
MQ water to give 50 µg/mL stocks which were stored at -20°C. Standards were
assembled for RP-HPLC analysis by preparing a mix of either HS or CS/DS standards or
running each standard separately. For both cases, samples were made up to give an end
concentration of 5 µg/mL for each standard, which corresponded to 23 ng of each
standard per run. Disaccharide labelling efficiencies (LE) were calculated for all standards
by running each standard separately on the HPLC. The corresponding UV and
fluorescence peak areas for each standard were obtained and LE calculated using
Equation 2. LE were calculated for every batch of AMAC used.
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2.2.8 Nanoparticle tracking analysis of MCF-7 derived sEVs
Frozen stocks of MCF-7 derived sEVs were thawed on ice and diluted in 0.1 µm filtered
MQ water to give a final concentration between 1.0-8.0x106 particles/mL. Nanoparticle
tracking analysis (NTA) was carried out using the Malvern NanoSight LM10 system with
the blue 405 nm laser. Videos were collected and analysed using the NTA-software
(version 3.3). Camera shutter speed was set to 14.45 ms and camera gain to 241. Camera
sensitivity was set to maximum (either 15 or 16) and detection threshold set to 5 or 6.
Ambient temperature ranged from 20 to 28°C. Samples were recorded in the absence of
a controlled flow. Five videos were recorded for every sample, each 60 seconds long at a
frame rate of 30 fps with a five second delay between captures. This generated five
histograms which were then averaged. The area under the curve was calculated using
Prism-8 software 2.1 (Graph Pad, San Diego, CA) to give average particle counts.
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2.2.9 Analysis of surface epitopes on MCF-7 cells by flow cytometry
MCF-7s were expanded until 80% confluent using culture media. Cells were then washed
with 1X DPBS and harvested using Gentle Cell Dissociation Reagent (Stem Cell
Technologies). Cells were centrifuged at 400 x g for 3 minutes and pellets re-suspended
in basal media so cell counts using trypan blue could be carried out. Cells were then
centrifuged at 400 x g for 3 minutes to remove media, washed in 1X DPBS and centrifuged
again. Cells were re-suspended in 0.22 µm filtered (SLS) 1% (v/v) BSA in 1X DPBS (staining
buffer) to give a concentration of 10x106 cells/mL and distributed to give 1x106 cells per
sample. Samples which required enzymatic digestion were made up to 1 mL in staining
buffer and 1 mIU of each heparinase I, II and III or cABC was added. This was incubated
at 37°C for 1 hour before being washed by centrifugation and re-suspended in staining
buffer. Primary or pre-conjugated antibodies were added to samples and incubated at
4°C for 1 hour in the dark. The pre-conjugated antibodies were multiplexed into one
sample. Cells were centrifuged to remove antibody solution and washed in 1X DPBS and
centrifuged again. Secondary and then tertiary antibodies were then added in the same
manner. Once staining was complete, cells were re-suspended in 500 µL staining buffer
and stored at 4°C in the dark until analysed by MoFlo Astrios EQ sorter (Beckman
Coulter). The trigger was set to 488-FSC1 at a detection threshold of 10%. Flow pressure
was set at 25%. A total number of 20,000 events were recorded (in the single cells gate)
for each sample. Post-acquisition analysis and compensation was performed using Kaluza
Analysis Software v2.1.1 (Beckman Coulter). Table 4 provides information of antibodies
used for analysis. Titrations were carried out on the scFv antibodies (1:5, 1:10 and 1:20
dilutions were tested) including the isotype control (MBP49). The secondary and tertiary
antibodies were kept at the same concentration for this. 10E4 (Iduron) defined here as
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traditional 10E4 (10E4-T) was also titrated using the following concentrations: 2.5 µg/mL,
1.25 µg/mL and 0.625 µg/mL. Detection secondary (IgM-PE) was kept at a constant
concentration. Optimum antibody concentrations were calculated either by the
concentration which gave the biggest difference between the MFI values for the epitope
versus the control or determined based on Stain Index (SI) calculated using Equation 3.
>? =

@=? A − @=? B
20>#

Where SI is the stain index, and SD is the standard deviation of the negative control.
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Table 4 Antibody information used for flow cytometry
Description
Pre-conjugated antibodies

Unconjugated antibodies

CD9 anti-human V450, BD Bioscience, 658168

5 µg/mL

CD63 anti-human BV650, Biolegend, 353026

1.25 µg/mL

CD81 anti-human PE/Cy7, Biolegend, 349512

0.062 µg/mL

CD44 anti-human APC/Fire750, Biolegend,
103062

5 µg/mL

CD24 anti-human PerCP, Biolegend, 311114

10 µg/mL

Anti-mouse IgG1 V450, BD Bioscience, 560373

5 µg/mL

Anti- mouse IgG1 BV650, Biolegend, 400164

1.25 µg/mL

Anti-mouse IgG1 PE/Cy7, Biolegend, 400126

0.062 µg/mL

Anti-rat IgG2b APC/Fire750, Biolegend, 400670

5 µg/mL

Anti-mouse IgG2a PerCP, Biolegend, 400250

10 µg/mL

10E4 mouse IgM, Amsbio, 370255

1.25 µg/mL

3G10 mouse IgG2b, Amsbio, 370260

10 µg/mL

JM403 mouse IgM, Amsbio, 370730

2 µg/mL

Syndecan-1 mouse anti-human IgG1, SeroTec,
mca681t

1:10

CS56 mouse IgM, Abcam, ab11570

0.09 µg/mL

Goat anti-mouse IgM PE, Santa Cruz, sc3768

0.25 µg/mL

Goat Anti-Mouse IgG(H+L) AF647, Invitrogen, A21235
Unconjugated scFv

Working
concentration

2 µg/mL

AO4B08-V, Periplasmic fraction

1:20

RB4Ea12-V, Periplasmic fraction

1:20

HS4E4-V, Periplasmic fraction

1:10

NS4F5-V, Periplasmic fraction

1:20

LKIV69-V, Periplasmic fraction

1:10

EV3C3-V, Periplasmic fraction

1:10

HS4C3-V, Periplasmic fraction

1:20

MPB49-V, Periplasmic fraction

1:10 or 1:20

Anti-VSV-G mouse IgG1, Sigma, SAB4200695

1 µg/mL

Goat Anti-Mouse IgG(H+L) AF647, Invitrogen, A21235

2 µg/mL

Concentrations given are the final optimised concentrations. Titrations have been
carried out on 10E4-T and scFv antibodies in this Chapter as well as the pre-conjugated
antibodies in Chapter 4. Dilution factors have been given instead of working
concentrations for cases where the stock concentration is unavailable.
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2.3 Results and discussion
2.3.1 GAG compositional analysis on hBM-MSC samples
As mentioned in Chapter 1, MSCs isolated from human bone marrow aspirates (hBMMSCs) were used initially. The project was initiated by isolating and characterising hBMMSCs, followed by GAG compositional analysis of hBM-MSC cells and conditioned media
(sEV and soluble) samples. The results from this work can be seen in Appendix A-G. The
slow hBM-MSC proliferation rates greatly hindered the project as this made obtaining
adequate amounts of sEVs challenging. Alternative media (StemMACS MSC Expansion
Media) was trialled in an attempt to improve proliferation. While this increased
proliferation rates, GAG compositional analysis of fresh StemMACS identified significant
levels of HS/heparin and CS/DS components which could interfere with analysis. As
detailed in later chapters, a GAG-free media is required for the CRISPR-Cas9 knockout
(KO) cell lines in order to reliably probe subsequent alterations in HS structure. Despite
obtaining conditioned media from three T75s of hBM-MSCs which had been incubated
in this media for three days, the sEV-derived HS was still very low. Overall, this suggests
that large scale cultures of hBM-MSCs would be required to obtain enough sEVs for this
work. This would be further restricted by the limited passage number associated with
these hBM-MSCs and the relatively high cost of StemMACS media.

Alternative MSC sources may provide increased amounts of material without the need
for specialist media. However, the later stages of this project require manipulation of HS
biosynthetic enzymes. Previous work by our research group suggests this may severely
impact on the attachment and viability of MSCs (Cathy Merry, Personal
communication139).
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Therefore, proving the concept of sEV optimisation through targeting HS on an
alternative cell line was prioritised. For this, we moved to MCF-7s. These are a human
breast cancer cell line which were generated in 1970. They were obtained from a pleural
effusion isolated from a patient by H. Soule who was a researcher from the Michigan
Cancer Foundation, hence MCF-7s. It is a very commonly studied breast cancer cell line
as it is one of the few to be oestrogen receptor (ER) positive140. MCF-7s were used in the
studies on the syndecan-syntenin-ALIX mechanism where it was confirmed that a
significant proportion of sEVs were generated by this mechanism55–57,59,60. Since MCF-7s
are a cancer cell line, they are more likely to withstand the planned targeting of HS
biosynthetic enzymes. They are also less restricted by passage and have fast proliferation
rates, which allows for continuous culture to obtain frequent batches of conditioned
media. MCF-7s are routinely cultured in DMEM media supplemented with FBS and Lglutamine which is relatively low cost, and the cells can cope with serum starvation to
obtain conditioned media. In addition, MCF-7s were available in-house with culture
expertise existing within the Stem Cell Glycobiology group.

2.3.2 GAG compositional analysis of MCF-7 samples
2.3.2.1 Nanoparticle tracking analysis of MCF-7 derived sEVs
Before the HS composition of the MCF-7 samples could be assessed, the sEVs isolated
from these cells needed to be characterised. Size distribution analysis by nanoparticle
tracking analysis (NTA) was selected as an initial step. This technique detects particles by
scattered laser light and calculates their size based on Brownian motion141. The resulting
size distribution fits well with the reported size range for sEVs (30-150 nm). As seen in
Figure 11, the major peak was around 100-150 nm with 107.6 nm as the mode particle
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diameter. This suggests that small particles have been enriched in these sEV
preparations. NTA has bias towards large particles due to larger particles producing more
intense light scattering. This can skew the proportions of particles and give inaccurate
concentration readings. However, NTA gives much more accurate size determination of
polydisperse samples like EVs in comparison to other methods, such as dynamic light
scattering141. In addition, NTA is not vesicle specific and so other particles present in the
sample will be recorded (such as lipoproteins). The size of these contaminants overlaps
with EVs and are likely to be the particles below 30 nm142. Combining NTA with
fluorescence can help to distinguish sEVs from other particles. However, this requires
significant optimisation and so is not routinely carried out143. Imaging by electron
microscopy (EM) can also be used for sEV characterisation as this will allow vesicles to be
distinguished from other particles (like protein aggregates and lipoproteins). This will be
covered in Chapter 4.
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Figure 11 Size distribution of sEVs derived from 2D cultured MCF-7s by nanoparticle
tracking. This histogram is averaged data from five recordings. ±SEM has been plotted for
each data point in the histogram as a light purple band. Prism-8 software was used to
calculate the area under the curve to give the working particle concentration. This was then
used to calculate to concentration from the original stock indicated above (±SEM).
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2.3.2.2 HS and CS/DS compositional analysis of MCF-7 samples
HS compositional analysis identified six common HS disaccharides in the MCF-7 samples
(see Appendix I for HPLC spectra) by comparisons with seven disaccharide standards.
UA2S-GlcNAc, was omitted from analysis due to co-elution with an impurity in AMAC.
This was identified by comparing AMAC only controls with mixed HS and CS/DS
disaccharide standards (Appendix H). UA2S-GlcNAc is considered to be a low abundance
disaccharide144, and was not detected in MCF-7s in a previous study145. UA2S-GlcNAc6S
was also not included in the analysis. This too is reported to be a less common
disaccharide146 and was not detected in MCF-7s when analysed by radiolabelling145. It is
also important to note that disaccharides which contain 3OS modifications were not
identified here. While these are rare modifications in HS147, they may also be present in
the samples. These were not included due to the lack of availability of the corresponding
disaccharide standards.

The MCF-7 samples were less sulphated in comparison to the hBM-MSCs (Figure 12 and
Appendix F). Rahmoune et al. reported that GAGs are generally under-sulphated in

malignant cells which further supports this observation145. However, some level of
sulphation on HS is required to promote migration and invasion of cancer cells including
breast cancer148,149. The HS composition determined in this current study is similar to that
reported in literature for MCF-7s cells. One group reported that MCF-7s contain 55%
GlcNAc and 35% GlcNS (here it was recorded as 62% vs 38%)145.

Despite this cell type specific HS composition, the high proportion of UA-GlcNAc was
common among the sEV samples from both MCF-7s and hBM-MSCs. It would be
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interesting to assess the HS chain length from the sEV samples to determine whether the
HS is a product of HPSE digestion. If sEVs did contain mostly short digested HS, this HS is
likely to be un-sulphated as the core protein-proximal regions of HS chains have
previously been demonstrated to be comparatively less sulphated than the rest of the
chain150. Therefore, it could be these short regions of HS being analysed here. While the
high levels of UA-GlcNAc appear to be common among the two sEV types (MCF-7 and
MSC), the degree of sulphation varies, giving some cell type specificity.
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Figure 12 HS compositional analysis of MCF-7 samples using AMAC labelling and RPHPLC identification. A. Comparison of disaccharide composition. # signifies a significant
difference between the percentage contribution of UA-GlcNAc in sEVs compared to all other
samples according to Tukey’s multiple comparisons test. *P=0.0243. Refer to Appendix J for
full statistical analysis. B. Comparison of each modification. Tukey’s multiple comparisons
test saw significant differences between sEV and two other samples. **P=0.0012, *P=0.0492.
Peak integration analysis was carried out to calculate the percentage contribution of each
disaccharide. N numbers correspond to number of biological repeats. Error bars correspond
to ±SEM. Abbreviations:- NAc: N-acetylated glucosamine, NS: N-sulphated glucosamine, 2S:
2-O-sulphate, 6S: 6-O-sulphate, UA: uronic acid (iduronic acid or glucuronic acid), GlcNAc:
2-N-acetylglucosamine, GlcNS: 2-N-sulphoglucosamine. 6S and 2S corresponds to the
addition of a sulphate group to 6-O on the glucosamine and 2-O uronic acid respectively.
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There were slight variations in the HS from the EV-depleted conditioned media (secreted
HS) and cells. Overall, the secreted HS had higher levels of GlcNAc residues. LEVs obtained
from the 10,000 x g spin during sEV isolation were included to determine whether any
differences seen in the sEVs were specific to these EVs. As shown in Figure 12, the LEVs
did not have the high proportion of UA-GlcNAc seen in the sEVs. Instead, their HS
composition was more comparable to the cells and secreted HS. Since the LEV sample is
suspected to be enriched in MVs (which bud directly from the cell membrane), it is not
surprising that their HS composition would be so similar.

The CS/DS composition was also analysed as it may be a useful comparison when
characterising the HS biosynthetic enzyme KO MCF-7s. For example, alterations to HS
may result in compensatory changes in CS/DS. Abbreviations for CS/DS disaccharides can
be found in Table 5. The method gave poor resolution of four CS/DS disaccharides as
shown in Appendix H. Here, the two standards: UA-GalNAc4S6S (D0a10) and UA2SGalNAc6S (D2a6) were just resolvable. However, these two disaccharides were rarely
both present in any given sample which aided analysis. The main issue was found with
UA-GalNAc4S (D0a4) and UA2S-GalNAc (D2a0) which co-eluted to give one large peak.
Since this peak includes UA-GalNAc4S, which is a common disaccharide, it is difficult to
determine whether this large peak consists of a mixture of both disaccharides or just this
common one. Other groups have achieved better resolution using UPLC

111

or

methanol114 instead of acetonitrile in the mobile phase. Switching to methanol would be
the most convenient solution to this poor resolution however, this was not attempted
here as CS/DS is not the main GAG of interest in this project.
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Table 5 Abbreviations for CS/DS disaccharides.
Abbreviation

Corresponding disaccharide

D0a0

ΔUA-GalNAc

D0a6

ΔUA-GalNAc6S

D0a4

ΔUA-GalNAc4S

D2a0

ΔUA2S-GalNAc

D2a6

ΔUA2S-GalNAc6S

D0a10

ΔUA-GalNAc4S6S

D2a4

ΔUA2S-GalNAc4S

D2a10

ΔUA2S-GalNAc4S6S

In general, the cellular and secreted CS/DS had similar compositions, and so did the sEV
and LEVs (Figure 13). This means there was no prominent feature to distinguish sEVs over
the other samples. The most significant differences were seen in UA2S-GalNAc6S (which
was significantly higher in both EV samples), and UA-GalNAc4S/UA2S-GalNAc (which was
significantly higher in cell and secreted samples). It is likely that the large peak
corresponding to UA-GalNAc4S/UA2S-GalNAc is mostly UA-GalNAc4S (CS-A) since this is
a common CS/DS disaccharide. This disaccharide and UA-GalNAc4S6S (CS-E), have been
suggested to have a role in breast cancer metastasis151. This may be why these are
enriched in the cells and secreted CS/DS samples over the EV samples. Overall, the CS/DS
was more highly sulphated than HS in MCF-7s.
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Figure 13 CS/DS compositional analysis of MCF-7 samples using AMAC labelling and
RP-HPLC identification. A. Comparison of CS/DS disaccharides. Tukey’s multiple
comparisons test saw significant differences in the overall CS/DS composition between all
four samples. Refer to Appendix K for full statistical analysis. *P=0.048, ***P=0.0001,
****P<0.0001. B. Comparison of CS/DS modifications. Tukey’s multiple comparisons test
saw significant differences in the overall CS/DS composition between all four samples.
**P=0.0076, ****P<0.0001. N numbers correspond to number of biological repeats.
Error bars correspond to ±SEM. Abbreviations for CS/DS disaccharides can be found in
Table 5.

2.3.3 Probing for HS-protein binding epitopes using flow cytometry
The fluorescent labelling and RP-HPLC identification method can allow for comparisons
in the HS composition between various cell types, samples and conditions. This will be
useful when comparing the subsequent alterations to global cellular HS. However, it does
not provide information on how these disaccharides are arranged to form the protein
binding epitopes within the HS chains. Since the overall aim is to alter HS and determine
the effect this has on sEV cargo selection, tools to study the changes in these protein
binding epitopes is vital.
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2.3.3.1 Optimising HS antibodies for analysing MCF-7 cells by flow cytometry
10E4 staining was optimised using a 2-fold titration (Figure 14A-C). To confirm absence
of non-specific antibody binding, the expression of the 10E4 epitope on the MCF-7 cells
was compared with and without digestion using bacterial heparinases I, II and III (Figure
14D). Expression of the 3G10 neoepitope, produced from heparinase digestion, was

compared with undigested samples as a negative control (Figure 14E). As mentioned in
the introduction, the scFv HS antibodies require careful titration as there is a degree of
promiscuity in their binding partners. Titrations for these antibodies can be seen in
Appendix L.

2.3.3.2 Expression of HS-protein binding epitopes on MCF-7 surfaces
The expression of the scFv HS protein binding epitopes on MCF-7 cells can be seen in
Figure 15. The HS4C3 epitope was the most common. It is thought to be a highly

sulphated epitope containing NS, 2OS, 6OS and 3OS131. This is surprising since RP-HPLC
analysis of MCF-7 cells suggested that cellular HS was highly un-sulphated. The high
affinity HS4C3 epitope is thought to require the rare 3OS modification, disaccharides with
this sulphate group were not able to be investigated using the RP-HPLC method. 3OS
transferase 3A (3-OST3A) has been shown to be more highly expressed in MCF-7s
compared to other breast cancer cell lines152. However, its expression was reduced in
comparison to a normal breast cell line (MCF-10A). In addition, 3-OST2 has been shown
to be repressed in MCF-7s153, since 3OS modifications were demonstrated to have
tumour suppressing activities in this cell line152. Overall, this suggests that there may be
some 3OS modifications present, but in low levels. The lack of 3OS disaccharide standards
for compositional analysis make it difficult to confirm whether HS4C3 expression relates
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Figure 14 10E4 and 3G10 antibody staining for flow cytometric analysis of MCF-7 cells. A. side scatter dot plots used to gate
for single cells. B. Titration of 10E4-T in a 2-fold series using the following concentrations: 2.5 µg/mL, 1.25 µg/mL and 0.625
µg/mL. Secondary antibody (Goat anti-mouse IgM-PE) was also titrated here in a 2-fold series using the following concentrations:
0.5 µg/mL, 0.25 µg/mL and 0.125 µg/mL. C. Histogram of optimal concentration for 10E4-T staining. Concentrations used here
for 10E4-T and the secondary antibody are 1.25 µg/mL and 0.25 µg/mL respectively. D. Histogram of optimal 10E4-T
concentration with and without bacterial heparinase I, II and III treatment prior to antibody staining. E. Histogram of 3G10
staining with and without bacterial heparinase I, II and III treatment prior to antibody staining.
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scFv epitope
MPB49

Figure 15 Optimal staining conditions of scFv HS antibodies. Overlay histograms indicate the optimal staining conditions for the scFv’s
based on the staining index obtained from titration studies. Negative control (grey) corresponds to the MBP49 isotype control which was used
at the same concentration as the optimal concentration for each scFv antibody (blue).
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to the high (+3OS) or low (-3OS) affinity epitope. Given that the AO4B08 epitope, which
is thought to contain 6OS and 2OS in NS domains131,154, was detected with relatively low
expression, it is possible that it is the low affinity HS4C3 epitope being expressed since
3OS is likely to be present in NS domains147.

There was also high expression of the RB4Ea12 and LKIV69 epitopes. These are thought
to recognise regions of HS which contain NS and 6OS (RB4Ea12) and NS, 2OS , but not
6OS (LKIV69)131,154. These correspond well with composition analysis which reported
higher levels of 6OS in comparison to 2OS. The HS4E4 epitope was found in low levels.
HS4E4 is thought to require motifs containing NAc, NS and IdoA. The presence of 2OS
and 6OS is thought to inhibit staining131. This would also correspond with AMAC analysis
as these two modifications are present. MCF-7s did not express the NS4F5 epitope which
has been reported to comprise of a motif containing three IdoA2S-GlcNS6S
disaccharides131,155. This also corresponds well with the compositional analysis due to the
low levels of this tri-sulphated disaccharide.

The expression of the rare JM403 epitope (GlcNH3+)156 and syndecan-1 was also
investigated (Figure 16). There was some, albeit low, expression of the JM403 epitope.
The high syndecan-1 expression is promising since syndecan is a key component in the
syndecan-syntenin-ALIX mechanism. Interestingly, there is a high degree of variation in
syndecan-1 expression within the MCF-7 population. Different sub-populations have
been shown to exist in a single culture of MCF-7s which could give rise to this variation157.
Syndecan-1 has been suggested to modulate cancer stem cell (CSC) phenotype158.
Therefore, the variation in syndecan-1 expression may be reflective of a CSC sub-
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population. The syndecan-syntenin-ALIX pathway may be varied among these subpopulations. Those low in syndecan-1 may utilise alternative sEV biogenesis pathways
leading to different sEV populations. Before this could be claimed however, expression
of syndecan-2, -3 and -4 would also need to be assessed since cells which are low in
syndecan-1 may have higher levels of these. It is interesting that approximately half of
the MCF-7 population are expressing syndecan-1 as this correlates well with the observed
50% reduction in exosome production when the syndecan-syntenin-ALIX mechanism is
disrupted57. While beyond the scope of this project, it would be interesting to
characterise the sEV populations from sorted MCF-7 sub-populations with different
syndecan-1 expression.

A

B

Epitope

Isotype control

Figure 16 Assessment of the expression of other HS related epitopes on MCF-7 cells.
A. Expression of the JM403 epitope compared to secondary only control. B. Expression
of syndecan-1 compared to secondary only control.

2.3.4 Using culture induced variability to demonstrate ability to detect
differences in HS composition
2.3.4.1 Assessing effect of batch variation
The MCF-7s used in the experiments so far (batch 1) were only available at high passages
(P15) and were routinely used until passage 20. This would lead to issues later on when
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generating CRISPR-Cas9 mediated KO in the HS biosynthetic enzymes (Chapter 5).
Transfections are recommended to be carried out on cells at low passage and obtaining
clones will require a number of passages. Overall, this would limit the use of any resulting
clones if using this particular batch of MCF-7s. Because of this, an alternative batch at
lower passage was obtained and will be used for the remaining work in this project (batch
2). MCF-7s from different sources have been shown to have different biological
properties157,159. Given the importance of understanding the wildtype HS composition
prior to the planned manipulations; checks were carried out to determine whether this
new batch had different marker expression and GAG profiles.

2.3.4.2 Effect of batch variation on surface marker expression
The markers used in Chapter 4 to characterise sEVs (CD9, CD63, CD81, CD44, CD24 and
the 10E4 epitope) were varied between the two MCF-7 batches (Appendix M). The
expression of the 10E4 epitope was significantly reduced in batch 2. MCF-7s have been
reported to have lower levels of HS due to reduced chain length in comparison to more
invasive breast cancer cell lines. This was linked with low 10E4 epitope expression160.
Therefore, low 10E4 epitope expression could be considered typical of MCF-7s.

Given the drastic reduction in the 10E4 epitope, compositional analysis of batch 2 was
carried out (Figure 17). As anticipated, batch 2 cells had a significantly higher degree of
sulphated disaccharides. Despite this large increase in sulphation, the sEVs from batch 2
still had high amounts of UA-GlcNAc. This further highlights the presence of a sEV specific
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HS composition. The CS/DS composition was also found to be significantly different
among the cells from the two MCF-7 batches (Appendix N).
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Figure 17 Comparison of HS composition between the two MCF-7 batches using AMAC
labelling and RP-HPLC identification. A. Comparison of HS modifications between cell
samples from the two MCF-7 batches. Sidak’s multiple comparisons test identified significant
differences between the two batches. ****P<0.0001, **P=0.0057, *P=0.0246. N= 8 (Batch
1) and 4 (Batch 2). B. Comparison of HS modification between EV-depleted media samples
from the two MCF-7 batches. Sidak’s multiple comparisons test found no significant
differences between the batches. N= 7 (Batch 1) and 3 (Batch 2). C. Comparison of HS
modification between sEV samples from the two MCF-7 batches. Sidak’s multiple comparisons
test found no significant differences between the batches. N= 2 (Batch 1) and 3 (Batch 2).
Error bars correspond to ±SEM from biological repeats. Abbreviations:- NAc: N-acetylated
glucosamine, NS: N-sulphated glucosamine, 2S: 2-O-sulphate and 6S: 6-O-sulphate.

Similar to 10E4, there were much lower levels of the AO4B08 and RB4Ea12 epitopes in
batch 2 (Figure 18). Comparing the full scFv HS antibody panel would be interesting to
determine whether there is a global reduction in these HS epitopes (which could suggest
shorter or fewer HS chains), or whether another epitope has become more common.
Since the expression is lower in all three epitopes tested, it is likely that this new batch
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has lower levels overall of HS. It would have also been interesting to compare the
amounts of HS to confirm this. Total HS can be assessed by comparing total normalised
fluorescence intensity values from each sample. Normalisation can be based on cell
counts or total protein content. However, it is important to note that this is assuming the
method has identified all possible HS disaccharides. This is unlikely due to the absence of
the UA2S-GlcNAc, UA2S-GlcNAc6S and 3OS containing disaccharides. Another possible
method which can give information into both total HS and chain length involves
metabolically labelling GAGs by 3H glucosamine117. Comparing the expression of the 3G10
epitope would have also aided in this.
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Figure 18 Comparison of HS protein binding epitopes between MCF-7 batches. Error
bars correspond to ±SEM from two biological replicates for Batch 2, only one sample
was used for Batch 1.

2.3.4.3 Assessing culture induced variability in HS among MCF-7 cells
Since the aim of the project is to alter HS structures, it was important to assess the natural
and culture-induced variation within the wildtype cells. This would help determine
whether alterations in HS were due to altered biosynthetic enzyme activity or variations
in culture conditions prior to analysis. Therefore, the effect of duration in culture and
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time prior to analysis after passage was assessed based on the expression of the scFv HSprotein binding epitopes.

Since trypsin treatment has been reported to remove a substantial proportion of
proteoglycans from the surface161, the cells would require time prior to analysis to reestablish their proteoglycans. As Figure 19A and B shows, three days in culture appears
to not be long enough for the cells to re-establish their proteoglycans after removal by
trypsin. This is demonstrated by the presence of a dual population in Figure 19A, where
one population had no expression and the other was positive. However, MCF-7s which
were cultured for four days before analysis, had a single positive population. This suggests
four days is long enough for the HS to be fully re-established at the cell surface. This
corresponds with previous studies where the uptake of 3H glucosamine was monitored
over time and shown to reach maximum incorporation after 96 hours162. Based on these
results, analysis of future conditions will be carried out on cells which have been cultured
for four days prior to flow cytometric analysis.

Given the passage-related alterations reported in HS (both increased and decreased HS
has been observed)163,164, the effect of MCF-7 passage number was assessed. Figure 19B
and C, which compares MCF-7s at passage 16 and 12, suggests that the expression of

these HS epitopes is also be influenced by passage. Passage 12 MCF-7s had similar
proportions of each epitope to that seen in passage 16 (Figure 20). However, the
expression of almost all epitopes was higher in MCF-7s at passage 12. This could suggest
that the amount of HS reduces with increasing passage.
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A

B

C

Figure 19 Comparison of scFv epitopes on MCF-7s (Batch 2) at different passages. A and B. MCF-7s at passage 16. C. MCF-7s at
passage 12. All cultures were obtained from different cryopreserved stocks at passage 9.
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Figure 20 Comparison of Median fluorescent intensity values for each scFv HS antibody
between MCF-7 Batch 2 at different passages. Passage 16 condition corresponds to two
biological replicates, passage 12 corresponds to one.

Overall, this highlights the importance of regulating culture conditions when performing
HS structural analysis. Further work is required to confirm these observations and fully
assess the effects of culture on HS expression. However, this is beyond the scope of this
project. This present data has informed future experiments in order to improve reliability.
Future work will aim to compare cells at similar passage after culturing for four days prior
to analysis. It is important to note that while these effects on culture led to large changes
in expression, the influence of batch variation was more significant.
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2.4 Conclusions
RP-HPLC and flow cytometry are useful tools for analysing HS structure. The RP-HPLC
method was able to detect HS from EV samples however, these samples were from four
T175 cultures. While this was manageable with MCF-7s, this made work with hBM-MSCs
very restrictive leading to the decision to use MCF-7s as a proof of concept. As indicated
in this chapter, this method can be used to probe for differences among cells, EVdepleted conditioned media (soluble) and EVs. Both the HPLC and flow cytometry
methods can also be used to identify differences between different cell batches and
culture conditions.

A useful addition to this analysis would be to quantify the amount of HS detected by
HPLC, since only percentage contribution was presented here. This would require
normalisation of all the samples analysed. Protein content would be the best method
since counts cannot be carried out for soluble HS samples and is inaccurate for EVs.

sEVs have a high proportion of UA-GlcNAc which is conserved among different cell types
and conditions; and was specific to sEVs over LEVs. The level of sulphation in sEVs appears
to give cell type specificity. Profiling HS from sEVs could provide a useful tool for sEV
characterisation since this HS composition appears to be specific to sEVs and gives
context to the producer cell line. However, development of this into a characterisation
technique is beyond the scope of this project.

It would be interesting to determine whether the common HS composition seen in sEVs
was due to the presence of HPSE digested HS. If this was the case, then this would further
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strengthen the use of HS profiling for sEV characterisation, since the HS composition is
linked to the production of endosome derived sEVs. HPSE can be trafficked to the cell
surface where it can then target extracellular HS. This may also include plasma membrane
associated HS which can be incorporated into LEVs. However, given the substantial
increase in surface area and HS present in this extracellular space in comparison to the
endosome, it is reasonable to suggest that sEVs would have a higher proportion of HPSE
digested HS.

Given the advantages of flow cytometry in assessing the HS protein binding epitopes, it
would be useful to also develop methods to analyse EVs by flow cytometry. This will be
covered in Chapter 4.
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Chapter 3- Establishing bioreactors for increased EV yields
3.1 Introduction
3.1.1 Limitations of current approach to obtain sEVs
Limited sEV yields hindered the optimisation of techniques to study sEVs. Changing cell
type to a more robust and highly proliferative cell line (MCF-7s) increased yields.
However, the quantity of sEVs required to optimise techniques to study their GAG
composition could still not be met using the current culture conditions. This is apparent
in Chapter 2 where one sEV sample for investigating the GAG composition was obtained
from four T175 flasks (corresponding to 100 mL of conditioned media). The processing
time for culturing and obtaining conditioned media, in addition to the limited volume
which can be processed for sEV isolation at one time (40 mL), considerably slowed the
analysis of these samples. The low sEV yields also meant that no aliquots could be kept
back for additional analysis and so further cultures were required to characterise these
sEVs.

The method used in Chapter 2 to obtain conditioned media consisted of culturing cells
until 70-80% confluence, before changing to basal media (serum starving) for 24 hours.
Since FBS contains EVs which can contaminate the EV preparations165,166, serum starving
is a common approach to eliminate FBS. Serum starving can cause a number of negative
effects on the cells as it inflicts a high degree of stress. This can be easily observed by the
reduced cell proliferation and viability167–169. This limits the time cells can be incubated
under these conditions, which translates to fewer EVs being secreted before the
conditioned media is collected. It is important to note that MCF-7s were far better suited
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to serum starving compared to the hBM-MSCs as evident by the observed higher viability
and continued (albeit, slow) proliferation. Serum starving can also alter the EVs produced
both in terms of their size distribution, numbers and cargo169,170.

Alternative approaches to obtain conditioned media do exist and can lead to higher EV
yields, such as the use of EV-depleted FBS. EVs are typically removed from FBS by
ultracentrifugation at 100,000 x g for 2-19 hours, followed by filtration using 0.22 µm and
0.1 µm filters166,167,171. This approach allows an extended time for collecting conditioned
media as the cells are maintained in more favourable conditions, overall resulting in a
higher EV yield. While EV-depleted FBS may be a more ideal approach, the presence of
exogenous GAG limits its use in this particular project and would likely still not provide
high enough sEV yields.

Low EV yield is a common issue that would need to be solved in order for EV-based
therapeutics to become a feasible option in the clinic172,173. In order to meet this critical
need, a number of research groups and companies have developed bioreactors to scale
up the culture of cells and therefore sEV yields. These bioreactors have been adapted
from current set-ups to manufacture large amounts of antibodies and vaccines such as
the Fibercell hollow-fibre bioreactor172,174 and Wheaton CELLine Bioreactor.

In this chapter, MCF-7s were set up in CELLine Adhere 1000 bioreactors in order to
overcome the issues associated with low sEV yields. The compatibility of these
bioreactors for culturing MCF-7 with stable knockouts (KO) to HS biosynthetic enzymes
was also assessed.
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3.1.2 Wheaton CELLine bioreactor set-up and use in EV preparations
CELLine bioreactors were first developed for obtaining high yields (50-100 times higher
than standard static cultures) of proteins such as antibodies175 however, they can also be
used for EV production with minimal modifications. Figure 21 details the set-up of
Wheaton CELLine Adhere 1000 flasks. This flask comprises of a large media compartment,
a cell compartment and a gas exchange compartment. The media compartment typically
holds 500-1,000 mL of culture media and is separated from the cell compartment by a
10 KDa semi-permeable cellulose acetate membrane. This membrane allows for the
diffusion of nutrients from the media compartment into the cell compartment, as well as
the removal of waste products produced from the cell compartment. The cell
compartment consists of a woven polyethylene terephthalate matrix to provide a
substrate for cell attachment. The gas exchange compartment allows for the oxygenation
of the cell compartment and removal of CO2, further supporting high cell densities. This
set-up enables large cell numbers to be cultured (maximum cell yield is 400 million) in a
relatively small volume (cell compartment typically holds 15 mL of media). Proteins and
EVs produced by the cells are unable to traverse through the 10 KDa membrane and so
are restricted to the cell compartment. Therefore, high yields of EVs can be obtained
from very little conditioned media. Once the bioreactor has been set up, cultures can be
maintained for up to 12 months with minimal hands-on time176. Maintenance of this
bioreactor includes a weekly media change and collection of conditioned media.

CELLine Adhere 1000 bioreactors were initially used for obtaining sEVs by JP. Mitchell et
al. in 2008176. Here they compared sEV yield and phenotype from mesothelioma cells
cultured in these bioreactors with standard T75 cultures. In order to obtain EVs
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Figure 21 Set-up of the Wheaton Adhere CELLine 1000 bioreactors. Bioreactor consists
of three compartments. A. Media compartment which can store high volumes of media
(typically 500-1,000 mL) to provide nutrients and waste removal. This is accessed through
the blue lid. B. Cell compartment which can be accessed through the port with the green lid.
Cells and EVs are contained within this compartment via the 10 KDa cellulose acetate
membrane while simultaneously allowing for the diffusion of nutrients and waste products.
C. Gas exchange compartment which is separated from the cell compartment via a silicone
membrane to allow oxygenation of the cell compartment and removal of waste CO2. Figure
adapted from Wheaton CELLine Classic Bioreactor product details from Scientific
Laboratory Supplies

preparations free from FBS-derived EV contaminants, they added media containing EVdepleted FBS to the cell chamber but used un-depleted FBS in the media compartment
with the rationale that FBS-derived EVs would be unable to traverse the 10 KDa
membrane into the cell chamber. They reported that culture in CELLine bioreactors led
to a 12-fold increase in sEV yields. They also demonstrated that T75 cultures and the
CELLine bioreactor produced comparable EV populations. They had similar size
distributions and equivalent levels of typical sEV enriched proteins such as TSG101, CD81
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and ICAM-1. They concluded that culturing mesothelioma cells in these bioreactors did
not lead to increased cell stress. They reported no indication of apoptotic bodies and the
EVs had comparable levels of heat shock proteins such as HSP70, HSP90 and HSC70.
Furthermore, the EV yield and phenotype, tracked throughout the 12-month culture
found no significant deviation with time176. A later publication from the same group
reported the successful culture of MCF-7s in these bioreactors under the same
conditions177. Subsequent papers from different research groups have also utilised these
CELLine bioreactors in order to obtain high EV yields167,178.

3.2 Materials and methods
3.2.1 Depletion of EVs from Knockout Serum Replacement
Knockout serum replacement (KSR) was centrifuged at 100,000 x g for 18 hours at 4°C
using a swinging-bucket rotor (SW60 Ti) on an Optima LE-80K preparative ultracentrifuge
(Beckman Coulter). The resulting supernatant was collected, avoiding the lipid layer at
the surface, and gently filtered twice using a 0.22 µm (SLS) and then a 0.1 µm (SLS)
syringe filter. In order to confirm successful depletion of EVs, KSR before and after the
depletion process was analysed by NTA using the Malvern NanoSight LM10 system. The
un-depleted KSR sample was diluted in 0.1 µm filtered MQ water to give a concentration
between 1.0-8.0 x106 particles/mL (determined by NTA). Then the EV-depleted KSR was
diluted by the same dilution factor. Samples were then analysed following the same
protocol detailed in Chapter 2, Section 2.2.8.
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3.2.2 Assessing surface marker expression in optimised culture media
Cryopreserved MCF-7 cultures were thawed as detailed in Chapter 2, Section 2.2.2. MCF7s were divided into two cultures, one in culture media, the second culture was adjusted
to basal media supplemented with 10% (v/v) KSR by culturing cells in basal media
supplemented with 5% FBS (v/v) and 5% (v/v) KSR for one passage first. Cells were then
prepared for analysis by flow cytometry using the protocol outlined in Chapter 2, Section
2.2.9. Pre-conjugated antibodies and 10E4 were used for this analysis.

3.2.3 Assessing the effect of culturing MCF-7s in KSR on HS composition
MCF-7s were cultured and adapted to basal media supplemented with 5% KSR and
100 U/mL penicillin, 1,000 U/mL streptomycin (pen/strep) (Life Technologies) (Outer
Integra media), following the protocol detailed in Section 3.2.4. Once cells were 70%
confluent, cultures were media changed with basal media supplemented 5% EV-depleted
KSR and pen/strep (Inner Integra media). Cells were incubated for 72 hours at 37oC.
Conditioned media was collected after this time and EVs isolated following procedure
detailed in Chapter 2, Section 2.2.3. All samples were prepared and analysed using the
AMAC-labelling and HPLC detection approach detailed in Chapter 2 Sections 2.2.4-2.6.

3.2.4 Culture of MCF-7s in Adhere CELLine Integra Flasks
MCF-7s were thawed at P7 into culture media and then adjusted to culture in Outer
Integra media by culturing cells for one passage in basal media containing 5% (v/v) FBS
with 5% (v/v) KSR, before culturing in Outer Integra media for an additional two passages.
Cells were seeded into CELLine Integra flasks at passage 12. For seeding the bioreactor,
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500 mL of 1X DPBS was added to the outer chamber of the Integra and incubated at 37oC.
The MCF-7s were harvested using 0.25% trypsin and 30x106 cells were re-suspended into
15 mL of Inner Integra media. The 1X DPBS from the outer chamber was removed and
the inner chamber was washed with basal media using a 20 mL syringe with a 1.2 mm x
40 mm blunt fill needle (BD Biosciences). 250 mL of Outer Integra media was added to
the outer chamber and the 15 mL cell suspension was added to the inner chamber using
a 20 mL syringe and blunt fill needle. At this point, any air pockets present in the inner
chamber were removed using the syringe. An additional 250 mL of Outer Integra media
was then added to the outer chamber. The Integra was incubated for one week at 37oC.
The flask was then media changed using the same media once a week for two weeks
before being left for two weeks with no media changes. After this, the Integra was media
changed once a week for 13 weeks. At each media change, the spent media was removed,
and the inner chamber was washed three times using basal media. 250 mL of Outer
Integra media was then added to the outer chamber. Fresh Inner Integra media was
added to the inner chamber and air bubbles removed before an additional 250 mL of
Outer Integra media was added to the outer chamber. The collected conditioned media
was discarded for the initial four weeks but after this was collected and centrifuged at
300 x g for 5 mins. The supernatant was then centrifuged at 2,000 x g for 25 minutes
before being stored at -80oC until ready to isolate EVs by differential ultracentrifugation,
outlined in Chapter 2, Section 2.2.3. Two batches of conditioned media were pooled for
each EV preparation. All isolated EV preparations were re-suspended in 300 µL 1X DPBS
and aliquoted into 10 µL and 30 µL aliquots and stored at -80oC. The cell pellet obtained
from the 300 x g centrifugation step was re-suspended in 1X DPBS and cell counts were
performed using trypan blue as part of quality control.
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3.2.5 Size distribution and quantity of EVs obtained from CELLine integra
EVs isolated from the CELLine bioreactor were thawed on ice before being characterised
by NTA which gave size distribution and particle counts, as detailed in Chapter 2, Section
2.2.8. EVs were also quantified based on total protein content using the microBCA protein

assay kit (Thermo Fisher) following manufacturer’s instructions. BCA assays were carried
out on intact EVs (unlysed). Estimations on EV purity was calculated using Equation 5177.
!"#$%& =

()%*+ -*#%$.+/ .)"0%
()%*+ -#)%/$0 (µg)

(5)

3.2.6 Harvesting MCF-7 from CELLine Integra bioreactor
After 17 weeks of culture, the bioreactor was sacrificed to obtain samples for analysis.
Conditioned Inner Integra media was collected as described in the previous section. The
inner chamber was washed with pre-warmed 1X DPBS. Then pre-warmed gentle
dissociation reagent was added and incubated at 37oC for 15 minutes. The resulting cell
suspension was collected, and the inner chamber washed twice with Outer Integra
media. This was pooled and centrifuged at 400 x g for 3 minutes, re-suspended in Outer
Integra media and cell counts were performed using trypan blue. Remaining cells in the
Integra were harvested using 0.25% trypsin, these were also counted using trypan blue.
A portion of cells harvested using the gentle dissociation reagent were stained and
analysed by flow cytometry following the protocol outlined in Chapter 2, Section 2.2.9.
However, after the staining procedure was complete, the cells were washed with 1X DPBS
and re-suspended in 4% paraformaldehyde (PFA). This was incubated for 20 minutes at
room temperature before being stored at 4oC overnight. Samples were analysed the
following day. HS and CS/DS composition was assessed on another portion
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(approximately 20x106 cells). The cells harvested using trypsin were divided into a
number of samples for future analysis. Cell pellets were produced with 5x106 cells per
pellet and frozen at -80oC until required for DNA isolation. Samples were also prepared
for RNA isolation by lysing 3x106 cells in 350 µL buffer RLT (part of the Qiagen RNeasy
mini kit) before being homogenised with a 1.2 mm x 40 mm blunt fill needle and stored
at -80oC until required. Finally, 10x106 cells were pelleted, washed in ice cold 1X DPBS
and then re-suspended in 1 mL of ice cold Radioimmunoprecipitation assay (RIPA) buffer
with protease inhibitors (Thermo Fisher). This was incubated at 4oC for 30 minutes with
regular agitation using a 21-gauge needle (BD). This was stored at -80oC until required for
western blotting experiments.
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3.3 Results and discussion
3.3.1 Selection of appropriate CELLine culture media
Culture of KO cells in FBS containing media would not be appropriate since FBS contains
exogenous GAG179. Exogenous GAG would not only be indistinguishable from
endogenously produced material; but may also result in the masking of any resulting
phenotype, as the cells may utilise exogenous GAG to compensate for any deficiencies.
This was observed in EXT1-/- mouse embryonic stem cells (ESCs) where the capacity to
differentiate was restored following the addition of exogenous HS/heparin180.
Proteoglycans and free GAGs can be internalised by cells into the endosome. While the
majority of GAG is targeted to the lysosome181,182, a portion may be displayed at the cell
surface (and on EVs). Therefore, this exogenous GAG may interfere with GAG
compositional analysis. Since this wildtype MCF-7 bioreactor will be used as a control for
these KO cells, it was necessary to establish a new culture media devoid of exogenous
GAG. An added complication to this, is that this media should also be free of EVs.

KSR was assessed here as a potential alternative to FBS. KSR is a chemically defined serum
replacement composed of a lipid-rich BSA (AlbuMAX I) and other components including
amino acids, insulin, iron saturated transferrin and various compounds containing trace
element moieties (such as Ag+, Co2+, Mn2, Mo6+, + and Zr4+)183. BSA is derived from bovine
serum and so is likely to contain residual EVs. Since KSR contains AlbuMAX, EV-depleted
KSR would be needed to eliminate any exogenous EVs that may be present. Inclusion of
EV-depleted KSR becomes more feasible when culturing in the CELLine bioreactors due
to the small volumes required. For example, 10% EV-depleted KSR would translate to
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1.5 mL of EV-depleted KSR per bioreactor per week. In comparison, a single T175 flask
would require approximately 5 mL of EV-depleted KSR per week. Multiple T175 flasks
would also be required to obtain the same sEV yield as the CELLine bioreactors.
Successful depletion of EVs was confirmed by NTA (Figure 22). Given that NTA is not
specific to vesicles, complete loss of particle counts would not be expected. However, the
depletion process resulted in approximately 99% reduction in particle counts in both KSR
batches. This is a substantial reduction in comparison to that seen for EV-depleting FBS
which achieved a 70% reduction using a similar protocol184. This may be due to the
increased viscosity and complexity of FBS compared to KSR.
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Figure 22 Conformation of EV depletion of KSR by nanoparticle tracking analysis
(NTA). NTA analysis before and after EV depletion from two batches of KSR. A. Batch one.
B. Batch two. Histograms corresponds to five sixty second recordings on the NanoSight.
The dark lines represent the average and lighter bands represent ±SEM. C. The particle
concentrations for each sample, calculated based on the area under each curve.

Reducing the percentage of serum is recommended to reduce the proliferation of the
cells in the bioreactor, to avoid over-confluence at later stages. The addition of antibiotics
is also recommended due to the extended time in culture. Therefore, the addition of
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penicillin and streptomycin (pen/strep) and reduction of KSR to 5% was investigated. EVdepleted KSR was also assessed to determine whether the depletion process had affected
the composition, as EV-depletion of FBS has been reported to negatively affect cell
growth and migration166,171. The effect of these alterations was assessed based on the
viability and specific growth rate of the MCF-7s over a time period of 109 hours. These
experiments can be found in Appendix, Section 3.

Basal media supplemented with 5% KSR and pen/strep was chosen for the outer chamber
of the CELLine bioreactor (Outer Integra media) and basal media supplemented with 5%
EV-depleted KSR and pen/strep was chosen for the inner chamber (Inner Integra media).
While culture using KSR does appear to reduce the growth rate of the MCF-7s (Appendix
Q), this is not necessarily a negative outcome given that the CELLine will be cultured for

long periods of time. 5% KSR was chosen as this would reduce running costs of the
bioreactor, as well as maximise the use of each batch of EV-depleted KSR, reducing the
risk of any batch variation which could affect the EV preparations.

3.3.2 Effect of CELLine culture media on the MCF-7 phenotype
The effect of the new media composition on the expression of epitopes used in Chapter
4 for sEV characterisation was assessed. While Figure 23 corresponds to one sample per

condition, it demonstrates that CD44 is significantly higher in the FBS conditions. This
increase could be due to the increased level of CD44 binding partners in FBS. FBS may
provide exogenous HA or induce increased HA production by the cells185. This can then
act as a binding partner to CD44186. CD44 can also interact with other molecules like
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fibronectin which are present in FBS186. The expression of the 10E4 epitope appears to
be fairly similar between the two conditions.
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Figure 23 Effect of CELLine media composition on cellular epitope expression used for sEV
characterisation. CELLine media (DMEM with 4.5 g/L L-glucose and 1% L-glutamine
supplemented with 5% KSR with 1% pen/strep) was compared with 2D culture media (basal
media was supplemented with 10% FBS). The MFI values correspond to median fluorescence
of the epitope/median fluorescence of the corresponding isotype. Data corresponds to one
sample.

Next, the effect of KSR and FBS on HS composition was compared (Figure 24). There was
no significant difference between the HS composition from the two cell samples. This is
similar to what was seen with the 10E4 epitope. However, the soluble and sEV derived
HS was significantly different between the two conditions. For both samples, culture in
KSR led to increased levels of sulphation. In addition, the high proportion of UA-GlcNAc
seen previously in sEVs became less prominent in KSR containing cultures. The large
difference in soluble HS could be due to contamination of exogenous GAG in the FBS
conditions, as discussed previously. Alternatively, the different conditions provided by
FBS and KSR may have resulted in alterations to the secreted HS. For example, FBS is likely
to provide a more enriched extracellular environment compared to KSR. This may lead to
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the increased and altered secretion of extracellular components including proteoglycans
to compensate for these differences.
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Figure 24 Assessing the effect of media on HS composition. Comparison between A. MCF-7
cells, B. EV-depleted media and C. sEV based on percentage of each modification. %NAc
corresponds to acetylated glucosamine (GlcNAc), %NS corresponds to sulphated glucosamine
(GlcNS), %2S corresponds to 2-O-sulphated uronic acid and %6S corresponds to 6-O-sulphated
GlcNAc/GlcNS. Error bars corresponds to ±SEM from three replicates per condition. Sidak’s
multiple comparisons test was used to identify significant differences between the two culture
conditions. ****P<0.0001, ***P=0.0004, *P=0.02.

Under these new culture conditions, the LEV and sEVs had similar profiles in comparison
to the FBS cultures. This is clearly seen when comparing the percentage modifications
(Figure 25B). The general trend for these samples is that the EV samples have similar
compositions, and the soluble and cellular HS have similar compositions.

3.3.3 Characterisation of EVs from CELLine bioreactor conditioned media
The size distributions of the LEV and sEVs from the CELLine bioreactor were characterised
by NTA (Figure 26). The sEV samples were enriched in smaller particles with the most
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common diameter being 125 nm. In comparison, the LEVs contained a broader size
distribution. The most common diameter for the LEVs was 167 nm.

The purity of these EVs was assessed based on the ratio of particles (NTA) per protein
(BCA assay), as suggested in J. Webber et al. 2013177. Due to the protein and lipoprotein
contamination expected with EV isolation, purity calculations are recommended by ISEV6.
As shown in Figure 26D, the purity of sEVs was estimated here as 1.04x1010 P/µg, which
is considered in J. Webber et al. 2013177 to be of low purity (low purity suggested to be
between 2x109 and 2x1010 P/µg). However, this value is similar to what they reported for
EVs typically isolated from CELLine conditioned media using the same isolation method
used here (differential ultracentrifugation)177. High purity EVs (>3x1010 P/µg) were only
obtainable in this paper by isolating sEVs from CELLine conditioned media using the
sucrose cushion method, discussed in Chapter 1177.

The LEVs had a purity ratio of 1.86x109 P/µg which, according to J. Webber et al. 2013177,
is close to impure (1.5x109 P/µg). It was reported in the same paper that the additional
PBS wash step does not have a significant effect on the purity due to the loss of both
protein and particles after each centrifugation. Therefore, this low purity is unlikely to be
due to the lack of the additional ultracentrifugation with a PBS wash for the LEV
preparations. LEVs may have low purity due to the fact they are the first to be pelleted
after the low speed spins and are before the 0.22 µm filtration step.

There are issues with this ratio as particle counts by NTA is not restricted to vesicles and
so other components will influence this ratio. The proportion of non-vesicular
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Figure 25 HS composition from MCF-7 samples when cultured in Outer Integra media. A. Comparison between the HS
disaccharides present in each sample. Tukey’s multiple comparison test identified significant differences as indicated. B.
Comparison between the HS modifications between each sample. Tukey’s multiple comparison test identified significant
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contaminants will likely vary with the cell source and culture conditions as well as
isolation method.

3.3.4 Quality control of wildtype CELLine bioreactor
3.3.4.1 Profiling MCF-7 growth in CELLine bioreactor
Cell counts were carried out at every weekly media change in order to track the stability
of the bioreactor (Figure 27). The cell counts appear to show common features seen in a
typical growth curve. A slight increase in cell death at weeks four and five may correspond
to the lag phase. The rapid increase in cell number from weeks six to ten, could then
correspond to the growth phase. Then from week 12 onwards, the cell numbers appear
to reach an equilibrium similar to that seen in the stationary phase. The three batches of
EVs isolated from CELLine conditioned media represent the early growth phase period
(weeks 5+6), mid growth phase (weeks 7+8) and mid stationary phase (weeks 13-15).

MCF-7s were harvested from the CELLine bioreactor after 17 weeks in culture. Accurate
cell counts were difficult to carry out due to the substantial number of cells and
aggregates. Aggregation is likely to have been caused by the high cell density inside the
inner chamber of the bioreactor, and the use of gentle dissociation reagent to harvest
the cells. Approximately 60 million cells were obtained from dissociation buffer and 50
million cells from trypsin, with a significant proportion of cells still remaining in the
bioreactor. There is likely to have been many more cells present in these samples given
that the yield from these bioreactors is expected to be approximately 400 million cells.
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Figure 27 Tracking CELLine bioreactor culture by weekly cell counts. Counts were carried
out on the cell pellets obtained after the 300 x g spin of the collected conditioned media.
Trypan blue staining was used to give live: dead counts.

3.3.4.2 Assessing stability of GAG composition throughout CELLine culture
The HS and CS/DS compositions were profiled from conditioned media samples (soluble
and EV) obtained throughout the culture of the CELLine bioreactor. This would help to
determine whether future comparisons between the sEVs from wildtype and KO MCF-7s
needed to be restricted to similar timepoints. Fluctuations in the sEV populations
throughout the CELLine culture would need to be controlled for as it would be difficult to
conclude whether any alterations to the sEVs were due to the HS manipulations or simply
the effect of culture in the CELLine.

The soluble HS composition is different to that seen from 2D cultures. However, the
composition appears to be stable throughout the CELLine bioreactor lifetime (Figure
28A). The HS composition from both the LEVs (Figure 28B) and sEVs (Figure 28C) alters
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throughout the bioreactor lifetime. The LEVs increase in the proportion of %NS (with
slight increases in %2S and %6S) with time, whereas the sEVs have an increased
proportion of %NAc. For both samples, this alteration appears to correspond to the
different growth phases the samples were obtained from (i.e. the switch from growth
phase to stationary phase). The discrepancy between soluble HS and EV-derived HS may
be due to the rate HS is cleared from the ECM compared to the stability of EVs. Studies
have suggested that at 20°C, EVs can degrade within 6 hours187, and complete loss of
activity within one week188. In comparison, GAGs are likely to remain in the ECM for much
longer due to slower turn over. There are also higher levels of soluble HS compared to
EV-derived HS (Figure 29), and a portion of this soluble HS may remain in the bioreactor
after each media change. Overall, this implies that at each weekly media change, there is
a new EV population present whereas the soluble HS may be an average of multiple
weeks.

The amount of each HS disaccharide was estimated based on the total peak area obtained
from compositional analysis. The soluble HS fraction appears to fluctuate with no
apparent trend (Figure 29). However, the LEVs appear to increase in HS as the CELLine
bioreactor ages, whereas the sEV decreases in HS. This decrease is surprising given that
the number of cells increases with time. The change in growth phase may be having an
effect on the EV populations (e.g. altering amount/chain length of HS per EV) or rate of
EV production (HS amount per EV remains constant but there are fewer sEVs).
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Figure 28 Fluctuations in HS composition throughout the lifetime of the wildtype CELLine bioreactor and comparisons
with 2D. A. EV-depleted media. B. LEV. C. sEV. For the 2D samples, error bars correspond to ±SEM from four replicates.
The CELLine samples correspond to one biological sample. The weeks stated corresponds to the batches of conditioned
obtained from the bioreactor throughout the 17-week culture. %NAc corresponds to GlcNAc, %NS corresponds to GlcNS,
%2S corresponds to 2-O-sulphated uronic acid and %6S corresponds to 6-O-sulphated GlcNAc/GlcNS.
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There appears to be less variation in the CS/DS composition throughout the bioreactor
lifetime (Appendix T). Similar to what was seen with the HS composition, the soluble
CS/DS appears to be stable throughout the CELLine culture. There were slight decreases
in the proportions of sulphated CS/DS in the two EV samples.

Other groups have investigated the changes in sEV phenotype when culturing in CELLine
bioreactors176. They reported that, based on proportions of sEV enriched proteins, the
sEVs from 2D and CELLine cultures were comparable and did not fluctuate during the 12month culture in the CELLine. Based on results seen here, only early sEV preparations are
similar to 2D. It would be interesting to investigate further whether the changes in EVderived HS observed here corresponds to variations in sEV enriched proteins.

3.3.4.3 Effect of culture in CELLine bioreactors on MCF-7 phenotype
The cells harvested from the CELLine bioreactor were shown to have altered epitope
expression compared to those from 2D cultures (see Appendix 3, Section 3.1.2).
However, it is difficult to rule out whether the differences in epitope expression are not
due to alterations in the flow staining method. Due to issues with access to the flow
cytometry facility, the samples were fixed in 4% PFA and then analysed the following day.
Typically, flow analysis was carried out on fresh samples, stained on the same day as
analysis. Another reason behind the differences in expression could be due to the issues
with obtaining accurate cell counts from the CELLine bioreactor, as mentioned
previously. This is likely to have resulted in more than a million cells per CELLine sample
which may have reduced the antibody/cell ratio.
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Figure 29 Fluctuations in HS amount throughout the lifetime of the bioreactor. EV-depleted media, LEV and sEV was prepared from conditioned media
which had been obtained from the bioreactor at weeks 5 to 6, weeks 7 to 8 and weeks 13 to 15. Figure has been colour coded so that weeks 5+6 are the
darkest colour through to weeks 13-15 which is the lightest colour. All fluorescent units have been normalised by factoring number of weeks conditioned
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to 6-O on the glucosamine and 2-O uronic acid respectively.
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The HS composition of the cells cultured in the CELLine bioreactors was assessed (Figure
30). The CELLine cultured cells had much lower proportions of UA2S-GlcNS6S however,

there were slight increases in the other sulphated disaccharides. Overall this translated
to similar percentage modification profiles, where the main difference was the slight
reduction in %2S and %6S in the CELLine cells. As mentioned previously, subtle changes
in HS composition may result in significant alterations to the HS-protein binding epitope
expression. However, it is important to acknowledge that the variations in the staining
method for flow cytometry (Appendix V) may have made the variations in scFv HS
epitopes more pronounced than the genuine expression. Without the ability to repeat
this flow experiment on the CELLine samples, it is difficult to conclude on the extent the
HS structure varies between these two culture conditions.
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Figure 30 Effect of culturing MCF-7s in CELLine bioreactors on HS composition.
Wildtype MCF-7s were cultured under normal 2D conditions or in the CELLine
bioreactor using Outer Integra media. A. Percentage contribution of each HS
disaccharide. B. Percentage contribution of each HS modification. Error bars
corresponds to ±SEM from four replicates. Abbreviations:- NAc: N-acetylated
glucosamine, NS: N-sulphated glucosamine, 2S: 2-O-sulphate, 6S: 6-O-sulphate, UA:
uronic acid (iduronic acid or glucuronic acid), GlcNAc: 2-N-acetylglucosamine, GlcNS:
2-N-sulphoglucosamine. 6S and 2S corresponds to the addition of a sulphate group to 6O on the glucosamine and 2-O uronic acid respectively.
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Finally, the HS composition from all the CELLine components was compared (Figure 31A).
The soluble HS and EVs correspond to those obtained from the conditioned media from
weeks 13-15 (shown previously in Figure 29). Overall, the HS composition more closely
resembled those seen from 10% FBS containing cultures. The LEVs were similar to the
soluble and cellular HS samples, and the sEVs were clearly distinguishable from the other
three samples. Of note, the sEV sample contained the high proportion of UA-GlcNAc,
typically seen in FBS cultures in both MSCs and MCF-7s. The main difference was that the
CELLine samples had higher levels of sulphation compared to the FBS containing cultures.
This similarity between the CELLine and FBS containing 2D cultures could be related to
the extracellular environment. It is expected that after 17 weeks in culture, the MCF-7s
would have set up an established matrix. Since FBS provides ECM components in order
to support growth, this could be providing a similar extracellular matrix to that seen in
the CELLine. The KSR composition is more limited and is therefore unable to mimic this
rich extracellular matrix, leading to altered sEV profiles.

The CS/DS profiles were quite different to that seen in the FBS cultures (Figure 31B). In
the CELLine samples, the samples followed a similar trend to the HS. The sEVs were lower
in sulphation compared to the other samples, making it clearly distinguishable. However,
these differences appear to be less prominent than those seen in the HS profiles.
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Figure 31 GAG composition of the CELLine bioreactor at weeks 13 to 17. A. HS composition. %NAc corresponds
to GlcNAc, %NS corresponds to GlcNS, %2S corresponds to 2-O-sulphated uronic acid and % 6S corresponds to
6-O-sulphated GlcNAc/GlcNS. B. CS/DS composition. %4S and %6S corresponds to 4-O-sulphation and 6-Osulphation on GalNAc, %2S corresponds to 2-O-sulphation on uronic acid. Cells were harvested from bioreactor
at week 17. All soluble samples (EV-depleted media and EVs) were isolated from conditioned media collected at
weeks 13 to 15. Corresponds to one replicate as wildtype cells were cultured in one CELLine bioreactor only.
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3.4 Conclusions
In this chapter, wildtype MCF-7s have been successfully cultured in CELLine bioreactors
to obtain significantly higher EV yields. This will greatly aid in the progression of this
project. In addition, a new media composition has been established which is GAG and EV
free. This is vital to this project which aims to characterise these features from MCF-7s
with disrupted HS biosynthetic enzymes.

Recording cell numbers at each media change provided a useful insight into the cell
growth under these conditions. It was found that MCF-7s followed a typical growth curve
characterised by a lag phase, growth phase and stationary phase. Through profiling the
samples obtained at various points of this growth curve, it was found that the EV samples
from the suspected growth phase had different HS profiles to those obtained from the
suspected stationary phase. This demonstrated that, in order for accurate comparisons
to be made between MCF-7s with disrupted HS, samples must be compared at similar
timepoints.

The variable nature of EVs also highlights the importance of standardising culture
conditions, not only in research, but also in a clinical setting. It is possible that EVs with
altered HS profiles represent different EV sub-populations with different cargo and
functional activities. Previous studies have reported that the phenotype does not change
when cultured in CELLine bioreactors. It would therefore be interesting to investigate
whether the changes in HS reported here correspond with alterations to typical sEV
enriched proteins such as CD63, CD81 and CD9.
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The media composition can have a large effect on the HS composition; as evident by the
large changes in soluble and EV-derived HS when culturing MCF-7s in FBS or KSR media.
Culturing MCF-7s in the CELLine also resulted in alterations to HS composition. It was
observed here that samples collected towards the end of CELLine culture more closely
resembled those seen from FBS-based 2D cultures, potentially due to similarities in the
ECM. If the HS composition can be manipulated by simply modifying culture conditions,
this may be an alternative method to optimise sEVs. However, this may be more
restrictive and less controlled than the planned method of performing targeted
disruptions to HS biosynthesis.
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Chapter 4- Development of bead-free flow cytometry for single
sEV characterisation

4.1 Introduction
4.1.1 Methods to characterise sEV sub-populations
As highlighted in previous chapters, sEV samples are likely to contain a heterogenous
population of EVs and other components such as lipoproteins and protein
aggregates138,189. It is believed that there are a number of sEV biogenesis mechanisms,
each producing a different sub-population of EVs. Different cell types may utilise different
relative proportions of these mechanisms to produce a range of EV sub-populations.
These sub-populations could have different cargo compositions and thus different
functional activities12,13,190.

The majority of techniques available to study EV cargo such as western blot, proteomics
and bead-based flow cytometry, will give whole-population data only. This means that
information regarding the heterogeneity of the EV sample is limited. This is an issue if a
particular sub-population is of interest, as its characteristics may be masked by the other
populations. It has been reported that the syndecan-syntenin-ALIX mechanism is
responsible for producing around 50% of the total EV population in MCF-7s13. However,
given the high degree of MCF-7 batch variation, this may not be the case for the MCF-7s
used in this project. Even if there is a significant sEV sub-population produced by this
mechanism, the remaining sub-populations may still obscure any changes in this
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population of interest. Therefore, single sEV analysis would be required to determine
whether any alterations to this sub-population has occurred.

Nanoparticle tracking analysis (NTA) used throughout this project, can provide accurate
sizing information in a heterogenous population but has issues as mentioned in Chapter
2. Other methods include electron microscopy (EM) which can give structural information

on individual EVs. EM can also be combined with gold conjugated antibodies to give an
accurate confirmation of the epitope expression on individual EVs. However, the time
and reagent consuming nature of EM limits its use for high throughput analysis. The
ability to interrogate large numbers of EVs in a given sample would be required for
situations where a sub-population is of particular interest191,192.

Bead-based flow cytometry relies on EVs binding to capture beads coated with antibodies
specific for the epitope of interest. Fluorescently conjugated detection antibodies
targeting common EV epitopes (typically CD9, CD63 or CD81) can then be added to bind
and thus detect the EV-bead complex. The resulting sandwich complex has a much larger
size and fluorescence intensity than a single EV, this enables detection using conventional
flow cytometers189. However, this method relies on EVs expressing at least two epitopes,
one recognised by the capture beads and another recognised by the detection
antibodies. A significant downside of this method for the specific application suggested
here, is that it is unable to give information into the heterogeneity of the EV population.

Bead-free flow cytometry is becoming increasingly popular for EV characterisation. This
technique allows for single EVs to be detected, allowing for EV sub-populations
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expressing different proportions of epitopes to be distinguished. This would be an ideal
technique to probe for any alterations to the sEVs caused by engineered changes in HS.
This technique could allow for high throughput and statistically relevant analysis of
individual EVs. This method could also provide information on the sizing and number of
EVs, and the expression of multiple epitopes in any given sample138. More recently,
groups have developed methods to not only characterise sEVs by bead-free flow
cytometry, but to also utilise the sorting capabilities of some instruments to isolate
specific sub-populations based on surface epitope expression and fluorescent dyes12,137.
This would be useful in this project to isolate sEV sub-populations which have been
altered due to the disrupted HS synthesis. These isolated populations could then be
analysed further based on their function and cargo. As mentioned, both of these features
could be masked if analysed by bulk analysis. The use of bead-free flow cytometry for sEV
characterisation will be discussed further in the following section.

4.1.2 Bead-free flow cytometry characterisation of sEV sub-populations
4.1.2.1 Challenges of single sEV characterisation
Analysis of individual sEVs by flow cytometry is challenging due to their small size and low
refractive index193,194. sEVs are smaller than the wavelength of incident light used in flow
cytometry (typically λ= 405 or 488 nm). This means they have a low intensity of scattered
light which is typically used to detect particles in flow cytometry193,195,196. In addition,
their low refractive index causes them to scatter less than similar sized particles with
higher refractive indices, such as polystyrene beads138. Conventional flow cytometers are
designed for analysing larger particles like cells which are much easier to detect. This
means that most flow cytometers have a detection limit of diameters around 300-500 nm
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due to low sensitivity scatter detectors and high background197. Overall, this results in
sEVs being indistinguishable from the background on most conventional flow cytometers
when detecting individual sEVs based on their scatter (scatter triggering).

In addition to these issues, sEVs have a small surface area which means that the copy
number of any given epitope is lower than that seen on cells197,198. For example, a highly
abundant epitope with a copy number of around 100,000 per cell would correspond to
less than 30 copies on a typical EV198. Furthermore, steric hindrance between antibodies
may further reduce the number of antibodies binding per EV198. Overall, this would mean
that only a few antibodies would bind a single EV which may be below the detection
threshold of the flow cytometer.

As mentioned in Chapter 2, a key step in flow cytometry is the hydrodynamic focussing
of the particles into the centre of the sheath fluid in order to promote single file
progression through the interrogation point. For conventional flow cytometers, the
focussed cylindrical volume is around 200 µm3 to accommodate cells138. However, this is
a very large volume relative to sEVs, and so sEVs have an increased likelihood of
coincidence. This is where multiple particles reach the interrogation point at the same
time, causing the scatter and fluorescence to correspond to the sum of these particles12.
sEVs are particularly susceptible to swarm, which is where large numbers of coincidence
events take place. This results in permanent scatter and fluorescence signals, preventing
single events from being recorded12. This will greatly reduce the number of events,
skewing any data on particle concentration and will overestimate the size and
fluorescence of EVs. In cases where multiplexing of antibodies is used, swarm will skew
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the information on the co-expression of these markers. For example, a coincidence event
comprising of a group of sEVs with only a single antibody bound on each EV would appear
as a single EV co-expressing all antibodies detected. Low EV concentrations are
recommended to reduce the level of coincidence events.

4.1.2.2 Optimising flow cytometers for single sEV characterisation
Conventional flow cytometers are not designed for detecting and analysing sEVs. Forward
scatter-based triggering is typically used for cells as they scatter mostly in the forward
direction196. Due to this high level of forward scatter, conventional flow cytometers do
not require highly sensitive forward scatter detectors (they typically use photodiodes
instead of photomultiplier tubes (PMTs))197. This means that sEVs which scatter small
amounts of light in the forward direction will likely fall below the detection limit. Since
sEVs are smaller than the wavelength of incident light, they will mainly produce side
scatter. Therefore, triggering based on side scatter is preferential for sEV work196.
However, even with this modification, sEVs may still fall below the detection limit of most
flow cytometers. A number of groups have aimed to overcome this by triggering based
on fluorescence12,120,195,197,199–201. Typically, EVs have been stained with generic dyes due
to the issues mentioned earlier with epitope copy number and lack of a single marker
which can identify all sEVs. Low sheath pressures are also used for sEV analysis to reduce
risk of swarm and increase the duration of each particle at the interrogation point to
increase the amount of light detection197.

A number of groups have modified pre-existing or custom-built flow cytometers to
characterise single EVs. Custom-built flow cytometers typically have high powered lasers
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and highly sensitive detectors, smaller interrogation points and core stream
diameters120,191,202. One group have successfully identified EVs down to 40 nm using this
method191. Another group have taken the approach of modifying the commercially
available BD Influx flow cytometer to enable characterisation and, more recently, sorting
of EVs12,197,199,201. Using this modified flow cytometer, they were able to detect EVs down
to 100 nm in size as well as sort sub-populations which were CD63 or CD9 positive in large
enough amounts to perform western blot analysis to confirm successful sorting12.

This project will take a different approach by using the commercially available MoFlo
Astrios EQ Sorter to characterise and sort sEV sub-populations. This is a high sensitivity
jet-in-air sorter, capable of detecting and sorting sub-micron particles. The Astrios has six
(355, 405, 488, 561, 592 and 640 nm) high powered lasers (200 mW compared to the
20 mW lasers in typical flow cytometers like the BDFACS Canto). It also has high sensitivity
PMT detectors for scatter (including forward scatter) and fluorescent light. The inclusion
of 40 nm filters in the sheath fluid and 10 nm air filters reduces the level of background
noise from the fluidics. The main source of background is from the optics where the
diffuse side scatter from the plane of diffraction is not blocked by the obscuration bar.
There are also dual PMT forward scatter detectors which can be fitted with seven possible
masks, providing different collection angles to the forward scatter detector136,137,198. The
MoFlo Astrios EQ sorter is capable of detecting polystyrene beads and Au/Ag particles
down to 40 nm in diameter. It has been used previously to analyse single EVs, and has
been recently used to sort two EV populations based on generic staining137.
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4.1.3 Experimental design for the characterisation of sEV sub-populations
In order to fully optimise and confirm successful sorting of these sub-populations, the
proposed work flow-through shown in Figure 32, will be developed in this chapter. The
proposed method has been compared to the traditional methods mentioned earlier. The
proposed method involves sorting sub-populations based on their epitope expression.
The successful sorting of sEVs will then be confirmed by correlative light electron
microscopy (CLEM). This will involve preparing the sorted populations onto EM grids
which will be imaged by fluorescence microscopy. This will determine whether sorting
has enabled preparation of distinct sub-populations with the expected epitope
expression. Then, in order to assess the ability to detect and sort single EVs over other
particles, the same grid will be imaged by EM. EM is recommended for sEV
characterisation as it allows for more accurate calculations of sEV size, as well as the
ability to visualise high resolution structures (such as lipid bilayers). This allows EVs to be
distinguished from other contaminant particles which would usually be included in other
sizing analysis such as NTA6,192. While CLEM has been used to study EV uptake in more
detail203,204, this would be the first case where CLEM would be used to confirm successful
sorting of EVs by FACS. Flow cytometry is not able to give as accurate size measurements,
especially when basing size on calibration beads with different refractive indices.
Therefore, EM was considered a valuable analysis to be carried out on the sorted
populations. Once CLEM has been used to validate this approach, we envisage that FACSbased sorting could be utilised to isolate the sub-population of interest which can then
be further investigated based on its composition (such as western blot/PCR) and
functional activity.
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Sample containing a number of EV subpopulations with different cargo profiles
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Figure 32 Proposed method for the analysis of EV sub-populations to assess the effect of disrupting cellular HS on sEV
production. Traditional methods for investigating EV cargo are only capable of analysing the EV population as a whole, loosing
information on the heterogeneity between the EV sub-populations present in the sample. Nanoparticle tracking analysis (NTA) and
electron microscopy (EM) are useful for investigations into the size distribution of EVs within the sample however analysis into EV
cargo using these techniques can be cumbersome. The proposed method involves using a commercially available fluorescenceactivated cell sorting (Beckman Coulter Astrios) to analyse and sort EV sub-populations based on expression of epitopes. Successful
sorting of sub-populations can then be demonstrated by spotting the sorted populations on an EM grid and imaged using a dedicated
fluorescence microscope. This same grid can imaged by EM to confirm the presence and size of vesicle-like particles.
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4.1.3.1 Detection set-up of sEVs on Astrios
Both scatter and fluorescence-based triggering have advantages and disadvantages. For
example, scatter based triggering may have a bias towards larger EVs due to smaller EVs
falling below the detection limit. Fluorescence-triggering may also not allow for the
detection of the full population due to the lack of common EV markers. Generic stains
have been used to overcome this issue however, these may still not allow for the
detection of the full population. Fluorescent triggering may also introduce bias towards
larger EVs as these would contain higher fluorescent intensities making them more
readily detectable. Both trigger methods have been used in published work on the
Astrios137,205 however, here detection will be based on side scatter triggering.

4.1.3.2 Antibody panel for sEV characterisation on the Astrios
The Astrios has six laser sources which can each be coupled to six detectors. This allows
for 32 colour parameters to be recorded per sample. In addition, the six lasers have their
own spatially separated collection paths which reduces the compensation required when
performing multiparametric analysis136. We decided to take advantage of these features
to probe sEVs using an antibody panel containing six different antibody-fluorochrome
conjugates and one generic stain (Figure 33). We propose that the generic stain will help
to select for the full sEV population against the background which can then be probed
further by antibodies. The use of multiple antibodies was designed to enable the
identification of a genuine sEV population as well as aid in identifying sub-populations. In
addition, the ability to probe for six markers in one sample would be particularly useful
here since (at least initially) the sEVs were in limited supply and the number of samples
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were limited to six per run (maximum number of ultracentrifuge tubes which could be
centrifuged at one time).

CD44, CD24

Calcein AM

(MCF-7 markers)

(General EV population)

Biotinylated 10E4

CD9, CD63, CD81

(heparan sulphate)

(sEV enriched proteins)

Figure 33 Staining procedure for the analysis of EVs by flow cytometry. Calcein AM was
chosen as the generic stain. This is an internal stain which become fluorescent upon hydrolysis
by esterases. A combination of pre-conjugated antibodies targeting epitopes found on the MCF7 cells (CD44 and CD24) and enriched in sEVs (CD9, CD63 and CD81) were included as part
of analysis of the sEVs. A biotinylated version of 10E4 also included here to reduce non-specific
binding when multiplexed with the additional pre-conjugated antibodies.

Selection of generic stain
A number of stains have been studied for the detection of sEVs. One of the most popular
dye sets studied are the PKH fluorescent dyes, such as PKH67 and PKH26. These are
lipophilic dyes which stain the EV membrane, thus allowing for preferential staining of
vesicular particles. However, they can form aggregates or micelles which can be detected
by flow cytometry192,205. Stains which require activation to become fluorescent hold more
promise. These stains include carboxyfluorescein succinimidyl ester (CFSE) and calcein
AM which are non-fluorescent until hydrolysed195. Calcein AM was selected as it has been
reported to preferentially stain intact EV populations due to its mechanism of
activation206. Calcein AM is membrane permeable in its non-fluorescent state but, upon
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hydrolysis in live cells by cytosolic esterases, becomes fluorescent and membraneimpermeable206. It was hypothesised that the staining procedure would likely require
multiple ultracentrifugation steps to wash unbound antibodies, which has been reported
to damage EVs. By incorporating calcein AM, we intend to eliminate artefacts associated
with lysed EVs.

Selection of epitopes for characterisation
CD9, CD63 and CD81 were included as they have been shown to be enriched in the
100,000 x g (sEV) pellet and show differential expression within sEV sub-populations13,190.
CD24 and CD44 were also included as they have been reported to be present in both
MCF-7s and their sEVs207,208. These five antibodies are direct fluorochrome conjugates
to allow for easy multiplexing and staining procedures. Bright fluorochromes were
selected to improve chances of detecting epitope expression if copy numbers are limited.

The final epitope chosen for this analysis was the HS antibody: 10E4. It was reasoned that
alterations to cellular HS would likely result in alterations to the HS present on the sEVs
and this could be monitored. 10E4 was selected over the other HS antibodies because it
binds to a common N-sulphated epitope within the HS chain122,123 and a biotinylated
version was made available to us by the manufacturer (Amsbio). Biotin-streptavidin
based systems hold a number of advantages over those relying on a secondary
fluorescently labelled detection antibody. Fluorescence signals can be amplified using
biotin-streptavidin based systems by loading multiple biotin molecules per antibody. In
addition, the high affinity and specificity between biotin and streptavidin prevents crossreactivity from the secondary reagent, allowing multiplexing209.
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4.2 Methods
4.2.1 Preparation of EVs for bead-free flow cytometric analysis
48 mL of conditioned media from 2D MCF-7 cultures was thawed overnight at 4°C. The
following day, LEVs and sEVs were isolated by differential ultracentrifugation following
the protocol detailed in Chapter 2, Section 2.2.3. Once pelleted, the EV samples were resuspended in staining buffer and divided out to the corresponding samples required for
analysis. EVs isolated from CELLine Integra flasks were also tested, these were: sEVs and
LEVs

from wildtype MCF-7s (weeks 7+8 or 13-15 batches), and sEVs isolated from a

prostate cancer cell line: Du145 which were provided by Dr Jason Webber at Cardiff
University. MCF-7 EVs were isolated by differential ultracentrifugation following the
protocol detailed in Chapter 3, Section 2.2.6. Du145 derived EVs had been isolated at
Cardiff University as previously described by Webber et al (2013)177. When required for
flow analysis, EV aliquots were thawed on ice.

4.2.2 Optimised method for analysing sEVs by bead-free flow cytometry
MCF-7 derived EVs (CELLine cultures) were diluted by serial dilutions in staining buffer to
1x109 fold to give 7x10-8 µg sEV per sample and 3x10-8 µg of LEV per sample. Du145
derived sEVs were used at a 1x1010 fold dilution, corresponding to 1.78 x10-8 µg sEV
protein. A 50 µg aliquot of calcein AM (ThermoFisher) was reconstituted in DMSO to give
a 2 mM stock which was stored up to one month at -20°C. This was diluted in staining
buffer and added to sEV samples to give a final concentration of 15 µM. These were
incubated at 37°C for 12 hours. The following day, biotinylated 10E4 (10E4-B) and
biotinylated isotype (IgM-B) were added to the corresponding samples to give a final
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concentration of 10 µg/mL. This was incubated for one hour in the dark at 4°C.
3.75 ng/mL streptavidin-PE was added, followed by the pre-conjugated antibodies at the
following concentrations: CD9 V450: 5.0 µg/mL, CD63 BV650: 5.0 µg/mL, CD81 PE/Cy7:
10 µg/mL, CD44 APC/Fire750: 10 µg/mL, and CD24 PerCP: 20 µg/mL. This was incubated
for one hour in the dark at 4°C. 1X DPBS (0.22 µm filtered) was added to each sample and
then centrifuged at 100,000 x g for two hours at 4°C using the Beckman Coulter Optima
MAX ultracentrifuge (MLA80 fixed angle rotor). The supernatant was discarded, and the
pellet re-suspended in 300 µL staining buffer. The samples were then analysed on the
MoFlo Astrios EQ sorter (Beckman Coulter). The trigger was set to 405-SSC at a detection
threshold of 0.09%. Data acquisition was carried out at 0.3 differential pressure (typically
flow pressure set at 10% for this). A total number of 100,000 calcein AM positive events
were recorded. Post-acquisition analysis and compensation was performed using Kaluza
Analysis Software v2.1.1 (Beckman Coulter). Size calibrations were carried out using Nano
Fluorescent Size Standard Kit, yellow, flow cytometry grade polystyrene beads
(Spherotech) which includes the following bead sizes: 0.22 µm, 0.45 µm, 0.88 µm and
1.34 µm. Typical samples consisted of: calcein AM only control; calcein AM with 10E4-B,
streptavidin-PE and pre-conjugated antibodies; and calcein AM with IgM-B, streptavidinPE and pre-conjugated isotype controls.

4.2.3 Titration of alternative biotinylated 10E4 preparations
Five new batches of biotinylated 10E4 antibodies: AMS7/1 to AMS7/5 (Amsbio) were
compared against unbiotinylated or ‘traditional’ 10E4 (10E4-T) and 10E4-B by flow
cytometry on MCF-7 cells, following the protocol in Chapter 2, Section 2.2.9. All
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antibodies were used at a working concentration of 5 µg/mL. The secondary antibodies:
IgM-PE was used at 0.25 µg/mL and streptavidin-PE at 3.75 ng/mL.

4.2.4 Set-up of controls for sEV flow cytometry
MCF-7 derived sEVs were prepared for calcein AM staining as detailed in Section 4.2.2.
EV-depleted media and staining buffer were also included in this experiment. For the
lysed sEV sample, the first 10-fold dilution was carried out in 1% Triton X-100. This was
sonicated for 1 minute before the sample was diluted to the optimised working dilution
using staining buffer. All samples were then calcein AM stained following the protocol
outlined in Section 4.2.2. The unbound calcein AM was washed from the lysed and intact
MCF-7 samples using Exosome Spin Columns (MW 3000) (Invitrogen) according to the
manufacturer’s instructions. Briefly, the columns were re-hydrated in 650 µL 1X DPBS
and incubated at room temperature for 15 minutes. The columns were centrifuged in an
elution tube at 750 x g for 2 minutes. The elution tube was replaced and 100 µL of sample
was added to the top of the column. This was centrifuged again for 750 x g for 2 minutes
to elute the sample. The intact MCF-7 sEVs were then diluted in a 2-fold dilution series
using staining buffer. All samples were then analysed following protocol from Section
4.2.3. One-minute acquisition was carried out for the 2-fold samples.

4.2.5 TEM imaging of MCF-7 derived sEV
MCF-7 sEVs were isolated by differential ultracentrifugation and the resulting pellet after
second 100,000 x g spin, was resuspended in dH2O. This was spotted onto glow
discharged holey carbon mesh copper grids (Quantifoil R2/1) and incubated at room
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temperature for 4 mins 45 seconds before 5 µL 2% (v/v) uranyl acetate was added. This
was left to incubate at room temperature for a further 90 seconds before the excess
liquid was removed using blotting paper. Grids were then imaged using the JEOL 2100+
TEM at a voltage of 100 kV. The sEV diameters from these TEM images were calculated
using ImageJ (version 1.50i) (NIH).

4.2.6 Fluorescence imaging of calcein AM stained sEVs
Initial analysis by fluorescence microscopy was carried out on undiluted MCF-7 sEVs from
the week 13-15 batch. These were stained with 15 µM calcein AM (in 1X DPBS) at 37°C
for 12 hours and then spotted onto graphene oxide EM grids. These were incubated for
5 minutes at room temperature before excess liquid was removed with blotting paper.
This was then imaged using a NikonE400 fluorescent microscope with filters for DAPI,
FITC, Texas Red and C5. Images were taken under ambient conditions. Images were
processed using ImageJ (version 1.50i) (NIH).
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4.3 Results and discussion
4.3.1 Set up of antibodies for flow cytometry on sEVs
Titrations were carried out on the MCF-7s cells, since the method for analysing sEVs was
not established at this point (Appendix Y-Z). As mentioned, multiplexing 10E4 with
additional antibodies is not straightforward, due to non-specific binding of the secondary
detection antibody reagent. Therefore, a biotinylated version of 10E4 (10E4-B) was
investigated here. 10E4-B was found to have lower sensitivity than the traditional 10E4
(10E4-T) (optimal concentration for 10E4-B and 10E4-T was 5 µg/mL and 2.5 µg/mL
respectively). This reduction in sensitivity could be due to limited numbers of biotin per
IgM antibody. Sensitive antibody detection systems are ideal for characterising single
sEVs, due to the expected low copy number of epitopes per sEV. Therefore, this reduction
in sensitivity observed with 10E4-B may cause issues later on when characterising and
sorting sEVs.

An experiment was carried out to assess whether multiplexing with 10E4-B is still
advantageous, despite the apparent loss of sensitivity. This experiment can be found in
Appendix, Section 4. This experiment demonstrated that 10E4-T is unable to be used in

the simplified manner applied with 10E4-B (Appendix AA). After addition of 10E4-B,
Streptavidin-PE could be added directly with the pre-conjugated antibodies, whereas the
IgM-PE secondary for 10E4-T needed to be added separately, followed by a blocking step
before the pre-conjugated antibodies could be added. While the 10E4-T staining
procedure is not an issue for staining cells, it is expected that there would be issues when
staining sEVs. For example, multiple wash steps would be required, each wash would
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correspond to a two-hour ultracentrifugation at 100,000 x g. This repeated washing is
time consuming and is expected to cause sample loss, aggregation and lysis. In addition,
blocking with mouse serum would cause issues with the sEV work due to the presence of
exogenous EVs in serum. Overall, the increased ease of use when multiplexing 10E4-B
with other antibodies, makes this a more appealing choice in this particular setting.

4.3.2 Sizing calibrations using rainbow beads
Calibrations using rainbow sizing beads were carried out prior to every run on the Astrios.
These were used to identify the general region where an EV population (both LEV and
sEV) would likely be. This region has been highlighted in Figure 34 as ‘<200 nm’.
Approximating sEV size by comparisons with polystyrene beads is not very accurate due
to the differences in refractive index. Particles with different refractive indices will scatter
light to different extents, meaning that an EV with the same scatter as a 100 nm diameter
polystyrene bead will not be of the same size. Scatter models can be used to calculate
the equivalent diameter of sEVs. However, this requires information into the refractive
index of the particular EV population, which is not easily determined. Alternative
reference standards based on liposomes or EV mimetics with closer refractive indices are
being developed to overcome this issue194,202. It is important to note that here these
beads are not being used to give approximations to EV size, but rather, aiding in gating
for an EV population. The issues with sizing beads have been acknowledged here, which
is why the proposed technique will involve sorting of sEVs, followed by size
characterisation using EM.
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Figure 34 Sizing calibrations using rainbow beads. Bead populations detected by the
Astrios have been highlighted as well as the region (<200 nm) where EVs are expected
to be found.

4.3.3 Gating procedure for identification of EV populations
The same gating procedure was applied to all EV experiments, this can be seen in Figure
35A and C. The first gate selects for single particles using the side scatter dot plots. These

single particles are then gated based on positive calcein AM and then by size (based on
the <200 nm gate set up with the sizing beads (Figure 34)). The expression of the markers
is assessed on this final population. Calcein AM was added to both the epitopes and the
isotype controls so that the same gating procedure could be applied to both samples.
Unlike flow cytometry on cells, unstained sEVs were not suitable controls for the set-up
of each flow experiment. This was because the calcein AM stain is required to
discriminate the EV population from the background noise. Therefore, EVs stained only
with calcein AM was used as an equivalent to unstained controls.
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4.3.4 Optimising protocol to analyse sEV by bead-free flow cytometry
A number of challenges were met during the establishment of this flow cytometry-based
method. A summary of these challenges along with the steps taken to overcome them
can be found in Table 6. The overview of the steps taken to optimise the staining protocol
for this work can be found in Figure 36.

4.3.4.1 Optimisation of calcein AM staining
Calcein AM staining was unsuccessful initially. The first attempt involved incubating sEVs
in 10 µM calcein AM for 20 minutes at 37°C, as detailed in W. Gray et al206. Increasing
both the concentration and incubation time was required for optimal calcein AM staining.
W. Gray et al206 analysed EVs isolated from a 16,000 x g pellet and so were much larger
than the sEVs analysed here. Larger EVs have a larger capacity for cargo compared to
sEVs, and so may have higher levels of esterases; which are required for calcein AM
hydrolysis. This would mean that shorter incubation times would be required to generate
the fluorescent calcein AM form in these larger EVs. There was a concern that extending
the incubation time would lead to EV lysis since published literature had shown that
increased incubations with CFSE led to improved staining but decreased EV
concentrations205. Despite these concerns, the calcein AM was still visibly fluorescent the
following day which translated to positive staining when analysed by flow cytometry.
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D

E

Figure 35 Flow analysis of MCF-7 derived small EVs cultured under 2D conditions with optimised calcein AM staining.
A. Gating procedure used to identify sEV population stained with antibodies for various epitopes. Left to right: single particles
were gated based on scatter, single particles were then further gated based on positive calcein AM staining and then by size
by another scatter plot to give ‘sEV population’. B. Marker expression of this sEV population. C. Same gating procedure was
applied to sEVs stained with isotype controls. Samples probed with isotype control antibodies were calcein AM stained in
order to identify population. D. Assessing background staining by isotype controls. Quadrant gates applied to B and D are
based on staining from the isotype controls (D). E. Gating procedure applied to calcein AM stained EV-depleted media.
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Table 6 Summary of challenges met with optimising staining protocol for single sEV analysis by flow cytometry.
Issue

Solution

Outcome

1. No Calcein AM staining

a. Increase concentration and incubation time

a. Improved calcein AM staining, no apparent issues with EV
lysis despite increased incubation time.

2. Not enough sample

a. Concentrate conditioned media 2.5x using Amicon
3Kda concentrators.
b. Obtain EVs from MCF-7s (+ Du145) cultured in
CELLine bioreactors.

a. Time consuming and costly with no significant improvements
in sample size.
b. Large increase in sample size.

3. Insufficient staining of
EVs obtained in 2b

a. Serial dilutions of sEVs.
b. Antibodies used at concentrations recommended
by manufacturer (instead of concentrations
determined by titrations on cells).
c. Reduce number of multiplexed antibodies to
determine whether competition binding is occurring.

a, b. Combination of increased antibody concentration and sEV
dilution greatly increased staining to give distinct populations.

4. Invasive and time
consuming EV washing by
UC

a. Use commercial Exosome Wash Columns to
remove unbound dye/antibody.

a. Exosome wash columns were superior to UC for removing
unbound calcein AM. However, method removes surface bound
antibodies, abolishing positive populations.
b. Dilution only gave a high degree of background staining.

5. Lack of staining when
10E4 included into
staining protocol

a. Aliquot may be lysed by repeated freeze-thaw or
not a homogenous suspension- trial new aliquot.
b. Inclusion of streptavidin-PE into mastermix may be
causing aggregation- attempt without streptavidin PE
and adding each antibody separately.
c. UC settings may be wrong (such as
deacceleration)- isolate sEVs from conditioned media
to confirm.
d. Repeated UC may cause aggregation, preventing
antibody binding- attempt single UC wash with 10E4.

a, b. Did not yield improvements to staining.

6. Low 10E4-B sensitivity
may prevent adequate
sorting based on 10E4

a. Trial new 10E4-B variants to determine whether
sensitivity can be increased.

a. AMS7/1,2 and 3 gave improved sensitivity compared to the
original 10E4-B however, did not as sensitive compared to
10E4-T.
b. Gave a brighter signal however also a higher background
staining causing 10E4 staining to drop below background.

7. Staining protocol may
not be compatible with
other HS antibodies

a. Test RB4Ea12 scFv HS antibody on sEVs (with
CD81)

b. Dilute sample after staining (no wash).

b. Trial brighter detection reagent (CPN550).

Abbreviations: Ultracentrifugation (UC)
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c. Staining sEVs with only CD9 and CD63 did not lead to
increased staining, suggesting no issues with competitive
binding.

c. Successful isolation confirmed UC settings not the issue.
d. Second UC wash confirmed to be the issue with staining
protocol.

a. ScFv HS antibodies are not compatible with current staining
method as EVs were negative for both CD81 and RB4Ea12.

Antibody
titrations on
MCF-7 cells

Optimise
calcein AM
staining on sEV
Exosome Wash
Columns

Abolishes
staining

Dilution after
staining

High
background

Staining is
time
consuming

Analysis
of sEV

Not enough
sample

Concentrate
media

Culture in
CELLine
bioreactors

Staining not
optimised for
new conditions

Titration of
antibodies and
EVs

Successful
analysis of
EVs

Use of
10E4 in
analysis

Pellet loss
during staining

One wash
during staining

Remove 10E4

Figure 36 Workflow for optimising flow cytometry protocol for the analysis of EVs. Blue boxes represent actions, Purple
represents issues and grey circles represents outcomes. Pellet loss during staining refers to the issues where the red pellet is
easily washed off when removing the 1X PBS supernatant after the second ultracentrifugation. Removal of 10E4 corresponds
to staining EVs with pre-conjugated antibodies only but keeping the two ultracentrifugation wash steps.
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4.3.4.2 Overcoming issues with low amounts of sEVs
The initial experiments using sEVs isolated from 2D culture, suffered from low levels of
sEVs. This is apparent in Figure 35 where the majority of the population is negative for
these markers. Amicon 3 KDa concentrators were trailed as a method to obtain
concentrated conditioned media. However, this was found to be time consuming and
costly with no significant increase in population size.

As discussed, bioreactors are commonly used to obtain increased EV yields. Therefore, in
collaboration with Dr J. Webber, the use of CELLine bioreactors for harvesting sEVs was
explored. As part of the collaboration, sEVs isolated from Du145 prostate cancer cells in
CELLine bioreactors at Cardiff University were provided to continue with this work while
bioreactors in Nottingham were set-up (Chapter 3). The CELLine bioreactors provided
substantial amounts of sEVs, overcoming this issue.

4.3.4.3 Optimisation of antibody staining with CELLine derived sEVs
Despite the CELLine providing adequate amounts of sEVs, there was still low expression
of all five epitopes (CD9, CD63, CD81, CD44 and CD24). It was anticipated that further
optimisation could yield more obvious populations. Given the speed each run took
(approximately 15 seconds), these sEV preparations were likely to be highly
concentrated. We anticipated that a run time close to that seen for cells (approximately
2 minutes) would be optimal for sEV samples. Therefore, it was hypothesised that there
may be too many sEVs per antibody to give optimal staining. A series of 10-fold sEV
dilutions were tested and the most dilute (1x1010- fold dilution) was selected. It was also
suspected that the titrated antibody concentrations were not suitable here given that the
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sEV samples have a higher surface area to be stained (due to the large numbers of EVs
per sample) compared to cells. Therefore, the antibodies at the original concentrations
recommended by the manufacturers were tested (0-fold in Appendix W). As shown in
Figure 37, the combination of sEV dilution and increased antibody concentrations led to

an improvement in staining (especially CD81).

A

B

Figure 37 Comparison of titrated and untitrated antibodies for staining Du145
derived sEVs. A. Antibodies used at concentrations determined from previous titrations
on MCF-7 cells. B. Antibodies used at concentrations recommended by manufacturer.
All samples were gated using the same strategy as previous runs. Quadrant gating is
based on corresponding isotype controls for each concentration. Du145 sEVs used at
1x1010-fold dilution, corresponding to 1.78 x10-8 µg sEV protein.

It was hypothesised that there may be competition binding between the antibodies due
to the limited epitope copy number and sEV surface area. This may explain the
dominance of CD81 staining over other epitopes. In order to test this, the MFI values
from CD9 and CD63 were compared when they were added on their own or with CD81,
CD44 and CD24. When CD9 and CD63 were run alone, CD9 expression was higher but not
CD63. This suggests that competition binding may not be an issue here (Appendix BB).

120

4.3.4.4 Assessing alternative methods for washing sEVs during staining
The repeated ultracentrifugation wash steps required when using 10E4-B may lead to
sample loss. In addition, the staining protocol is quite lengthy when using 10E4-B and
would be extended further if the flow method progressed to using the scFv HS antibodies.
Because of this, two alternative wash methods were tested (Table 6). Exosome Spin
Columns (MW 3000) are size exclusion columns (SEC) which remove small molecules
below 3 KDa. SEC has been used in published work for sEV characterisation by bead-free
flow cytometry. SEC was found to be superior to ultracentrifugation for removing
unbound proteins and maintaining EV integrity196,205. Experiments (Appendix, Section 4)
suggested that these columns were suitable for removing large molecules such as
antibodies (Appendix CC). However, when included in the staining protocol, the sEVs
were calcein AM positive but negative for all five epitopes. Comparisons with sEVs
washed by ultracentrifugation, suggested that Exosome Spin Columns remove surface
bound antibodies. The Exosome Spin Columns do appear to be superior in purifying sEVs,
as evident by the enrichment of a calcein AM positive population within the anticipated
<200 nm gate. These would therefore be useful to wash sEVs when not co-staining with
antibodies (Appendix DD). The second approach tested involved simply diluting the sEVs
in staining buffer after addition of the final antibodies. However, this gave a high degree
of background staining. It was therefore decided to continue washing sEVs by
ultracentrifugation.

4.3.4.5 Optimising 10E4 staining protocol
Once the staining method was established, 10E4-B was included. This involved two
ultracentrifugation washes, one after 10E4-B and another after streptavidin-PE and the
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pre-conjugated antibodies. However, after the second ultracentrifugation wash, there
was a loosely associated stained aggregate which was easily lost when removing the PBS
supernatant. This caused a visible loss of sample and negative expression for all markers.
A number of attempts were made to overcome this issue (Table 6). However, these did
not resolve this problem. It was then considered that the first wash caused sEVs to
aggregate which would prevent the pre-conjugated antibodies and streptavidin-PE from
accessing individual sEVs. After the second wash, the sEVs would pellet unstained, and
the unbound antibodies may be the ‘stained aggregate’ observed which is easily lost. This
was confirmed as positive staining was observed when sEVs were washed once after the
addition of all antibodies (Figure 38).

While the 10E4 epitope was now detectable, further optimisation may draw out the
positive population further to make sorting 10E4 positive populations easier. Amsbio,
who provided 10E4-B, had recently produced five different 10E4-B variants which had
different loadings of biotin per IgM (AMS7/1 to 5). These were compared with 10E4-T
and 10E4-B on MCF-7 cells to determine whether any of these gave as high sensitivity as
10E4-T. As shown in Figure 39, most variants performed better than 10E4-B, but were
still not as sensitive as 10E4-T. Given the improvement of these compared to 10E4-B, the
variant: AMS7/2 will be used from now on.
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C

Figure 38 Assessing effect of the sEV staining procedure on observed sEV pellet loss. A. Staining of calcein AM labelled MCF-7
derived sEVs with 10E4-B and pre-conjugated epitopes with only one ultracentrifugation wash step after all antibodies had been
added. B. Staining of calcein AM labelled MCF-7 derived sEVs with 10E4-B and pre-conjugated epitopes with dilution in 1% BSA
in PBS after all antibodies had been added. C. Staining of calcein AM labelled MCF-7 derived sEVs with pre-conjugated epitopes
only and one ultracentrifugation wash step. All quadrant gates are based on isotype controls processed by the same staining method.
All samples were run on the Astrios until 200,000 events were recorded in calcein AM gate. MCF-7s sEVs were used at 7x10-8 µg
sEV protein per sample.
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As discussed previously, bright fluorescent molecules would be advantageous for this
work due to the low epitope copy number on sEVs. Fluorescent nanoparticles have been
explored in published literature, such as silver and gold 40 nm nanotags198. Their high
refractive index allows them to be identified by the Astrios on their own and would
therefor allow for single epitope detection. A similar approach was tested here with a
streptavidin conjugated polymer nanoparticle secondary called CPN550. CPN550 is a
100 nm nanoparticle made from a light emitting polymer which gives an intense
fluorescent signal. As shown in Figure 39, the overall 10E4 expression was higher in
conditions with CPN550 secondary. However, the isotype control was equally as high,
causing the population to fall below the quadrant gating set by the isotype. Since this
strong isotype staining is not observed in the streptavidin-PE conditions, it is likely this
increased background staining is due to non-specific binding of the CPN550 secondary.
While not tested, it could be possible that unbound CPN550 is detectable by the Astrios
which may be increasing the background fluorescence. Since they are also 100 nm in
diameter, they are likely to not be removed by ultracentrifugation.

4.3.4.6 Assessing use of alternative HS antibodies for sEV flow analysis
Given the use of the scFv HS antibodies throughout this project, studying their epitope
expression on sEVs would be useful. Therefore, an experiment was carried out to
determine whether sEVs could be stained with RB4Ea12 (with calcein AM and CD81)
using the optimised staining method (Appendix EE). However, both the RB4Ea12 epitope
and CD81 were negative. The lack of CD81 staining was surprising given the high
expression seen in the previous experiments. These antibodies may be forming
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aggregates (due to them being all IgG anti-mouse antibodies) in solution, resulting in little
to no expression of these epitopes.

A
Median Fluorescence Intensity
(MFI)
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B-10E4
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AMS7/2
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AMS7/4
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Figure 39 Further optimisation of 10E4 staining of sEVs. A. Comparison of new biotinylated
10E4 variants with 10E4-T and current biotinylated 10E4 (B-10E4). All antibodies were tested
at a working concentration of 5 µg/mL, with 1x106 cells per sample. IgM-PE was used at 0.25
µg/mL and streptavidin-PE at 3.75 ng/mL. Comparison of detection reagents for 10E4-B. B.
Streptavidin-PE and C. conjugated polymer nanoparticles (CPN) 550.

Overall, further optimisation is required before scFv antibodies can be used in this
particular setting. As mentioned, sucrose-based ultracentrifugation may allow for
repeated washes. However, this will significantly extend preparation times. In addition,
new detection reagents for the scFv HS antibodies may be required. A tertiary detection
system is often used for these scFv antibodies during flow cytometry. However, like 10E4,
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increased ease of staining may be more beneficial than increased sensitivity. Therefore,
secondary detection systems based on a fluorochrome conjugated VSV-G tags may be
more appropriate here. As mentioned, blocking in serum may also be required which
introduces challenges due to the presence of EVs in serum. This may be overcome by EVdepleting serum using a similar method to that used for depleting EVs from FBS and KSR.
However, for the purposes of this project, work will continue with 10E4 rather than carry
out further optimisation with the scFv HS antibodies.

4.3.4.7 Confirmation of single sEV analysis by flow cytometry
In order to confirm successful detection of single sEVs, various controls were assessed.
MCF-7 derived sEVs, which had been stained with calcein AM, were compared with sEVs
which had been lysed before being stained with calcein AM. Staining buffer with and
without calcein AM was also included. The single particle gates for each of these can be
seen in Figure 40. There is a significant reduction in the single particle populations,
suggesting successful gating of a single EV population over background. As mentioned in
the introduction, swarming can be an issue with EV-based flow cytometry. In order to
check for swarming events, a 2-fold serial dilution of calcein AM labelled MCF-7 sEVs was
carried out (where 0-fold is the optimised sEV concentration). As shown in Figure 40E,
there is a linear relationship between the sEV counts and EV concentration, suggesting
that data acquisition is not impacted by swarm12.

4.3.5 Use of the bead-free flow cytometry method to characterise sEVs
Once the staining procedure was optimised, MCF-7 and Du145 sEVs were compared
(Figure 41). The sEVs from both cell types had the typical population observed within the
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Figure 40 Controls for single sEV analysis by flow cytometry. Single particle plots of MCF-7 sEVs stained with calcein
AM (A), Lysed and calcein AM stained MCF-7 sEVs (B), calcein AM stained staining buffer (C) and unstained staining
buffer (D). E. 2-fold serial dilution of calcein AM labelled MCF-7 sEVs to assess presence of swarm events.
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Figure 41 Comparing epitope expression on sEVs isolated from two difference cell sources. A. MCF-7 derived sEVs. B. Du145 derived sEVs. Both
conditions involved staining sEVs with calcein AM, 10E4-B, streptavidin-PE and pre-conjugated antibodies before washing once by
ultracentrifugation. Du145 sEVs used at 1.78 x10-8 µg sEV protein per sample and MCF-7s sEVs at 7x10-8 µg sEV protein per sample. Quadrant
gating corresponds to equivalent isotype controls for each sEV source. All samples were run on the Astrios until 200,000 events were recorded in
calcein AM gate. The trigger was based on 405-SSC at a threshold of 0.09%.
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<200 nm region. However, Du145 sEVs appear to be a purer population as there were
fewer events above this <200 nm gate in this sample. This correlates well with the
isolation method used for each sEV, since the MCF-7s are isolated by differential
ultracentrifugation whereas the Du145 sEVs are isolated by sucrose/D2O cushion.
Preparations obtained from this method are typically purer, with less protein
contamination177.

Both sEV samples were highest in CD81, followed by CD24, 10E4, CD63, CD44 and then
finally CD9. The MCF-7 sEVs had slightly higher levels of each epitope. However, this is
based on one sample, so it is uncertain whether this is significant or not. The coexpression of the three exosomal markers (CD81, CD9 and CD63) was found to be very
similar between the two cell types. Figure 42B gives an example of the co-expression. It
has been suggested that different populations will be enriched when isolating using
different methods210. However, this doesn’t appear to be the case here. In both, there
was a large proportion of CD81 positive only sEVs and very few which have been stained
for all three epitopes. The most commonly co-expressed epitopes are CD63 and CD81.
The co-expression of CD81, CD63 and 10E4 was also assessed and again this was very
similar between the two cell types (Figure 42C). The majority of the population coexpress CD81 and 10E4. CD81 was reported to be present in a sEV sub-population distinct
from those produced from the syndecan-syntenin-ALIX mechanism56,211. The coexpression of CD81 with 10E4 correlates with this since a different mechanism may not
strictly rely on the digestion of HS, allowing for intact HS chains in the sEV sub-population.
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Figure 42 Comparison of marker expression on sEVs isolated from MCF-7s and Du145
cells using flow cytometry method. A. Median fluorescence intensity calculated by dividing
median fluorescence from each epitope by the corresponding isotype control median
fluorescence. Du145 sEVs used at 1.78 x10-8 µg sEV protein per sample and MCF-7s sEVs
at 7x10-8 µg sEV protein per sample. All samples were run on the Astrios until 200,000 events
were recorded in calcein AM gate. The trigger was based on 405-SSC at a threshold of 0.09%.
Proportion of each sub-population identified in B. MCF-7s and C. Du145. Percentages are
based on the number of particles identifies from each population.

In Chapter 3, it was found that sEVs collected at different time points from the CELLine
bioreactor had different HS compositions. Therefore, flow cytometry was used here to
further investigate this variation. As shown in Figure 43A, there was a large difference in
marker expression in early sEVs compared to late sEVs. There was a small decrease in
CD63 and large increases in CD81, CD24 and 10E4 in the later MCF-7 sEV sample. Despite
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this large alteration in expression, the proportions of EVs expressing certain amounts of
the three markers (Figure 43C and D) are very similar. Therefore, this may indicate an
increase in the number of CD81, CD24 and 10E4 epitopes per sEV from MCF-7 weeks 13
to 15. The cells in comparison, had a large increase in CD63 and a decrease in CD81 when
comparing before and after culture in the CELLine (Chapter 3). It is interesting that the
increased CD81 in sEVs is associated with a decrease in CD81 at the MCF-7 cell surface
(and vice versa for CD63). This could be due to the cells selectively enriching their sEVs
with CD81. The increase in 10E4 expression is interesting given that experiments in
Chapter 3 demonstrated a decrease in total HS in the sEVs from weeks 13-15. This may

imply that the increased 10E4 expression is due to altered HS structures rather than a
general increase in HS. Given the alterations observed in HS disaccharide composition
(Chapter 3), this could be the case.

The sEVs were then compared with the LEVs (Figure 43B), from the same batch of
conditioned media (weeks 7+8). As shown here, CD63, CD81 and CD9 were enriched in
the sEVs but still present in the LEVs. This was expected since CD63 and CD81 are not
specific to sEVs, but are rather reported to be enriched in sEVs190. There is a large degree
of variation between the two replicates for sEVs, so repeats would be required for both
the sEVs and LEVs. The co-expression of these markers shows striking differences in the
proportions of CD9 positive and CD63 positive populations. There appears to be very few
LEVs

positive for CD63. CD9 and CD81 have been reported to be largely localised at the

cell surface, whereas CD63 is localised in the endosome212. This would explain the
observation here that CD63 is lower in LEVs since this preparation is likely to be MVs
which bud directly from the plasma membrane213.
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Figure 43 Comparison of marker expression from EVs isolated from MCF-7 cells using flow cytometry. A.
Comparison of marker expression on sEV obtained from conditioned media collected early on in the CELLine
(weeks 7+8) compared to those collected later (weeks 13-15). B. Comparison of sEVs and LEVs isolated from
conditioned media collected at weeks 7+8. All samples were run on the Astrios until 200,000 events were recorded
in calcein AM gate. The trigger was based on 405-SSC at a threshold of 0.09%. Both EVs were used at a 1x109-fold
dilution, corresponding to 7x10-8 µg sEV protein and 3x10-8 µg LEV protein. Error bars correspond to ±SEM from
two separate runs. Proportion of each sub-population identified in C. MCF-7 sEVs (weeks 13-15), D. MCF-7 sEVs
(weeks 7+8) and E MCF-7 LEV (weeks 7+8). Percentages are based on the number of particles identifies from each
population.
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Some samples which had been run on the Astrios were then run on a different flow
cytometer, the Amnis ImageStreamX Mk II, as a comparison (Appendix FF). This is an
imaging flow cytometer which detects samples based on charged couple device (CCD)
cameras rather than photodiodes or PDTs210. It is claimed to have higher fluorescence
detection sensitivity and does not require threshold triggering. Instead, it will constantly
acquire images so long as the sample is one pixel above the camera background193,210. It
also allows for easy visualisation of the co-expression of markers present on each EV in a
way which is not possible with the Astrios. See Appendix, Section 4 for these experiments.

4.3.6 Optimisation of fluorescence and electron microscopy imaging of sEVs
As mentioned, we aim to confirm successful sorting of populations with specific epitope
expressions by CLEM. As an initial step, sEVs isolated from 2D MCF-7 cultures were
imaged by TEM. Figure 44 includes a widefield TEM image to give a general overview of
the variety of structures present in the sample and higher magnification images of the
same TEM grid. sEVs have a characteristic cup-like morphology when imaged by TEM due
to dehydration during sample preparation. This cup-like morphology was observed in
some of the particles present in these TEM images, suggesting the presence of sEVs in
the sample. The lipid bilayer can sometimes be visible in TEM images however, this
structure is not very clearly seen here. There is also a large amount of non-vesicular
structures present in these images. These are likely to be lipoproteins and protein
aggregates as these have been shown to be present in EM images142,214.
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A

B

Figure 44 TEM characterisation of sEVs derived from 2D cultured MCF-7s. TEM images of MCF-7 sEV sample in water and stained with 2%
uranyl acetate. Included here is one wide field image with a scale bar of 500 nm(A), three intermediate magnification images with scale bars of
200 nm and one close up images with scale bars of 100 nm (B).
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The diameters of 568 particles, obtained from 60 images, were calculated using ImageJ
and plotted in Figure 45. Both the sEVs and contaminating structures have been plotted,
but sEVs were also plotted separately. The non-vesicular particles contributed 86% of the
total particle count. Comparisons of the sizing profile obtained from TEM with NTA
(Chapter 3) show large differences between the two techniques, since the major peak in
NTA was around 120 nm. The reduced diameters in TEM may be due to the EVs being
dehydrated during sample preparation onto EM grids192. In comparison, NTA is carried
out in solution so would not have this issue. CryoEM allows for EM imaging in their
hydrated state and so could help overcome this discrepancy in size.
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Figure 45 Size distribution of sEVs imaged on TEM. Diameters were calculated
using ImageJ. A total of 568 particles were recorded here and range from 10 nm to
200 nm. Most particles are within the size range reported for sEVs however, the
majority did not have EV-like structures and so were considered non-vesicular
contaminants. 76 particles were considered as sEVs.

Similar studies have also identified non-vesicular particles contaminating EV preparations
from breast cancer cells, including MCF-7s. These were estimated to represent up to 40%
of the total particles present in EV preparations. The report identified these non-vesicular
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structures to be lipoproteins of various densities, with diameters ranging between 20100 nm142. This corresponds to the size range of the majority of contaminants seen here
(10-70 nm). Due to the overlapping size and similar density, lipoproteins are difficult to
separate from EVs. However, one paper has published a method which involves
combining SEC with sucrose-cushion ultracentrifugation to provide separation from
lipoproteins215. Given that lipoproteins have also been shown to carry proteins and
microRNA, these may interfere with the functional activity of the sEVs215,216. One study,
comparing the use of generic markers for flow cytometry, demonstrated that calcein AM
did not stain lipoprotein contaminants195. This is promising for this work since the flow
cytometry protocol developed here gates events based on positive calcein AM staining.
This means that the lipoprotein contaminants should be omitted from analysis. This could
be confirmed by CLEM analysis of the sorted populations. CLEM could also be used to
confirm whether sorted populations are still contaminated with lipoproteins, providing a
useful insight when studying the functional activity of the sorted populations. It would
also be interesting to carry out EM characterisation on the sEVs isolated from the CELLine
bioreactors to determine whether these have a similar high contamination of
lipoproteins. It may be that these have lower levels given the higher purity reported from
EVs isolated from these bioreactors over 2D cultures177.

Initial work to carry out fluorescence imaging of sEV samples involved simple calcein AM
staining of unsorted sEVs and loading them onto graphene oxide EM grids. The calcein
AM labelled sEVs were imaged under ambient conditions by brightfield microscopy
(Figure 46A) and then fluorescence microscopy using the λ= 488 nm filter (Figure 46B) at
a fixed position on the grid. There was a large degree of autofluorescence, this is likely to
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Figure 46 Imaging of calcein AM stained MCF-7 derived sEVs on CryoLight. sEVs were prepared on graphene oxide EM grids and imaged by
bright field microscopy (A) using a 10X lens (top) and a 40X lens (bottom). Grids were also imaged using fluorescence microscopy (B) using the
10X lens (top) and 40X lens (bottom). Red arrows indication of likely sEV identified in both forms of microscopy. An empty grid was also imaged
as a control (C).
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be from the PBS. The higher magnification images show particles in both the fluorescence
and brightfield images (red arrows). These vesicles were absent in empty grids (Figure
46C), suggesting they are not artefacts from the grid and are likely calcein AM labelled

sEVs. As seen more clearly in the fluorescent images, the majority of calcein AM particles
were found around the edges of the grids. These were unable to be viewed by brightfield
as they were obstructed by the grid. This may be due to the preparation method used.
Here, the PBS was left to evaporate which would draw sEVs to the edges of the grid. This
could be solved by preparing these grids using a different method such as plunge
freezing, and then imaging under cryo conditions.

4.4 Conclusions
Overall, the flow cytometry method has been optimised to a point where EVs from
multiple sources can be analysed and compared quantitatively. The co-expression of
epitopes can also be investigated to allow for identification of sub-populations. The flow
cytometry method was able to identify differences between sEVs and LEVs, and also sEVs
collected at different time points from the CELLine bioreactor. As demonstrated by the
comparisons between the Du145 and MCF-7 sEVs, this method may also give indications
of sEV purity.

The end goal of this work was to develop a method where sEVs can be sorted based on
the 10E4 epitope. Attempts to increase the sensitivity of 10E4 detection were not
successful here. However, the method as it stands is able to identify 10E4 positive
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populations which are distinguishable from negative controls. This population should
therefore be sortable by FACS. Unfortunately, due to time constraints, sorting of the
10E4 positive populations was not attempted. While the sorting of sub-populations
would be extremely useful for analysing the sEVs from the MCF-7s with disrupted HS, the
ability to identify sub-populations will provide a useful insight into any alterations to the
overall sEV population.

As far as we are aware, this is the first report of unconjugated antibodies being used in
bead-free flow cytometry for sEV work. This opens the possibility of using other
antibodies which rely on the same detection system (such as other HS and CS/DS
antibodies). The biotinylation of 10E4 was instrumental for this work as evident by the
failed attempts to include non-biotinylated primaries (e.g. 3G10 (not shown) and
RB4Ea12). Further optimisation such as biotinylating these antibodies, alternative wash
steps and adjustments to antibody panel may improve this.

The CLEM method was not able to be fully optimised in this time frame. However, initial
work has demonstrated that calcein AM labelled sEVs can be loaded onto EM grids and
visualised by fluorescent microscopy. This, in its current state, can help to determine
whether sorting sEVs based on this generic marker is possible and also the extent of
contaminating structures which may be included in analysis. Further work is required to
optimise this method for analysing the expression of the epitopes investigated in this
chapter.
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Chapter 5- Altering sEVs through targeted manipulations to HS
structures

5.1 Introduction
5.1.1 Chapter Overview
Here, MCF-7 knockouts (KO) in key biosynthetic HS enzymes will be generated to assess
the effect of HS on sEV production. The KO will be confirmed by genotyping and the
resulting effects on HS structure will be characterised using the methods optimised
throughout this project. Since large amounts of sEVs are required for subsequent
analysis, the KO cell lines will be seeded into CELLine bioreactors using the media
composition optimised previously. Unfortunately, there was not enough time to assess
the sEV populations obtained from these bioreactors. The planned experiments will be
detailed in Chapter 6.

5.1.2 Altering HS structures through manipulating HS biosynthetic enzymes
Many studies have investigated the effects of over or under expressing various HS
biosynthetic enzymes in a number of cell lines78,217–222. Manipulations to these enzymes
can help provide further insight into the mechanism of HS synthesis78, HS-protein
interactions and the role of HS in biological systems217–222.

Manipulating the expression of HS biosynthetic enzymes results in alterations to the
overall HS structure. However, the link between enzymatic activity and the end HS
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structure is not so clear cut. For example, the disruption of EXT1 has been shown to result
in a reduction in HS chain length, but also altered sulphation78,81,82,223,224. The increase in
NS and 6OS could be explained by the increased availability of EXT2 to promote NDST-1
and EXT2 interactions (Chapter 1). However, these effects can be further exacerbated by
the KO/KD of additional EXT proteins such as EXT2, EXTL2 and EXTL378. The KO of HS2OST
led to a reduction in 2OS as expected, but there were higher proportions of 6OS and NS,
increasing overall sulphation. Increased sulphation may be preferentially selected to
preserve HS interactions with ligands essential for cell viability117. The KO/KD of NDST-1
results in the elimination of NS modifications but also increased chain length78,84. Again,
increased chain length could be explained by the proposed interactions between EXT2
and EXT1 or NDST-178, as discussed in Chapter 1.

The consequences of these manipulations are likely to be context specific, where the
outcome is dependent on the level and interactions of other HS enzymes present in the
system. For example, while NDST-1 KO led to increased chain length in mouse embryonic
stem cells (mESCs), the overexpression of NDST-1 in kidney 293 cells also led to the same
observations86. Similarly, EXTL3 KD led to longer HS chains in some cell types and shorter
chains in others78,84. This is further complicated by the presence of multiple isoforms for
each HS biosynthetic enzyme which, as mentioned in Chapter 1, may have different
activities and specificities86,87.

For this proof of concept work, NDST-1, EXT1 and EXT2 will be targeted initially, as these
are likely to cause the most prominent alterations to the HS structure. It was reasoned
that large alterations to HS would be preferential as this would lead to a more obvious

141

impact on sEV production. Since it is not known what effect altered HS would have on
the sEV populations (if any), subtle changes may be missed at this stage. Pascale
Zimmerman and Guido David have assessed the effect of the combined KD of EXT1 and
EXT2 in MCF-7 cells. They reported that the amount of syntenin, syndecan CTFs and CD63
were reduced by half58. This suggests that almost complete removal of HS has negative
effects on the pathway and should be avoided. This is why dual KO/KD will not be
assessed here.

The majority of these studies have involved silencing RNA (siRNA) or short hairpin RNA
(shRNA) mediated KD. These approaches produce transient effects and rarely eliminates
the total expression of the gene of interest. KO allow for the stable and total loss of
protein (providing homozygous KO). KO in HS biosynthetic enzymes have been typically
obtained from KO mice78,82,117,218. The initial aim of this project was to produce transient
KD by siRNA. However, it became apparent throughout this project that continuous and
large-scale cultures of MCF-7s were required in order to obtain adequate amounts of
sEVs. Therefore, siRNA was soon realised to not be feasible as it would involve using large
amounts of reagents and repeated transfections. This would be costly and may cause
fluctuations in the KD. An alternative method to generate stable KO is now available,
called CRISPR-Cas9 technology. This has been used to generate stable KO in EXT1, EXT2,
EXTL3, NDST-1 and HS6ST in kidney 293 cells220. CRISPR-Cas9 will be used in this project.
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5.1.3 CRISPR-Cas9 technology for producing stable knockouts
5.1.3.1 CRISPR-Cas9 Overview
CRISPR-Cas9 technology originates from a defence response identified in bacteria to
protect them from viruses and plasmids. This response is described as an adaptive
immunity which allows bacteria to detect and destroy foreign DNA from their genome225.
This defence mechanism involves bacteria processing and inserting short fragments of
foreign DNA into a clustered regularly interspaced palindromic repeats (CRISPR) array, to
provide a ‘memory’ of previous infections225,226. This will be transcribed as pre-CRISPR
RNA (crRNA) which will complex with trans-activating RNA (tracrRNA) and be further
processed to give crRNA. The resulting tracrRNA:crRNA complex is able to identify
complementary foreign DNA which has been inserted into the genome. This will then
recruit an endonuclease: CRISPR associated protein (Cas9) to this site where it will
produce a double strand break, inactivating the genetic material225–227. There are multiple
variations of this defence mechanism. The variant which has been modified for gene
editing is the Type II CRISPR-Cas9 system. Unlike other variants, Type II only requires a
single Cas9 enzyme226. The schematic for how this CRISPR-Cas9 system can be utilised for
gene editing is shown in Figure 47.

5.1.3.2 Experimental set-up for knockout of HS biosynthetic enzymes
The CRISPR-Cas9 constructs targeting EXT1, EXT2 and NDST-1 have been generated inhouse by Jamie Thompson and Kate Dowding, in collaboration with Prof. C. Denning at
the University of Nottingham. The experimental set-up, generated through this
collaboration, includes a plasmid containing the wildtype Cas9 gene, which has a
cytomegalovirus mammalian promoter. This will be used for all three KO. A single guide
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Figure 47 CRISPR-Cas9 technology for genome editing. The gRNA is an engineered RNA
strand which includes the critical 20 bp nucleotide homologous sequence present in the crRNA
and a portion of the tracrRNA critical for interacting with cas9. The gRNA recruits cas9 to the
region of interest where it will produce a blunt double stranded break through its two nuclease
domains: HNH and RuvC-like nucleases. This break will be repaired by non-homologous end
joining (NHEJ) or HDR. NHEJ is a rapid non-template driven repair which is highly error
prone. This can result in insertions or deletions (Indels) which can lead to a mutation in the
target gene. HDR can be promoted by supplying the cell with a template (donor DNA). This
template requires homologous regions known as left and right arms of homology (LAOH,
RAOH). Typically, a region of DNA is inserted in between these arms to cause an insertion in
the double strand break (shown in red). This could be a specific pre-defined mutation of the
gene or an unrelated coding sequence such as a fluorescent probe or antibiotic resistance
cassette to provide a selection tool.

RNA (gRNA) plasmid was generated for each gene of interest, each one contains a 20 bp
sequence complementary to a region in exon 1 for EXT1 and exon 2 for EXT2 and NDST1228. The gRNA also includes a protospacer adjacent motif (PAM) sequence. This is
required to form interactions between the DNA and cas9 to promote melting of the
double stranded DNA228. This CRISPR-Cas9 strategy will utilise the homology directed
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repair mechanism227 shown in Figure 47. The region of DNA to be inserted into the double
stranded break will include a resistance cassette with the promoter for the alpha subunit
of eukaryotic elongation factor (EF-1a). All KO strategies will include a puromycin
resistance cassette which encodes the puromycin N-acetyltransferase. For EXT2 and
NDST-1, an additional plasmid was generated with a blasticidin resistance cassette which
encodes blasticidin S deaminase. Puromycin and blasticidin both promote cell death
through inhibiting key steps in translation229–231. Cells which have these resistance
cassettes will be selected upon incubation with one (EXT1) or both (EXT2/NDST-1) of
these antibiotics. This increases the chances of obtaining cell lines with the successful KO.
Appendix HH and II give an example of the plasmids generated.
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5.2 Methods
5.2.1 CRISPR-Cas9 mediated knockouts to EXT1
MCF-7s were thawed at passage 9 and expanded in culture media for three passages
following the protocol in Chapter 2, Section 2.2.2. At each passage, cell viability was
recorded by cell counts with trypan blue to confirm cells were >90% viable. Cells were
seeded into three wells of a 6-well plate at a seeding density of 700,000 cells per well in
culture media. These were incubated at 37°C for 24 hours. Cells were also seeded into
T25 flask to be cultured alongside the transfected cells as a wildtype control. Plasmids for
EXT1 KO were produced in-house by J. Thompson. These include a plasmid encoding EXT1
guide RNA, wildtype Cas9 and puromycin resistance cassette flanked either EXT1 arms of
homology, as described in the introduction to this chapter. MCF-7s were transfected the
following day using two protocols. For the first (Combined) method, 1.25 µg of each
plasmid was added to 125 µL Opti-MEM media (Gibco) and 7.5 µL P3000 reagent
(Invitrogen). This was added to a solution of 7.5 µL Lipofectamine 3000 (Invitrogen) in
125 µL Opti-MEM and incubated for 15 minutes at room temperature. 250 µL of the
resulting lipid:plasmid complex was added dropwise into one well of the 6-well plate,
which were now at approximately 70% confluence. For the second (Separated) method,
2.5 µg of each plasmid was added to individual solutions of 125 µL Opti-MEM media and
5 µL P3000 reagent. These three plasmid solutions were each added to individual
solutions of 5 µL Lipofectamine 3000 in 125 µL Opti-MEM and incubated for 15 minutes
at room temperature. 83.3 µL of each lipid:plasmid complex was added to another well
of the 6-well plate. A lipofectamine 3000 only control was prepared by mixing 7.5 µL
Lipofectamine 3000, 7.5 µL P3000 reagent and 250 µL Opti-MEM together and
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incubating for 15 minutes at room temperature before adding 250 µL dropwise into the
third well of the 6-well plate. Cells were incubated for 24 hours before each were
harvested and seeded into one well of a 6-well plate. These were incubated for 24 hours
in culture media at 37°C before being media changed with culture media containing
2 µg/mL puromycin (Gibco). Cells were incubated with puromycin for 17 days, with media
changes every day for the first five days (while the rate of cell death was high) and then
every two days after that. The remaining puromycin resistant ‘EXT1 KO Bulk’ cells were
harvested and seeded into two 96-well plates for each of the two conditions at a seeding
density of 0.5 cells per well in order to obtain a single cell per well. Resulting clones were
incubated with culture media with 2 µg/mL puromycin and upscaled gradually to T25
cultures. The remaining EXT1 KO Bulk cells were either pelleted for DNA isolation or
cryopreserved in cryopreservation media. At 80% confluence, clones were harvested and
one third was pelleted and stored at -80°C, ready for DNA isolation. The remaining 2/3rds
were cryopreserved in cryopreservation media. After this point, clones were no longer
cultured in puromycin containing media.

5.2.2 CRISPR-Cas9 mediated knockouts to EXT2 and NDST-1
MCF-7s were prepared for transfection following the same procedure detailed above,
however using 500,000 cells per well. Wildtype control T25 cultures were also used.
Plasmids for EXT2 KO were produced in-house by J. Thompson, NDST-1 plasmids were
produced in-house by K. Dowding. These included a plasmid encoding EXT2/NDST-1
gRNA, wildtype Cas9, puromycin and blasticidin resistance cassettes flanked either side
with EXT2/NDST-1 arms of homology. Lipid:plasmid complexes were prepared for both
EXT2 and NDST-1 using the Combined method detailed in Section 5.2.1. 24 hours after
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transfection, cells were harvested and set-up for antibiotic selection as described in
Section 5.2.1. However, here 12.5 µg/mL of blasticidin (Invitrogen) was added in addition

to 2 µg/mL puromycin. These were cultured for 17 days with regular media changes like
before. The remaining puromycin/blasticidin resistant ‘EXT2 and NDST-1 KO Bulk’ cells
were harvested and prepared as detailed in Section 5.2.1.

5.2.3 FACS single cell sorting of NDST-1 and EXT2 KO Bulk cells
EXT2 and NDST-1 KO Bulk cells were expanded in culture media until 80% confluent.
Plates were pre-coated in Matrigel Basement Membrane Matrix (Corning), by thawing a
200 µL aliquot of a 12 mg/mL Matrigel stock and diluting in 20 mL basal media, then
adding 6 µg of this per well. This was incubated overnight at 4°C before the solution was
aspirated and 50 µL culture media was immediately added. Cells were harvested using
0.25% trypsin and each cell type was sorted into two 96-well plates at one cell per well,
using the MoFlo XDP Cell Sorter (Beckman Coulter) based on side scatter. One Matrigelcoated plate and one un-coated plate was used for each condition. These were incubated
at 37°C for six hours before an additional 50 µL normal culture media was added. These
were incubated for five days at 37°C before plates were media changed with culture
media.

5.2.4 Genotyping of CRISPR-Cas9 knockout MCF-7s
DNA was isolated from cell pellets using the DNeasy blood and tissue kits (Qiagen)
following manufacturer’s instructions. However, DNA was isolated in the final step using
nuclease free water (Qiagen) instead of the Buffer AE provided in the kit. DNA yield was
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calculated using NanoDrop 2000 (Thermo Scientific), purity was also assessed based on
A260/A280 and A260/A230 ratios. PCR-based amplification was carried out using primers to
amplify the wildtype gene of interest (Genomic) as well as those which have the antibiotic
resistance cassette insertion (Recombinant). Details on primers can be found in Appendix
JJ, these were all obtained from Sigma. PCR reactions were set up in 0.2 mL thin walled

PCR tubes (Axygen) with 100 ng DNA, 1X Q5 Reaction buffer (from a 5X stock) (NEB), 0.02
U/µL Q5 DNA polymerase (NEB), 200 µM dNTPs (NEB), 0.5 µM of each primer (forward
and reverse) and then made up to a total reaction volume of 50 µL with nuclease free
water. For EXT1 recombinant and both NDST-1 primer pairs, 1X GC enhancer was added
(from a 5X stock) (NEB). The Q5 polymerase PCR protocol can be seen in Table 7. For
EXT1, multiple primers were tested and PCR conditions optimised (Appendix KK). PCR
products were diluted in 6X DNA gel loading buffer- no SDS (NEB) so that the buffer was
at 1X concentration. This was then loaded into a 1% (w/v) agarose (Fisher Scientific)
electrophoresis gel made with 1x TAE buffer (comprising of 4.84 mg/mL Tris base (Sigma),
0.372 mg/mL EDTA (Sigma) and 1.14 mL glacial acetic acid (Fisher Chemical)) and GelRed
used at 1:1000 (Biotium). A 1 Kbp molecular weight marker (NEB) was also loaded onto
Table 7 PCR conditions for genotyping CRISPR-Cas9 knockouts

Step

Condition

1. Initial Denaturation
2. Amplification

Denaturation
Annealing
Extension

3. Final extension

98°C, 30 seconds
98°C, 10 seconds
X1°C, 30 seconds
72°C, X2 seconds
72°C, 2 minutes

4. Hold

4°C, Forever

X is primer specific, for EXT2 Genomic primers X1 corresponds to 60°C,
for all other primer pairs this is 64°C. For X2, EXT2 Recombinant and
EXT1 Genomic required 30 seconds, for all other primer pairs: 60
seconds.
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the gels. This was run at 80 V for 1 hour, using 1X TAE as the electrophoresis running
buffer. Gels were imaged by UV using the Gel Doc EZ System (BioRad) and automatic
exposure settings. Bands to be processed for sequencing were identified using the UView
Mini Transilluminator (Biorad) and excised using a scalpel. DNA was purified from the gel
fragment using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) following
manufacturer’s instructions. Purified DNA was quantified by NanoDrop, diluted in
nuclease free water to give a 10 ng/µL sample and sequenced using Eurofins TubeSeq
service. Primers were sent along with DNA to be used for sequencing. For genomic
sequencing of EXT1 clones, the primers: Vink101 or Jam202 were sent. However, for
E1C11 EXT1-/+ an additional sequencing reaction was carried out using Jam203
(5’ctttggccagcatcgcctgg) due to the first genomic sequencing being of poor quality. This
primer is complementary to a region within the right arm of homology.

5.2.5 Flow cytometry characterisation of CRISPR-Cas9 knockout MCF-7s
All KO cell cultures were gradually switched from culture media to basal media containing
10% (v/v) KSR and 100 U/mL penicillin, 1,000 U/mL streptomycin (KO media) by culturing
in 5% FBS with 5% KSR and 100 U/mL penicillin, 1,000 U/mL streptomycin (transition
media) for one passage before KO media. All KO cell lines required seeding in transition
media in order to attach. Cells were all media changed with KO media 24 hours after
passage. EXT2 KO Bulk was analysed at P21 and P23, NDST-1 KO Bulk was analysed at
P21, E1C11 EXT1-/+ was analysed at P22 and P24 and wildtype control at P26. All cell
conditions were passaged using trypsin four days prior to flow analysis. All cell cultures
were then prepared and analysed following the protocol detailed in Chapter 2, Section
2.2.9.
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5.2.6 Sorting NDST-1 KO Bulk populations based on RB4Ea12 expression
NDST-1 KO Bulk cells were gradually switched to KO media following protocol details in
Section 5.2.5. At P26, NDST-1 KO Bulk cells were harvested and stained with RB4Ea12

scFv and corresponding detection antibodies following protocol detailed in Chapter 2,
Section 2.2.9, however using 2x106 cells (antibody concentrations were doubled to

account for this increase). After the final wash step in 1X DPBS, stained cells were resuspended in staining buffer to give a 10x106 cells/mL suspension. This was kept on ice
prior to sorting on the MoFlo Astrios EQ sorter (Beckman Coulter). Two populations were
sorted: defined as RB4Ea12Low and RB4Ea12Mod into 15 mL falcons containing culture
media. These were kept on ice before being centrifuged at 400 x g for 3 minutes, resuspended in culture media and seeded into one well each of a 12-well plate. These were
then expanded to T175 flasks so that stocks could be cryopreserved. These cells were
also analysed by flow cytometry at passage 29 as detailed in Section 5.2.5.

5.2.7 GAG compositional analysis of CRISPR-Cas9 Knockout cells
CRISPR-Cas9 KO cells were cultured in KO media for four days before being prepared for
HS and CS/DS compositional analysis by AMAC labelling and RP-HPLC identification
following the methods detailed in Chapter 2, Sections 2.2.3-2.6.

5.2.8 OGT2115 heparanase inhibition assay (10% FBS)
MCF-7s were thawed and cultured as detailed above. Cells were seeded into T175 flasks
in culture media. 24 hours later, OGT2115 was added to give a final concentration of
0.8 µM. DMSO at equivalent volumes were also added to cultures to give DMSO only
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controls. These cultures were media changed with OGT2115 or DMSO only containing
culture media for the following two days, the final media change was carried out with
basal media (no FBS). The resulting conditioned media was collected 24 hours later and
EVs isolated following protocol detailed in Chapter 2, Section 2.2.3. Cell, EV-depleted
media, LEV and sEV samples were then prepared for AMAC labelling and HPLC
identification following the method detailed in Chapter 2, Section 2.2.4-2.6. Total protein
content from all samples was determined using microBCA protein kit following
manufacturer’s instructions. Peak integrations from resulting HPLC traces were
normalised based on total cellular protein. sEV and LEV samples were also quantified
based on particle counts by NTA following protocol detailed in Chapter 2, Section 2.2.8.

5.2.9 Culture of CRISPR-Cas9 knockout cell lines in CELLine Integra flasks
EXT1-/+ cell line (E1C11) and NDST-1 KO RB4Ea12Low (P30) were seeded into CELLine
Integra flasks following protocol detailed in Chapter 3, Section 3.2.4. One alteration to
this protocol was made where cells were seeded and cultured for the initial two weeks in
basal culture media supplemented with 100 U/mL penicillin, 1,000 U/mL streptomycin,
5% FBS and 5%KSR in both the Inner and Outer Chambers. Weekly media changes after
this were then carried out as detailed in Chapter 3, Section 3.2.4, using media containing
basal media supplemented with 100 U/mL penicillin, 1,000 U/mL streptomycin and 10%
KSR (KO Outer Integra media) and the same for the inner chamber but with 10% EVdepleted KSR (KO Inner Integra media).
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5.3 Results and discussion
5.3.1 Generation of knockouts in HS biosynthetic enzymes
5.3.1.1 Generating EXT1 knockout MCF-7 cell lines
Wildtype MCF-7s were transfected with EXT1 targeting CRISPR-Cas9 plasmids, using
Lipofectamine 3000 as the transfection reagent. It was considered that different plasmids
would complex with the lipofectamine at different efficiencies, generating
disproportionate amounts of each complex. Therefore, two transfection methods were
trialled here. One where the plasmids were complexed with the lipofectamine in one go
(Combined), and another where each plasmid was complexed separately (Separated).
Both methods generated puromycin resistant MCF-7s suggesting successful insertion of
the puromycin resistance cassette. Cells obtained after puromycin selection are defined
as EXT1 KO Bulk.

Cloning of these resistant cells was carried out by single cell seeding into 96-well plates,
followed by the gradual expansion into T25s. This method generated 21 wells with a
single cell for the Combined method and 13 for Separated method. However, not all cells
survived and proliferated which led to a total of 12 clones in T25s for Combined and 7
clones for Separated. This may have been due to the harsh seeding, or they could have
been wildtype cells which had evaded puromycin selection. Alternatively, they could have
been homozygous KO and didn’t survive the combination of harsh splitting and the
effects of the KO. It is important to note that, throughout transfection and expansion of
these clones, they were cultured in media containing 10% FBS in an attempt to reduce
the selection pressures the EXT1 KO would have on the cells. Wildtype cells would be
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likely to rapidly outcompete any EXT1 KO if cultured in a GAG free environment. It was
reasoned here that any EXT1 KO could use the exogenous GAG to compensate for the
lack of EXT1.

The resulting clones were given a code which is either: E1CX or E1SX. This corresponds to
EXT1 (E1) and the transfection method used (Combined, C or Separated, S). Genotyping
confirmed that the first three batches of clones were wildtypes, as only the genomic PCR
product was present (Appendix NN). These genomic products were purified and sent for
sequencing to confirm whether there were any mutations caused by non-homologous
end joining (NHEJ). All sequences came back with no mutations, confirming they had the
wildtype EXT1 gene. Since they all had puromycin resistance, it is likely that the
puromycin resistance cassette was inserted into another region of the genome. This
would not be amplified since the recombinant primer pairs include a portion of exon 1 of
the EXT1 gene. The final batch included a clone (E1C11) which appeared to be a
heterozygous KO, due to the presence of both the wildtype and recombinant PCR
products (Figure 48). Both the genomic and recombinant products were sent for
sequencing to confirm whether this clone was a homozygous or heterozygous KO (Figure
49).

Sequencing confirmed that the genomic band for all three clones were wildtype (Figure
49A). Figure 49A includes the cut site which is where NHEJ repair would be most likely to

take place. The whole genomic product was compared with the wildtype sequence, not
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just this site. Figure 49B shows that the recombinant PCR product corresponds to the
insertion of the puromycin resistance cassette into exon 1 of EXT1. Overall this confirms
that E1C11 is a heterozygous EXT1 KO.
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E1C10
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Figure 48 Genotyping MCF-7 clones obtained from transfections targeting EXT1. A.
Schematic of the primer pair products. B. Analysis of the presence of the recombinant and
genomic EXT1 PCR products from final batch of clones. Untransfected MCF-7s were
included as a control along with EXT1 KO Bulk cells E1C11 is in bold since it is the only
heterozygote.
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A

B
Recombinant
LAOH

Wildtype
E1C10

Puromycin

RAOH

tcttgacccaggcaggacacatgcaggccaaaaaacgct
atttcatcctgctctcagctggctcttgtctcgcccttttgttg
tcttgacccaggcaggacacatgcaggccaaaaaacgct
atttcatcctgctctcagctggctcttgtctcgcccttttgttg

E1C11

tcttgacccaggcaggacacatgcaggccaaaaaacgct
atttcatcctgctctcagctggctcttgtctcgcccttttgttg

E1C12

tcttgacccaggcaggacacatgcaggccaaaaaacgct
atttcatcctgctctcagctggctcttgtctcgcccttttgttt

Figure 49 DNA sequencing of the final batch of EXT1 KO clones. A. Assessment of the genomic PCR products by aligning sequences with
wildtype. Image includes the expected cut site which is between the Guide A_PAM and Guide A_Rvs sequences, this is where potential mutations
from non-homologous end-joining are most likely to take place (purple). B. Alignment of E1C11 recombinant PCR product with the wildtype
sequence indicates that puromycin resistance cassette has been inserted into exon 1 of EXT1.
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E1C11 had a different phenotype compared to the wildtype MCF-7s. As shown in Figure
50, E1C11 would not attach well to the culture plastic causing large numbers of cells to

lift away from the cell clusters, slowing their expansion.

Figure 50 E1C11 morphology during clonal expansion. As indicated in the
image, the cells were lifting away suggesting impaired cell attachment. These
were cultured in 10% FBS containing culture media.

Despite not achieving a homozygous KO, E1C11 was used for subsequent studies.
Achieving a homozygous KO is likely to be challenging in MCF-7s. MCF-7s, like many
cancer cells, have been shown to exhibit tumour aneuploidy (multiple copies of a given
chromosome)232. In particular, MCF-7 cell lines have been shown to contain three copies
of chromosome 8, which is where EXT1 is located233,234. In addition, EXT1 and other HS
biosynthetic enzymes may be difficult to KO in general. This is demonstrated by the study
which used six gRNA sequences to produce KO in each of these enzymes220. While further
optimisation to the transfection protocol (such increasing number of gRNA) may yield
homozygotes, it is uncertain whether these would necessarily survive, given the role EXT1
has in breast cancer growth and progression217. Previous studies which have disrupted
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EXT1 in MCF-7s or other breast cancer cell lines mostly involve KD using siRNA, this means
some EXT1 activity is still present. It is important to note that the aim of this KO is to alter
HS structures and not to assess the role of EXT1 in biology. This means that homozygous
KO are not necessarily required.

5.3.1.2 Generating EXT2 and NDST-1 knockout MCF-7 cell lines
Since the Combined transfection method generated E1C11, this method was used for the
EXT2 and NDST-1 KO. As with the EXT1 KO, cells obtained after the antibiotic selection
(puromycin and blasticidin here) were called EXT2 KO Bulk and NDST-1 KO Bulk. Figure
51C and D demonstrates successful transfection, due to the presence of the recombinant

PCR product in both the EXT2 and NDST-1 KO Bulk samples. The EXT2 recombinant primer
pairs were designed to be complementary to regions found in both the puromycin and
the blasticidin resistance cassettes. This means that the presence of this product
corresponds to the insertion of one or both of these resistance cassettes. In comparison,
the NDST-1 recombinant primer pair is complementary for a region specific to the
puromycin resistance cassette. However, these can still be used to identify homozygotes
and heterozygotes as the loss of the genomic PCR product would either mean the
insertion of puromycin into both alleles, or blasticidin in one and puromycin in the other.
However, it would not detect a heterozygote which had blasticidin inserted into one allele
as this would appear the same as the wildtype.
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Figure 51 PCR and DNA gel electrophoresis assessment of MCF-7 bulk cells obtained from transfections targeting EXT2 and NDST-1.
Schematic of the primer pair products for A. EXT2 and B. NDST-1. Analysis of the presence of recombinant and genomic EXT2 (C) and NDST1 (D) PCR products from Bulk transfected MCF-7s. These are cells which have been transfected and selected based on antibiotic resistance but
before single cell seeding. Untransfected MCF-7s were included as a control (wildtype, WT). EXT2 and NDST-1 primers were designed by J.
Thompson and K. Dowding respectively.
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As described in Figure 52, obtaining EXT2 and NDST-1 clones was not successful despite
attempts to sort single cells using the MoFlo XDP Cell Sorter onto Matrigel coated plates.
Matrigel is an extract from Engelbreth-Holm-Swarm (EHS) mouse tumours, and is
enriched in basement membrane matrix components such as laminin, type IV collagen,
HS, proteases and growth factors235. Matrigel was added because it has been shown to
support attachment and growth of breast cancer cells235,236. This lack of success led to
the decision to sort populations based on the expression of scFv HS epitopes. This will be
covered in the following sections.

Antibiotic
Selection

Single cell
seeding

Single cell sorting
onto Matrigel
coated plates

No colonies

Infections
from sorting

FACS based on
RB4Ea12
expression

Low and
moderate
RB4Ea12
populations

RB4Ea12Low
CELLine
bioreactor

Figure 52 Troubleshooting the issues associated with obtaining clones with NDST-1
and EXT2 KO. Single cell seeding was not successful, due to time constraints this could
not be repeated. This led to attempts to sort single cells using the MoFlo XDP Cell Sorter.
While colonies were obtained, bacterial infections spread across all plates. Final attempt
involved sorting NDST-1 KO bulk cells based on their RB4Ea12 expression. Two
populations were sorted (low and moderate RB4Ea12 expressing populations). The
NDST-1 KO Bulk cells with RB4Ea12Low expression was then seeded into a CELLine
bioreactor to obtain sEVs for further analysis. This final attempt was successful and so
will be discussed further in the main text.
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5.3.2 Characterisation of the HS structures in MCF-7 knockouts cells
5.3.2.1 Flow cytometry-based characterisation of MCF-7 Knockout cells
The expression of the 3G10 and scFv HS epitopes was assessed in the E1C11 clone and
the EXT2 and NDST-1 KO Bulk cells. 3G10 was included to give an insight into the number
and length of HS chains present on these cells, since the KO may cause alterations to this
as well as the sulphation pattern. Since the HS structures are now under investigation,
the cells were switched to 10% KSR supplemented media. The KO cells did not respond
well to seeding in 10% KSR as the majority of cells were unable to attach. In order to
overcome this, cells were seeded in 5% KSR and 5% FBS and then media changed to 10%
KSR media the following day once they had attached.

The passage number and time in culture prior to flow cytometric analysis was controlled
for as much as possible due to the issues highlighted in Chapter 2. However, there were
some issues with coordinating samples due to bacterial infections which were believed
to have spread from the sorted EXT2 and NDST-1 KO Bulk cells (Figure 52). Despite this,
all cell conditions were cultured for a minimum of three passages prior to flow analysis
and were cultured for four days after passage before being analysed. The KO conditions
were all analysed at as similar passage as possible (between P21 and P24), and the
wildtype was analysed at P26.

As shown in Figure 53A, E1C11 consists of a single population. This was promising since
this should be a homogenous population. In comparison, EXT2 (Figure 53B) and NDST-1
(Figure 53C) appeared to have two distinct populations, one with similar expressions to
that seen in the wildtype , and another which were lower in most epitopes. The
161

A

B

C

MBP49 isotype control

Knockout MCF-7

Wildtype MCF-7

Figure 53 Analysis of HS binding epitopes from CRISPR-Cas9 knockout cell lines using HS scFv antibodies and 3G10. A. Expression of
HS protein binding epitopes on the EXT1-/+ cell line: E1C11. B. Expression of HS protein binding epitopes on the EXT2 bulk transfected
cells. C. Expression of HS protein binding epitopes on the NDST-1 bulk transfected cells. All knockout cells have been compared to wildtype
MCF-7s.
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corresponding median fluorescence intensity (MFI) values from each KO sample were
then compared to the wildtype control (Figure 54). All three conditions had lower levels
of scFv HS epitopes in comparison to the wildtype. Interestingly, EXT2 KO Bulk had higher
levels of the HS4C3 epitope in comparison to the wildtype and E1C11. This is surprising
given that the preferred HS4C3 epitope is highly sulphated. It would be expected that
loss of EXT2 would reduce the amount of NS and thus subsequent sulphation given their
interactions. However, there was a large degree of variability in this expression between
the two replicates which means this increase may not be genuine. This variability was
also seen in Chapter 2 when comparing the two MCF-7 batches. Overall, EXT2 and EXT1
KO cells demonstrate a reduction in scFv HS-protein binding epitopes, with not much
difference in the number of HS chains (3G10). This could suggest that initiation of chain
polymerisation is still possible however, long HS chains cannot be produced leading to a

Median Fluorescence Intensity (MFI)

reduction in the scFv HS-protein binding epitopes.
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Figure 54 Assessing the effect of disrupting HS biosynthetic enzymes on the expression of HS
protein binding epitopes. The median fluorescent intensities (MFI) of each HS protein binding
epitopes from each CRISPR-Cas9 KO and the wildtype control. Error bars correspond to ±SEM
calculated from two biological replicates. Only one sample was recorded for NDST-1 and
wildtype.
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NDST-1 KO Bulk cells had lower expression of almost all scFv HS-protein binding epitopes,
but higher expression of the 3G10 epitope. This suggests an increase in the number of HS
chains which are much shorter than the wildtype. This was surprising given that NDST-1
KO/KD resulted in longer HS chains in other cell types. Again, the effects of each KO/KD
is likely to be heavily reliant on the other HS biosynthetic enzymes. Assessing the mRNA
levels of the HS biosynthetic enzymes may provide a greater insight into this phenotype.
It appears that chain elongation is impaired here. One suggestion for this comes from a
study where NDST-1 was overexpressed in kidney 293 cells. The authors suggested that
the high level of GlcNS promotes the transfer of the subsequent GlcA, encouraging chain
elongation86. The opposite could be observed here since low GlcNS is expected. Given
that all of the scFv HS-protein binding epitopes include NS modifications (Chapter 2, Table
2), it could also be possible that reduced expression of these epitopes is due to the lack

of NS, rather than a reduction in chain length. Compositional analysis of the NDST-1 KO
Bulk by RP-HPLC will provide further insight into this.

5.3.2.2 HS compositional analysis of EXT1 knockout by RP-HPLC
The HS composition from E1C11 cells and conditioned media was analysed using AMAC
derivatisation and RP-HPLC (Figure 55). The E1C11 cells had lower proportions of the NS
and 2S modifications compared to the wildtype control. This was surprising given that
other studies had indicated an increase in sulphation to compensate for the decrease in
chain length in EXT1 KO. The flow analysis does appear to indicate a decrease in chain
length given that all of the epitopes are lower in E1C11. HPLC analysis did not show a
reduction in total HS in E1C11 compared to wildtype (not shown). However, this was not
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Figure 55 HS compositional analysis of E1C11 EXT1 clones using AMAC labelling and HPLC identification. A.
Percentage contribution of each HS disaccharide from E1C11 cells compared to wildtype MCF-7s (WT) cells. Sidak’s
multiple comparisons test indicates a significant difference between two disaccharide sequences. ***P=0.0009,
**P=0.0023. B. Percentage contribution of each HS disaccharide from E1C11 conditioned media compared to wildtype
MCF-7s (WT) conditioned media. Sidak’s multiple comparisons test indicates a significant difference between two
disaccharide sequences. **P=0.003, *P=0.0111. C. Comparisons between each modification present on HS from E1C11
cells with WT cells. Sidak’s multiple comparisons test indicates a significant difference between three HS modifications.
**P=0.002, *P=0.0156. D. Comparisons between each modification present on HS from E1C11 conditioned media with
WT conditioned media. Sidak’s multiple comparisons test indicates no significant differences. Error bars correspond to
±SEM based on three biological replicates. Abbreviations: %NAc: 2-N-acetylglucosamine (GlcNAc), %NS: 2-Nsulphoglucosamine (GlcNS), UA: uronic acid (iduronic acid or glucuronic acid), 6S and 2S corresponds to the addition
of a sulphate group to 6-O on the glucosamine and 2-O uronic acid respectively.
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normalised based on total protein content (amount per T175 normalisation only). As
discussed in Chapter 2, large changes to protein binding epitopes may only translate to
subtle changes in the amounts of each modification. Therefore, it could be that the EXT1
KO led to an overall loss of sulphation or alteration in sulphation pattern without much
change to chain length. Since EXT1 is highly expressed in MCF-7s237 and E1C11 is a
heterozygote, it is also likely that there is still a biologically relevant amount of EXT1 active
in E1C11. This may be why the total amount of HS is not reduced in this particular setting.

5.3.3 FACS based sorting of NDST-1 KO Bulk sub-populations
Unfortunately, due to issues with bacterial infections, EXT2 KO Bulk could not be included
for this sorting. As indicated in Figure 53, NDST-1 appears to have two sub-populations
of cells with a different expression of the RB4Ea12 epitope. Therefore, sorting based on
this epitope was carried out on NDST-1 KO Bulk. Two sub-populations were obtained:
RB4Ea12Low and RB4Ea12Mod (Figure 56). These were selected over the main population
with high RB4Ea12 epitope expression as it was reasoned these were more likely to
correspond to homozygous KO cells. Approximately 18,000 cells were sorted for
RB4Ea12Low and 31,000 for RB4Ea12Mod.

Genotyping these sorted populations demonstrated that sorting did not lead to the
selection of homozygous KO (Figure 57). However, it also did not lead to the selection of
wildtype cells since both PCR products are present. It is uncertain, based on this analysis,
what sort of population is present in these samples since they are equally likely to
correspond to heterozygotes only or a mixture.
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Figure 56 Sorting of bulk NDST-1 knockout cells based on RB4Ea12 expression. A.
Expression profile of RB4Ea12 epitope on NDST-1 KO bulk cells before sorting. Two subpopulations were identified with lower RB4Ea12 expression compared to the main population
(*) which is similar to the wildtype MCF-7 cells. B. Details of the number of cells sorted from
each population and the purity calculated by re-analysing a small aliquot of the sorted
populations. Percentages correspond to the proportion of cells within the gates defined in A.
Analysis of the sorted C. RB4Ea12Low population and D. RB4Ea12Mod population. Grey
histogram corresponds to the MBP49 isotype control.

The expression of the scFv HS protein binding epitopes was then compared between
NDST-1 KO Bulk and the two sorted populations, relative to that seen in the wildtype
control. Surprisingly, the two sorted populations had higher expression levels of some HS
epitopes in comparison to the unsorted NDST-1 KO Bulk, including the RB4Ea12 epitope
(Figure 58A). Interestingly the increase in the 3G10 epitope is also less prominent in the
sorted populations. When the expression of each HS scFv epitope is made relative to
3G10, the differences between the three NDST-1 KO samples become less prominent
(Figure 58B). It could be that sorting did not lead to the selection/enrichment of a specific
population, and the variation observed here is simply natural variation seen between
replicates. It is unlikely that the apparent unaltered HS scFv epitopes is due to inefficient
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sorting since the purity of these sorted populations were high. It is therefore likely that
the dual population (Figure 56A) corresponds to cells which establish their HS at different
rates. This was anticipated to be the case in Chapter 2 when effect of culture conditions
was assessed. While the time in culture was controlled for, it may be that four days in
culture prior to analysis is not sufficient for these KO cells.
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Figure 57 PCR and DNA gel electrophoresis assessment of NDST-1 KO MCF-7s before
and after sorting based on RB4Ea12 expression. Untransfected MCF-7s were included
as a control (wildtype, WT).

There were some morphological differences observed in the transfected cells in
comparison to wildtype MCF-7s. The two RB4Ea12 sorted populations appear to not pack
as closely as that seen in the wildtype cells (Figure 59B). As mentioned earlier, all three
KO experienced difficulties with attachment after passage, when seeded in 10% KSR
supplemented media (Figure 59C). This meant that these cells were routinely seeded in
a KSR/FBS mix initially to allow for attachment. Once attached, these cells had similar
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Figure 58 Assessing the effect of sorting NDST-1 KO bulk on the expression of HS binding epitopes. The expression of HS binding
epitopes relative to those seen in wildtype MCF-7s (given as relative expression) were compared between NDST-1 bulk (before FACS
sorting) and the two sorted populations: RB4Ea12Low and RB4Ea12Mod. A. Expression of each epitope relative to wildtype. B. Expression of
each epitope relative to wildtype and normalised based on 3G10 expression.
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morphology to the wildtype, despite media changing the following day to 10% KSR only
media. It has been suggested that HS is required for initial attachment which could
explain this observation. HS may not be essential for maintaining cell attachment since
enzymatic digestion of HS did not lead to loss of attachment in some cell lines238. This
would explain why permanent culture in FBS is not required to maintain cell attachment.
It is possible that FBS may allow for initial attachment by providing cells with exogenous
HS.

A

B

C

D

Figure 59 Morphological alterations in the CRISPR-Cas9 KO cells. A. Wildtype control.
B. Typical morphology observed in the RB4Ea12 sorted NDST-1 KO cells. Cells appear
to not pack into colonies as well, as indicated in the 40X image. C. All KO cells failed to
attach when seeded in 10 % KSR media. D. Attachment and wildtype morphology restored
when seeding in media with 5% FBS/5% KSR and switched the following day to 10% KSR.

5.3.4 Culture of E1C11 and NDST-1 RB4Ea12Low in CELLine bioreactors
Due to the issues with bacterial infections, only two cell conditions were seeded into
CELLine bioreactors: E1C11 and NDST-1 KO RB4Ea12Low. E1C11 was chosen since it was
the only clone available. A homogenous population would be simpler to interpret any
alterations caused by the KO. A heterogenous population may lead to the gradual loss of
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certain cell populations (such as homozygous KO), causing time-dependent variations in
sEV samples. The presence of multiple cell populations would cause further
heterogeneity to the sEV samples which may dilute any alterations to the sub-population
of interest. However, the RB4Ea12Low population was also chosen to be seeded which is
likely to be a heterogenous population. For the reasons stated above it would have been
preferable to use a NDST-1 KO clone. Experience in our group with the NDST-1 KO in
alternative cell lines (un-published data) showed high transfection efficiency in
comparison to EXT1 and EXT2. It was therefore reasoned that the NDST-1 KO cells could
provide the highest proportion of heterozygotes and homozygotes. In addition, the high
level of 3G10 staining specific to the NDST-1 KO could lead to interesting changes in the
sEVs produced. It would have been interesting to investigate whether the increase in the
3G10 epitope was due to increased HS chains per proteoglycan or an increase in the
number of proteoglycans. For example, high levels of syndecan could lead to increased
sEV production. This could be investigated by flow cytometry using syndecan antibodies.

The potential heterogeneity in RB4Ea12Low will need to be accounted for in sEV analysis.
However, the RB4Ea12Low CELLine bioreactor became infected within two months of
culture and so had to be discarded. This was unfortunate as only early sEV samples could
be obtained and the analysis could not be performed on the cells at the end of the
bioreactor lifetime. It would have been interesting to see whether long term culture in
the bioreactors effected the expression of the scFv HS epitopes. It may have reverted
expression back to wildtype, due to loss of the KO populations (which could be assessed
by genotyping). Culture of wildtype MCF-7s in these bioreactors caused alterations to HS
composition (Chapter 3), this may also occur in the KO cells. In an attempt to control for
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this, sEV samples from the same time point (weeks 5 to 7) will be compared. Chapter 6
provides information on the planned experiments on the sEVs from these bioreactors.

5.3.5 Assessing the effect of heparanase inhibition on sEV production
This section investigated the effects of HPSE inhibition for a number of reasons. As
mentioned in Chapter 2, sEVs studied here have high proportions of UA-GlcNAc which
may have been an artefact of HS digestion during sEV production. This may be shown to
be the case if HPSE inhibition led to a shift in the sEV HS composition. It would also be
useful to investigate whether manipulations to HPSE lead to large changes to the sEVs
produced by the MCF-7s used in this project. Based on the results from previous studies,
the inhibition of HPSE should lead to a reduction in sEVs. Finally, understanding what
proportion of the sEV population is affected by inhibiting HPSE will help to put into
context the observations seen in the sEVs from the CRISPR-cas9 KO.

5.3.5.1 Optimising conditions for heparanase inhibition
High HPSE levels are often linked to poor prognosis in many cancers and have been shown
to have roles in tumour growth, metastasis and chemoresistance239. As a result, a number
of HPSE inhibitors have been developed as potential cancer treatments. There are many
inhibitors which are based on oligosaccharides and small molecular weight heparins240.
These were avoided because 1) they can also interfere with HS: protein interactions, and
2) the presence of exogenous saccharides may interfere with HS compositional analysis.
Therefore, a small molecule inhibitor was used instead called OGT2115. The first step was
to determine the optimal conditions for OGT2115. Since this would involve testing a
number of conditions, a flow cytometry-based assay on the cells would be preferred over
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the disaccharide composition/RP-HPLC method as this would allow for more rapid
optimisation. Since HPSE inhibition would likely lead to longer HS chains, a combination
of 3G10 and 10E4 (and later, RB4Ea12 and AO4B08) was selected as this would enable
estimations of the HS chain length. This would be more beneficial than simply looking at
10E4 or scFv HS staining as there would be no way of deciphering whether any alterations
in 10E4 or scFv HS epitope expression were due to changes in chain length or the number
of HS chains. These experiments can be found in Appendix, Section 5. The addition of
0.8 µM OGT2115 over a 72-hour period was identified as the optimal conditions for HPSE
inhibition (Appendix OO).

5.3.5.2 Effect of heparanase inhibition on MCF-7 cellular and soluble HS
The effect of HPSE inhibition was assessed in more detail by carrying out HS
compositional analysis (AMAC derivatisation and RP-HPLC identification). BCA assays
were carried out so that the amount of HS could be normalised and thus compared, and
to determine whether HPSE inhibition alters total protein in the EV samples. There was
no significant difference in the cellular and soluble protein between the two conditions
(0.8 µM OGT2115 and DMSO only) (Figure 60). It was anticipated that the inhibition of
HPSE would lead to increased cellular protein due to limited syndecan shedding from the
cell surface. HPSE is reported to facilitate syndecan shedding through removing HS,
allowing for sheddases like MMP-9241 to access the protein core. The unaltered total
protein content may be due to syndecan not comprising a large enough proportion of the
total cellular protein to give a detectable difference. It also suggests that the addition of
OGT2115 did not have any significant effects on the viability and growth rates of the cells.
Interestingly, there was an increase in sEV protein when OGT2115 was added. This would
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that all the samples would be normalised based on cellular protein since inhibition of
HPSE appears to have some effect on the protein content of the other samples.
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Figure 60 Comparing effect of OGT2115 on total protein content. A micro-BCA assay
was carried out to determine protein content. Cells and EV-depleted media data are from
two biological repeats and data from EVs are from one sample. All samples were analysed
with a technical repeat of two. A Sidak’s multiple comparison test was carried out on cells
and EV-depleted media samples and found no significant difference between the two
conditions. Error bars correspond to ±SEM.

As shown in Figure 61, no significant differences were detected in HS composition for
both the cells and EV-depleted media samples. This is surprising given the differences in
expression of the RB4Ea12 and AO4B08 epitopes seen in the optimisation assays. HPSE
inhibition did not lead to a reduction in UA-GlcNAc in the sEV samples, suggesting that
the high level of UA-GlcNAc typically seen in sEVs is not an artefact from HPSE digestion.
However, the lack of replicates makes it difficult to draw more definitive conclusions on
this. Interestingly, the sEVs, LEVs and EV-depleted conditioned media had similar HS
compositions. This was surprising given that previous experiments demonstrated that
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sEVs had a unique HS composition. It is intriguing that when the cells are exposed to
OGT2115 and/or DMSO the difference between these samples is lost. While not
considered significant, OGT2115 led to decreased sulphation in EV-depleted conditioned
media HS. This is surprising given HPSE liberates NS domains which would be highly
sulphated.
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Figure 61 Effect of heparanase inhibition of HS modifications. (A) MCF-7 cells, (B)
EV-depleted conditioned media, (C) LEVs and (D) sEVs. Peak integration analysis was
carried out to calculate the percentage contribution of each disaccharide for each sample.
A and B correspond to a biological replicate of two, whereas C and D correspond to one.
All samples have two technical repeats. Error bars correspond to ±SEM between
biological replicates. Sidak’s multiple comparisons test found no significant difference in
any HS modifications between the two culture conditions. Abbreviations: %NAc: Nacetylated glucosamine (GlcNAc), %NS: N-sulphated glucosamine (GlcNS), UA: uronic
acid (iduronic acid or glucuronic acid). 6S and 2S corresponds to the addition of a
sulphate group to 6-O on the glucosamine and 2-O uronic acid respectively.

The effect of HPSE inhibition on the amount of HS was assessed by normalising the peak
areas (fluorescent units) to cellular protein (Error! Reference source not found.). There
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appears to be an increase in all modification in cellular HS upon addition of OGT2115.
The addition of OGT2115
also correlated with a decrease in soluble HS, however these were not considered to be
significant. The amounts of HS on the LEVs also increased upon addition of OGT2115 but
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Figure 62 Effect of heparanase inhibition on the quantity of heparan sulphate (HS)
modifications. A. MCF-7 cells. B. EV-depleted conditioned media. C. LEVs and D. sEVs.
Error bars on A and B corresponds to ±SEM based on two biological repeats. The
contribution of HS from each sample was calculated from the total normalised fluorescence
intensity values. E. DMSO control. F. OGT2115. Abbreviations: NAc (GlcNAc), NS
(GlcNS). 6S and 2S corresponds to the addition of a sulphate group to 6-O on the
glucosamine and 2-O uronic acid respectively.
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decreased in the sEVs. The lowered HS levels observed in the sEV samples could be due
to a decrease in sEV production.
In order to investigate this potential reduction in sEVs further, particle counts were
obtained for LEVs and sEVs using NTA (Figure 64). The addition of OGT2115 led to a 2fold reduction in particle counts in the sEV sample, but no significant alterations to the
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Figure 63 Effect of HPSE inhibition on the amount of EVs produced. NTA was carried out
on the A. sEVs and B. LEVs produced by MCF-7s incubated with OGT2115 (purple) or
DMSO only (blue).
LEV

samples. Overall, it appears that HPSE inhibition leads to a reduction in sEV

production, as indicated by HS content and particle counts.
Guido David and Pascale Zimmerman found that the addition of exogenous HPSE in MCF7s led to a 1.3-fold increase in exosomes based on NTA. They also looked at the changes
in protein by western blot and found that CD63 levels increased by 3-fold and syndecan1 CTFs by 7-fold58. This suggests that the particle reduction seen in this current study is
significant. As mentioned, multiple mechanisms may be involved in exosome production.
This experiment adds detail to this as complete loss of sEVs was not observed. It is likely
that there is considerable variation in the extent to which distinct cell types utilise the
syndecan-syntenin-ALIX mechanism. For example, Thompson et al57 reported that HPSE
overexpression in a myeloma cell line led to a 6-fold increase in exosomes in terms of
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their total protein and particle counts (NTA). In both studies, an increase in protein levels
was observed when HPSE activity was increased. The reverse was therefore to be
expected upon HPSE inhibition. However, this was not the case in the BCA assay carried
out here. Both studies used serum starving and differential ultracentrifugation to isolate
EVs, similar to the current study. This suggests that the protein levels detected here are
not due to higher levels of contaminating proteins in the EV preparations used here. The
differences in protein content could be due to the different strategies used to manipulate
HPSE activity (using HPSE inhibition rather than increased HPSE through exogenous HPSE
or overexpression).

The main issue with this assay was the lack of replicates making it difficult to draw solid
conclusions, and the inclusion of FBS in the culture media (apart from the last 24 hours
which were carried out in serum free media). Therefore, a second assay was carried out
where MCF-7s were cultured in 5% KSR containing media (and EV-depleted KSR for the
final three days for obtaining conditioned media). It was reasoned that if the MCF-7s were
cultured in EV-depleted KSR, they could be cultured for longer which would provide more
concentrated EV samples to help increase the number of replicates. Culture in KSR would
keep the assay free of exogenous GAGs and correlate better with the studies carried out
on the CELLine bioreactors. However, the cells did not proliferate well in this new assay
which led to alterations in the assay set-up (Figure 65). Analysis of the HS composition
and amount of HS found no differences between OGT2115 and the DMSO control. In
addition, the HS composition profiles were similar to that seen in the samples analysed
previously (Chapter 3) from MCF-7s cultured in KSR containing media (Appendix PP).
Overall, this suggests that the KSR-based assay did not successfully inhibit HPSE. This may

178

be due to the alterations in the duration of the assay increasing the concentration of
OGT2115 and thus changing its activity so that it no longer inhibits HPSE. Repeating this
experiment with higher seeding densities would be useful to keep to the original time
scale. It would also be beneficial to determine whether the HPSE inhibition could be
maintained over 48 hours after a single administration of OGT2115. This could inform
future assays, specifically whether additional OGT2115 administrations are required
while the cells are incubated in EV-depleted KSR, as media changes can’t be carried out
after this point.
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Figure 64 Comparison of the two OGT2115 assays. A. FBS-based assay involved three days
of incubation with OGT2115, the final media change was with serum free media to allow for
collection of conditioned media for EV isolation (step 4). The KSR assay was planned to be
similar to this, but with a media change to OGT2115 in EV-depleted KSR at step 4, followed
by a three-day incubation. An additional inoculation of OGT2115 would been carried out on
the second day. B. The final KSR-based assay involved 9 days of incubation with OGT2115.
The final media change was with EV-depleted KSR media, however OGT2115 was added the
following day due to the prolonged culture required.
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5.3 Conclusions
CRISPR-Cas9 technology was successfully used to produce EXT1 KO MCF-7 cell lines.
While a clone with a homozygous KO was not obtained, the generation of a heterozygote
yielded an MCF-7 cell line (E1C11) with altered HS compared to the wildtype control as
confirmed by compositional analysis and flow cytometry. In this particular setting, the
complete loss of HS, expected from an EXT1 homozygous KO, may not be beneficial. This
is based upon work by G. David and P. Zimmerman, who reported a loss of exosomes
produced from the syndecan-syntenin-ALIX mechanism in EXT1 and EXT2 KD MCF-7s58,59.

Due to issues with infections and time constraints, clones with KO in NDST-1 and EXT2
were not obtained in this study. However, the bulk populations from both of these
transfections (EXT2/NDST-1 KO Bulk) demonstrated altered scFv HS-protein binding
epitope expression. Attempts to select for a specific population within the NDST-1 KO
Bulk cells was carried out by sorting based on the expression of the RB4Ea12 epitope.
However, this did not result in a population with altered scFv HS epitope expression
compared to the NDST-1 Bulk cells prior to FACS. Regardless of this, it was considered
that the scFv HS epitope expression in the NDST-1 KO Bulk cells were different enough
from the wildtype (and E1C11) to justify further investigations into their sEV populations.

The NDST-1 KO Bulk RB4Ea12Low and E1C11 were seeded into CELLine bioreactors to
generate large quantities of sEVs to enable in-depth characterisation. Unfortunately, sEV
characterisation could not be carried out in time for submission of this thesis. However,
work is ongoing to complete this analysis and will be detailed further in Chapter 6.
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Finally, the experiments investigating the effect of HPSE inhibition on the sEV populations
were successful in parts. The initial assay, which involved 10% FBS media, demonstrated
a clear reduction in sEVs based on particle counts and total amount of HS. This correlates
well with previous studies by G. David and P. Zimmerman, and R. Sanderson57,59. This will
be useful moving forward, when the sEVs isolated from the KO CELLine bioreactors are
characterised. However, conclusions from this assay were limited due to the lack of
biological repeats. Attempts to rectify this with a modified assay using media containing
KSR was not successful. This was likely due to the altered method used to incubate MCF7s with OGT2115. As demonstrated in this assay, and those used initially to optimise
OGT2115 conditions, the activity of OGT2115 is highly variable with concentration and
will need to be controlled for better in future experiments.

181

Chapter 6- Conclusions and Future Work
6.1 Summary of work carried out through the project
This project aimed to produce targeted alterations to global HS on MCF-7 cells, as a proof
of concept that exosomes may be optimised through manipulating the syndecansyntenin-ALIX mechanism for exosome production. Figure 66 describes the steps taken
to address this aim. The initial steps involved establishing flow cytometry and RP-HPLC
methods to analyse the GAG composition on wildtype MCF-7 cells and their EVs. Chapter
2 demonstrated that these methods could be used to detect alterations to the HS

structures and that the effect of culture conditions, passage and timings of experiments
on HS structure needs to be considered. This informed the work in the subsequent
chapters.

Work focussed on developing a bead-free FACS method to characterise individual sEVs,
and sort specific sub-populations which could then be further analysed. This was required
as sEVs produced by alternative mechanisms may dilute any effects the altered HS have
on sEVs produced by the syndecan-syntenin-ALIX mechanism. The protocol to sort sEVs
could not be developed within the required timeframe. However, the work described
here provides critical proof-of-concept that the single sEV analysis capable with the beadfree flow cytometry method can aid in identifying alterations to sEV sub-populations.
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Figure 65 Overview of the experiments carried out throughout this project. A. Flow cytometry and RP-HPLC methods were set up to
enable HS structures to be compared between different samples and culture conditions. This was developed so that the alterations to HS
structures caused by CRISPR-Cas9 knockouts to HS biosynthetic enzymes (E) could be confirmed (F). B. Nanoparticle tracking analysis
and transmission electron microscopy methods were used here to characterise EV samples based on their size distribution and
morphology. C. RP-HPLC was successfully used to characterise HS composition on EVs which will be useful to assess alterations in this
caused by E. A method for single EV analysis (bead free flow cytometry) was developed here to enable analysis of specific subpopulations (D). Also highlighted here is the work carried out to improve EV yields through culturing MCF-7s in CELLine bioreactors.
Future work (i-iii) involves sorting specific sub-populations of EVs obtained from the KO MCF-7s followed by in-depth analysis.
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MCF-7s were cultured in CELLine bioreactors, overcoming issues with low EV yields
typically obtained from 2D cultures. Profiling bioreactor samples revealed that conditions
appear to change with time. This was evident by alterations to the sEV population based
on HS composition and expression of CD9, CD63, CD81, CD44, CD24 and 10E4.

MCF-7s with knockouts (KO) in EXT1, EXT2 and NDST-1 were generated however, only an
EXT1 heterozygous KO clone (E1C11) could be obtained. Attempts were made to further
select for a KO population within NDST-1 Bulk KO by sorting based on the RB4Ea12
epitope. However, this did not lead to an enrichment of a KO population. Therefore,
CELLine bioreactors were set-up with E1C11 and NDST-1 RB4Ea12Low. Due to time
constraints, analysis of the sEVs from these KO could not be carried out.

6.2 Future work
6.2.1 Bead-free flow cytometry and sorting of sEVs
Characterisation of sEVs and LEVs using the bead-free flow cytometry method requires
additional replicates to draw more solid conclusions. In addition, it would be useful to
compare the expression of the six epitopes (CD9, CD63, CD81, CD44, CD24 and 10E4)
with that seen using an established technique, such as western blotting. This would help
to confirm whether the results from this flow cytometry method are reliable. Western
blotting was being established for the characterisation of sEVs, based on the ISEV
guidelines (Chapter 1, Table 1)6. However, the protocol requires further optimisation.
CD9, CD63 and CD81 were included to aid the characterisation of the sEVs and to
compare with the expression reported by flow cytometry. Cytosolic proteins were also
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included; ALIX and syntenin were selected due to their involvement in the syndecansyntenin-ALIX mechanism. Therefore, these could be used to aid in characterising sEVs
and as a tool to identify any alterations to the population produced by the syndecansyntenin-ALIX mechanism. Flotillin-1 was also selected as it has been reported to be
associated with an EV population distinct from those produced by syndecan-synteninALIX mechanism55,58,59. The cis-Golgi matrix protein: GM130 was also included. This is
suspected to be negative in sEVs. The expression of flotillin-1, CD81 and CD9 compared
to syntenin, ALIX and CD63 could be compared to gain an insight into any alterations to
the sEV sub-populations. Western blotting would also be a useful addition to the
characterisation of sEV sub-populations sorted by FACS.
As mentioned, sorting of sEVs was not attempted. Future work will involve sorting based
on calcein AM expression initially, followed by 10E4. Calcein AM populations will be
sorted initially because this is a larger population in comparison to 10E4. Sorting an
abundant population will be beneficial while optimising experiments. Sorting of sEVs
requires low event rates and pressures to ensure sorting of single sEVs. This will greatly
extend the sorting process; groups have reported sorting times of 4 to 15 hours12,137. This
time will also depend on the abundance of the population. In addition, the correlative
light electron microscopy (CLEM) method to confirm successful sorting has only been
developed for calcein AM and so would require further development before it could be
used to confirm sorting of 10E4 populations. Given the association of CD63 with sEVs
produced from the syndecan-syntenin-ALIX pathway55,56,58, sorting CD63 positive
populations may enable enrichment of this particular sEV sub-population. However,
given the low CD63 expression observed in the flow cytometry work (Chapter 4), this
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sorting is likely to give low EV yields, or require lengthy sorting times giving very dilute
sEV preparations. Alternative methods to enrich this population could involve
immunoaffinity capture based isolation of sEVs from conditioned media based on CD63
expression, as introduced in Chapter 1.

6.2.2 Further analysis of MCF-7 knockout cells
On-going work includes further characterisation of the altered HS structures from the
MCF-7 KO cells. The amount of HS in E1C11 compared to the wildtype could not be
accurately compared in Chapter 5 due to lack of proper normalisation. Therefore, RPHPLC analysis will be repeated for the wildtype MCF-7s with aliquots taken for BCA assays
to enable normalisation based on protein content. The two sorted NDST-1 populations
(RB4Ea12Low and RB4Ea12Mod) will also be further characterised by RP-HPLC. This will be
useful to confirm whether the reduced expression of the scFv HS-protein epitopes is due
to loss of NS and whether there are any alterations in the amount of HS in these samples.

As mentioned in Chapter 5, further analysis to define the mRNA levels of the HS
biosynthetic enzymes will aid in interpreting the observed alterations to HS structure in
the KO MCF-7s. Therefore, the CELLine bioreactor containing the E1C11 clone will be
sacrificed at week 17 (like wildtype CELLine) and samples will be taken to compare mRNA
levels by RT-qPCR. Flow analysis will also be carried out on the E1C11 cells from the
bioreactor and compared to the wildtype MCF-7s in Chapter 3. E1C11 samples will be
prepared with 4% PFA fixation to allow for more accurate comparisons with those
obtained from the wildtype CELLine. Genotyping of E1C11 at the end of the 17-week
culture will also be carried out to confirm stable EXT1 KO.
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6.2.3 Analysis of sEVs obtained from MCF-7 knockout cells
Analysis of the sEVs isolated from the E1C11 and NDST-1 RB4Ea12Low bioreactors is ongoing. NDST-1 RB4Ea12Low became infected after the initial two months which meant that
only sEVs obtained from weeks 5,6 and 7 can be used for this analysis. Experiments in
Chapter 3 and 4 demonstrated that the sEVs are variable throughout the culture of the

wildtype CELLine bioreactor. This means that in order to make accurate comparisons
between the KO, sEVs isolated from the same time points will be used. Therefore, all
conditions will involve sEVs obtained from weeks 5 to 7.

The sEVs will be analysed based on the methods developed throughout this project. This
will include GAG compositional analysis to determine whether alterations to cellular HS
results in alterations in HS found in sEVs. Alterations to sEV derived HS could indicate
changes to the general sEV population. It would also be interesting to investigate whether
the high proportion of un-sulphated HS typically seen in sEV samples is due to a selective
enrichment of this HS population (HPSE inhibition assays suggested typical HS
composition is not an artefact of HPSE digestion).

The sEVs will also be characterised using the bead-free flow cytometry method
developed here. It is anticipated that increased sEV production via the syndecansyntenin-ALIX pathway will lead to increased CD63 and decreased/unaltered CD81 and
CD9 expression. Single sEV analysis enabled by this method will allow for changes in these
epitopes within different sub-populations to be identified. Ideally, sorting and western
blot analysis of specific sub-populations would be carried out on these sEVs, provided
methods are effectively optimised.
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Additional analysis could utilise the HPSE inhibition assay detailed in Chapter 5. Inhibition
of HPSE was shown to reduce sEV populations, potentially through reducing the rate of
sEV production (further work is needed to confirm this). Therefore, this assay could be
carried out on the MCF-7 KO samples. If, for example, HPSE inhibition lead to a decrease
in sEVs (determined by NTA) greater than 2-fold (change seen in wildtype cells), this
would suggest that the particular KO resulted in an increase in the syndecan-synteninALIX sEV sub-population.

The planned work detailed thus far, involves investigations into the proportion of sEVs
produced by the syndecan-syntenin-ALIX mechanism. This will give information into how
the altered HS impacts on the rate of sEV production. However, we also hypothesised
that altered HS may affect cargo selection, leading to changes in sEV composition and
functional activity. Therefore, we also plan to investigate these potential changes. First,
the protein composition of these sEVs will be profiled using two proteome array kits:
Proteome Profiler Human XL Cytokine Array Kit and Proteome Profiler Human XL
Oncology Array Kit from R&D Systems. These kits will probe for 105 cytokines and 84
cancer related proteins respectively. We chose these two particular kits because of the:
1) relevance of oncogenic proteins in this breast cancer cell line, 2) ability of HS to interact
with cytokines and 3) link cytokines have to the future work on MSC derived sEVs (since
improved immunomodulatory properties in MSC-derived sEVs would be ideal).

Alterations to sEV function will also be assessed. One functional assay to be carried out
will assess the ability of these sEVs to promote differentiation of fibroblasts to
myofibroblasts following the protocol detailed in Chowdhury et al242. This will be carried

188

out in collaboration with Dr J. Webber who developed this particular assay to
demonstrate that Du145 exosomes have TGF-b tethered to their surfaces via betaglycan
which promotes this differentiation25. While the activity could not be attributed to MCF7 derived exosomes in this particular paper, other groups have demonstrated the ability
of MCF-7 derived exosomes to promote differentiation to myofibroblasts through a TGFb dependent mechanism243. Betaglycan is a proteoglycan which contains HS and CS/DS.
The HS component has been shown to influence the ability of betaglycan to present TGFb to its receptors, thus modulating TGF-b signalling244. It was therefore reasoned here
that manipulations to HS in MCF-7s may alter the ability of MCF-7 derived sEVs to
promote differentiation into myofibroblasts. Wound healing assays could also be carried
out since one paper demonstrated that exosomes derived from breast cancer cell lines
(including MCF-7s) promote cell migration. While this paper reported that MCF-7 derived
exosomes are the least active, manipulations to HS may alter this activity245.

6.3 Optimised MSC-derived exosomes for therapeutics
As mentioned in Chapter 1, the original aim was to perform this work on MSCs in order
to determine whether MSC-derived exosomes could be optimised for specific therapies.
However, due to the paucity of existing work in this area, the project necessitated
essential proof of concept work, for which MCF-7s where used. This section will consider
(provided sEVs from KO demonstrate altered phenotype) how the work carried out in this
project could be applied in order to meet this initial aim.
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Alternative MSC sources will need to be explored. Given the slow proliferation seen with
the hBM-MSCs used initially, immortalised MSCs could provide an appropriate
alternative246. An important starting point for moving to MSCs would be to assess what
proportion of the overall sEV population is produced by the syndecan-syntenin-ALIX
mechanism. The HPSE inhibition assay developed in Chapter 5 would be ideal for this.
The difference in particle counts from sEVs produced by MSCs with and without OGT2115
can be compared to that seen for wildtype MCF-7s. This assay was carried out on 2D
cultures which means that this could be carried out relatively quickly.

For this proof of concept work, large alterations to HS structures were required so that
any changes in the sEV population could be more easily identified. This is why EXT1, EXT2
and NDST-1 were targeted. Moving forward, more subtle alterations to the HS structure
may be required to alter cargo selection but still maintain sEV production through the
syndecan-syntenin-ALIX mechanism. The requirement for subtle alterations would be
advantageous when carrying out work on MSCs given the observation that disruptions to
HS biosynthetic enzymes impair MSC attachment and viability (Cathy Merry, personal
communication247).

The culture of MCF-7s in the CELLine bioreactors was instrumental for the progression of
this work. While MCF-7s (wildtype and KO cells), adapted well to culture in these
bioreactors, it is uncertain whether MSCs will adapt as well. This may mean that
alternative methods to upscale culture would be required when translating this work over
to MSCs.
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6.4 Concluding remarks
Overall, the work carried out in this project has developed techniques to assess the
effects of altering the HS structures on sEV populations. This has included analysis of sEV
derived HS, and single sEV analysis using bead-free flow cytometry. Disruptions to global
cellular HS has been successfully achieved through CRISPR-Cas9 mediated KO of key HS
biosynthetic enzymes. Further work is now underway to characterise the resulting sEV
populations from these KO cells. Once completed, this proof of concept work could be
utilised to investigate whether disruptions to HS structures can be used in alternative cell
sources (such as MSCs) to develop optimised sEVs for advanced therapeutics.

Generating stable KO using CRISPR-Cas9 technology for therapeutic applications is much
more feasible in comparison to knockdowns based on siRNA. This method could enable
the production of optimised sEVs with minimal hands-on time, once the cell lines have
been generated. This is advantageous over alternative EV engineering strategies such as
the nanovesicles introduced in Chapter 1. This method requires continuous manipulation
to the cells and loading of specific components. Given the broad specificity of HS,
manipulating its structure may result in alterations to a wide range of sEV cargo. This may
be useful for complex disorders which may require a variety of active components in
order to provide effective treatments.
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Appendices
Chapter 2- Appendix
2.1 Materials and Methods
2.1.1 Isolation and culture of hBM-MSCs
Human bone marrow mesenchymal stem cells (hBM-MSCs) were isolated from three
commercially sourced bone-marrow aspirates (Lonza, USA) (1= 25-year old, black male.
2= 26-year old, hispanic male. 3= 29-year old, white female) using an adherence
technique previously described by D’Ippolito et al (2004)248. Bone marrow cells were
plated onto 10 ng/µL fibronectin (Lonza) coated tissue culture flasks in MSC culture
media detailed in Chapter 2 (Table 3). Cultures were maintained at 37°C under normoxia,
or 5% CO2 with 2% O2 (hypoxia). Hypoxic conditions were maintained by culturing cells in
a Baker Ruskinn INVIVO2 workstation. Half the media was replaced after the initial seven
days. For hypoxic cultures, all media changes were carried out with media preconditioned to hypoxic atmospheres by incubating for 24 hours in the INVIVO2
workstation in T175 flasks. 14 days after initial plating, non-adherent cells were removed
by washing with 1X DPBS (Gibco). Adherent cells were harvested using 0.25%
trypsin/EDTA (Lonza) and then either re-plated for expansion and characterisation or
cryopreserved in cryopreservation medium at a density of 1.0 x106 cells/mL. Cultures
were used up to passage three.
2.1.2 Immunophenotypic characterisation of bone marrow derived cells
Cells were harvested using 0.25% trypsin/EDTA and the resulting cell pellet was resuspended in 2% bovine serum albumin (BSA) (w/v) (Sigma-Aldrich) in 1X DPBS (staining
buffer) and distributed at 200,000 cells/tube. Samples were incubated in 10% (v/v)
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human IgG receptor blocker (BD Biosciences) in staining buffer for one hour at 4°C.
Samples were washed with staining buffer before 100 µL of antibody master mix
(Appendix B) was added to the corresponding sample. This was incubated for 30 minutes
at 4°C in the dark. Samples were washed twice with staining buffer before being analysed
on the BD FACSCanto II. A minimum of 10,000 gated events (forward scatter vs side
scatter) were recorded for each sample. Post-acquisition analysis and compensation was
performed using Kaluza Analysis Software v2.1.1 (Beckman Coulter).
2.1.3 Osteogenic differentiation potential of bone marrow derived cells
hBM-MSCs were seeded onto 10 ng/µL fibronectin coated 24-well plates at
50,000 cells/well in MSC culture media and incubated at 37°C under normoxic conditions.
After 24 hours, the media was replaced with osteogenic media (Appendix A) which was
changed twice a week for three weeks. Cells were washed with 1X DPBS and fixed with
4% (v/v) paraformaldehyde (PFA) solution for 30 minutes. Alkaline phosphatase activity
was assessed by azo dye histochemistry. For this, 5 mg naphthol AS-BI phosphate was
dissolved in 0.5 mL N,N-dimethylformamide (Sigma-Aldrich) and 50 mg Fast Red TR salt
(Sigma-Aldrich) was added and brought to a final volume of 50 mL using 0.2 M TrisHCl,
pH 9.0. Each sample was incubated in 1 mL of this solution for 1 hour before being
washed gently with distilled water and imaged by light microscopy. Samples from all
three aspirates in both hypoxic and normoxic conditioned were assessed (N=4).
2.1.4 Adipogenic differentiation potential of bone marrow derived cells
hBM-MSCs were seeded, cultured and fixed as per the osteogenic differentiation
protocol. However, using adipogenic media (Appendix A). Lipid droplet formation was
assessed by staining cells in 0.3% (v/v) Oil Red O in 60% (v/v) isopropyl alcohol solution
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for one hour before being washed and imaged as detailed in Section 2.1.3. Samples from
all three aspirates in both hypoxic and normoxic conditioned were assessed (n=4).
2.1.5 Chondrogenic differentiation potential of bone marrow derived cells
hBM-MSCs were distributed at 250,000 cells per sample and centrifuged at 700 rpm for
5 minutes. Cells were incubated as pellets in culture media for 24 hours at 37°C in
normoxic conditions, before being media changed with chondrogenic media (Appendix
A). Media changes were carried out twice a week for three weeks before the pellets were

rinsed with 1X DPBS and fixed in 4% (v/v) PFA solution. Pellets were wax embedded and
sectioned to give three slides with three sections per sample. The slides were immersed
in 100% xylene (Sigma-Aldrich) twice for 5 minutes, then industrial methylated spirits
twice for five minutes and then 1X DPBS for 5 minutes. Extent of chondrogenesis was
assessed by staining sections with toluidine blue for 20 seconds before being rinsed with
distilled water. Slides were air dried, immersed in xylene for 5 minutes and mounted
using DPX mountant (Sigma-Aldrich). Stained slides were then imaged by light
microscopy.
2.1.6 Isolation of hBM-MSC derived sEVs from conditioned media
hBM-MSCs from aspirate one (normoxic) were cultured using MSC culture media until
approximately 80% confluent. Cultures were then washed with 1X DPBS and serum-free
culture media (basal media) was added. Cultures were incubated at 37°C under normoxic
conditions for 24 hours. The resulting conditioned media (MSC-CM) was collected and
the sEVs isolated by differential ultracentrifugation (Chapter 2, Section 2.3). When
required, samples were thawed on ice.
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2.1.7 Transmission electron microscopy of MSC-sEVs
MSC-sEVs either in 1X DPBS or dH2O were prepared for TEM following the protocol in
Section 4.2.5 in the main text.

2.1.8 Preparation of hBM-MSC samples for GAG isolation and characterisation
Four T75 flasks containing hBM-MSCs from aspirate one at passage 1 were cultured until
approximately 60% confluent using MSC culture media. hBM-MSCs were media changed
with StemMACS MSC Expansion Media (Miltenyi Biotec) and incubated for 72 hours at
37°C under normoxic conditions. The resulting conditioned media was collected and sEVs
isolated by differential ultracentrifugation. The resulting EV-depleted conditioned
StemMACS media and sEVs were stored at -80°C until required. The hBM-MSCs were
passaged into three T75s and further cultured using MSC culture media until 80%
confluent. At this point, the cells were media changed with serum-free culture media and
incubated at 37°C under normoxic conditions for 24 hours. The resulting conditioned
DMEM media was collected and the cells were washed with 1X DPBS, before being
prepared for GAG extraction following method detailed in Section 2.2.4-2.6 in the main
text. The three T75s were combined to give one sample.

2 Results and Discussion
2.2.1 Characterisation of hBM-MSCs
Adherent cells were successfully isolated and characterised as hBM-MSCs based on the
minimal criteria to define MSCs set in place by the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy249. Firstly, they demonstrated
plastic adherence and secondly, they expressed CD105, CD73 and CD90, and were
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negative for CD19, CD34, CD45, CD14 and HLA-DR (Appendix C), as determined by flow
cytometry. The third criterion is their ability to differentiate into osteoblasts, adipocytes
and chondrocytes when cultured under in vitro conditions. Aspirate one was found to be
capable of differentiating into all three lineages suggesting successful isolation of cells
with MSC phenotype. However, the second batch of experiments were not as successful
due to issues with the staining procedures in the osteogenic and adipogenic
differentiation assays (Appendix D). Because of this, only MSCs from aspirate one were
used for all subsequent work.
2.2.2 Characterisation of hBM-MSC derived sEVs by TEM
The established method for preparing sEVs for TEM involved re-suspending sEVs in water
after isolation to prevent precipitation of uranyl acetate (typically seen in 1X DPBS
suspensions) (Appendix E). Typical size range of sEVs from hBM-MSCs was 15 to 185 nm
with the most common size being 35 nm (not shown).
2.2.3 HS compositional analysis of hBM-MSC samples
The MSC-derived sEVs also had the distinct HS composition seen with MCF-7 derived sEVs
(Appendix F). Analysis of fresh StemMACS MSC Expansion media confirmed presence of
both HS and CS/DS. The HS was in higher levels than that seen for the sEV sample. The
high proportion of UA2S-GlcNS6S suggests the presence of both heparin and HS
(Appendix G). Overall, this demonstrated that StemMACS was not an appropriate media
for this particular project.
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Appendix A Media constituents for differentiation assays. Basal
DMEM media corresponds to DMEM 4.5 g/L glucose with 1% 100X
MEM non-essential amino acids, 100 U/mL penicillin, 1,000 U/mL
streptomycin, 2 mM L-glutamine. DEX and TGF-b1 were added on
the day of media change.
Osteogenic media
100 mL basal DMEM media
10 nM dexamethasone (DEX)

100 mM β-glycerophosphate
50 µM ascorbic acid

Adipogenic media
100 mL basal DMEM media
1 µM DEX
100 µM indomethacin

0.5 µM 3-isobutyl-1-methylxanthine (IBMX)
1 mL ITS+ liquid media supplement (100X)

Chondrogenic media
100 mL basal DMEM media
0.1 µM DEX
10 ng/mL TGF-β1
40 µg/mL L-proline

1 mL ITS+
10 µM sodium pyruvate
0.1 mM ascorbic acid

211

Appendix B Antibodies for immunophenotypic characterisation of
hBM-MSCs. Antibodies were purchased from BD Biosciences and are
direct conjugates. Abbreviations: allophycocyanin (APC), phycoerythrin
(PE), brilliant violet (BV), peridinin chlorophyll protein (PerCP).

Sample
1

Antibody

Dilution

CD105-APC, 562408

1:20

CD90-PE-CF594, 562385

1:20

CD73-BV421, 562431

1:20

2

CD14-PerCP-Cy5.5, 550787

1:20

3

CD45-PE-CF594, 562279

1:20

CD34-APC, 555824

1:5

CD19-BV421, 562440

1:20

4

HLA-DR-APC, 560744

1:5

5

IgG1-APC, 555751

1:5

IgG1-PE-CF594, 562292

1:50

IgG1-BV421, 562438

1:100

IgG2b-PerCP-Cy5.5, 558304

1:5

IgG2b-APC, 565381

1:5

6
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Appendix C Characterisation of hBM-MSCs based on marker expression. MSCs from aspirate two cultured under hypoxic conditions
as representative for all three aspirates. A. Sizing plot used to gate for single cells. B. Assessment of surface expression of CD105,
CD90, CD73, CD19, CD34, CD45, HLA-DR and CD14. Percentage expression of markers were determined based on staining greater
than 1% of corresponding isotype control.

A

B

Isotype
Epitope
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Appendix D Tri-lineage potential of isolated hBM-MSCs. A. Oil Red-O staining of lipid droplets to assess adipogenic
differentiation. B. Assessing osteogenesis based on alkaline phosphatase activity. Cells positive for alkaline phosphatase
are stained pink. The black arrow highlights the presence of potential lipid droplets suggesting differentiation into
adipocytes. Top images for A and B were obtained from MSCs isolated from aspirate one (normoxic) and the bottom
images were from MSCs from aspirate three (normoxic) which are representative for the results from the second batch.
C. Assessing chondrogenesis by staining pellets with toluidine blue (aspirate one (normoxic)).

A

B

C

200 µm

100 µm

200 µm

200 µm

200 µm
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Appendix E Optimisation of hBM-MSC derived sEV sample preparation for TEM. sEVs were A. Re-suspended in
1X DPBS after isolation, spotted onto TEM grids and stained with 2% uranyl acetate. This caused precipitation of
uranyl acetate. B. Re-suspended in 1X DPBS after isolation and spotted onto TEM grids without uranyl acetate
stain. C. Re-suspended in distilled water after isolation, spotted onto TEM grids and stained with 2% uranyl acetate.
Black arrows indicate recorded sEVs.

A

B

500 nm

200 nm

200 nm

100 nm

200 nm

500 nm

C

200 nm
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100 nm

Appendix F HS compositional analysis of hBM-MSCs samples. A. Comparison of
disaccharide composition. B. Comparison of HS modifications. Peak integration analysis
was carried out to calculate the percentage contribution of each disaccharide for each
sample. Error bars correspond to ±SEM based on two technical repeats. Abbreviations:NAc: N-acetylated glucosamine, NS: N-sulphated glucosamine, 2S: 2-O-sulphate, 6S: 6O-sulphate, UA: uronic acid (iduronic acid or glucuronic acid), GlcNAc: 2-Nacetylglucosamine, GlcNS: 2-N-sulphoglucosamine. 6S and 2S corresponds to the
addition of a sulphate group to 6-O on the glucosamine and 2-O uronic acid respectively.
Tukey’s multiple comparisons test identified significant differences between samples.
****P<0.0001, ***P=0.0002. Where sEVs have been marked with #, this corresponds
to a significant difference (P<0.0001) between them and all other samples.
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Appendix G Assessing the extent of GAG contamination from StemMACS media. A.
Equivalent volumes of fresh StemMACS media was compared to EV-depleted conditioned
StemMACS media and the sEVs isolated from this. B. Relative amounts of each HS
disaccharide present in each sample. Abbreviations:- UA: uronic acid (either iduronic
acid

or

glucuronic

acid),

GlcNAc:

2-N-acetylglucosamine,

GlcNS:

2-N-

sulphoglucosamine. 6S and 2S corresponds to the addition of a sulphate group to 6-O on
the glucosamine and 2-O uronic acid respectively. Refer to Table 5 for CS/DS
abbreviations.
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Appendix H Typical RP-HPLC spectra for GAG disaccharide standards. A. HS
disaccharide standards. B. CS/DS disaccharide standards. Peak 2: UA2SGalNAc4S, Peak 3: UA-GalNAc4S6S, Peak 4: UA2S-GalNAc6S, Peak 5/6: UAGalNAc4S and UA2S-GalNAc and Peak 7: UA-GalNAc6S. C. AMAC only. *
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Appendix I Typical HPLC spectra for MCF-7 samples. A. MCF-7 cells. B. EV-

depleted conditioned media. C. sEVs. * highlights AMAC contaminant.
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Appendix J Statistical analysis of the HS disaccharide composition between MCF-7 samples. Tukey’s multiple comparisons test was
carried out using Prism 8.2.1 GraphPad software.

HS Disaccharide

MCF-7 sample

Assignment

P Value

UA-GlcNAc

MCF-7 cells vs EV-depleted media

*

=0.0243

UA-GlcNAc

MCF-7 cells vs sEV

****

<0.0001

UA-GlcNAc

EV-depleted media vs sEV

***

=0.0002

***

=0.0002

UA-GlcNAc

LEV

vs sEV
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Appendix K Statistical analysis of the CS/DS disaccharide composition between
MCF-7 samples. Tukey’s multiple comparisons was carried out using Prism GraphPad
8.2.1 software.
CS Disaccharide

MCF-7 sample

Assignment

P Value

D2a10

EV-depleted media vs LEV

*

=0.0174

D0a10

Cells vs EV-depleted media

*

=0.0149

EV-depleted media vs LEV

**

=0.0034

D2a6

Cells vs EV-depleted media

*

=0.0188

D0a4/D2a0

Cells vs EV-depleted media

***

=0.0001

D0a0

Cells vs EV-depleted media

**

=0.0029

Cells vs sEV

*

=0.035

EV-depleted media vs LEV

*

=0.0429

*

=0.0282

LEV

vs sEV

%Sulphated

Cells vs EV-depleted media

*

=0.0163

%4S

Cells vs EV-depleted media

**

=0.012

*

=0.0417

LEV

vs sEV

%6S

Cells vs EV-depleted media

*

=0.0163

%Non-sulphated

Cells vs EV-depleted media

*

=0.0163
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Appendix L Titrations of scFv HS antibodies on MCF-7 cells. The stain index for each condition was calculated using the equation
shown here. MFI(+) corresponds to MFI values obtained for each scFv antibody, MFI (-) corresponds to the MFI values obtained
from the isotype control (MPB49). SD corresponds to the standard deviation of the staining from MPB49. MPB49 was also titrated
using the same volumes. The highest stain index indicates the optimal staining conditions.
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Appendix M MCF-7 batch variation of surface marker expression. Median fluorescent intensity (MFI) values were obtained from
the subtraction of the MFI of corresponding isotype controls from the MFI of the corresponding epitope binding antibody collected
by flow cytometry. Each data set from the Batch 1 corresponds to four biological repeats apart from 10E4 which has two. Batch 2
corresponds to six biological repeats. Error bars correspond to ±SEM. Sidak’s multiple comparisons test identified significant
differences between the two MCF-7 batches. ****P<0.0001, ***P=0.0006 (CD24), ***P=0.0001 (10E4).
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Appendix N Comparison of cellular CS/DS between MCF-7 batches using AMAC
labelling and RP-HPLC identification. Sidak’s multiple comparisons test saw significant
differences between the two batches (*P=0.0379, **P=0.0069, ****P<0.0001). N
numbers correspond to number of biological repeats. Error bars correspond to ±SEM.
Abbreviations for CS/DS disaccharides can be found in Table 5.
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Chapter 3: Appendix
3.1 Materials and Methods
3.1.1 Assessing GAG-free serum additives for culture of MCF-7s
MCF-7s at passage 15 were harvested using 0.25% trypsin/EDTA and seeded into 6-well
plates with either basal medium, or basal media with 10% (v/v) FBS or 10% (v/v) knockout
serum replacement (KSR) (Gibco, 10828-028, Lot. 1867715). These were cultured at 37°C
under normoxic conditions for three days and cell growth monitored by light microscopy.
Two wells were prepared for each media condition.
3.1.2 Optimising media composition for MCF-7 culture in CELLine bioreactors
MCF-7s were harvested and distributed to give seven cell suspensions, each in a different
media composition (Appendix O). Cells were plated into 6-well plates, with 12 wells for
each media composition at 100,000 cells per well and incubated at 37oC for five days.
MCF-7 viability and growth rate were assessed by performing sacrificial cell counts at
days 2, 3, 4 and 5 after seeding using trypan blue. Cells counts were carried out on three
wells for each condition. At day 4, the remaining plates were media changed with the
corresponding media compositions. At day 5, the remaining wells for media conditions
six and seven (Appendix O) were re-plated after cell counts, and the viability and growth
rate were assessed 48 hours after this. The percentage viability was calculated based on
trypan blue staining and specific growth rate (µ) was calculated using Equation i. Light
microscopy images were taken for all conditions prior to each of the sacrificial cell counts.
)=

ln(!"($)/!"(0)
∆$

Where !"($) is the live cell count at a certain time point, !"(0) is the
starting live cell count and ∆$ is the duration in culture.
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3.2 Results and Discussion
3.2.1 Selection of appropriate CELLine culture media
10% KSR performed as well as the 10% FBS with no apparent alterations to cell
morphology (Appendix P) and so was selected for further experiments.
Media containing FBS or KSR at different concentrations, and with and without
penicillin/streptomycin (pen/strep) was compared based on specific growth rate and
viability. All FBS conditions had higher growth rates. The reduction of FBS/KSR from 10%
to 5%, or addition of pen/strep did not have a significant effect on the growth rate. EVdepletion of KSR was also assessed and did not appear to effect growth rates, suggesting
that EV depletion did not cause major alterations to the KSR composition. The 5% KSR
conditions were passaged at the end of the experiment due to concerns that the
differences between FBS and KSR was due to the cells not having time to adapt to the
KSR prior to the experiment. No further improvements to the growth rate was observed
in these conditions suggesting lack of adaption is not the case. The addition of pen/strep
did impact on cell viability initially. This could be due the cells not being pre-conditioned
to pen/strep prior to the experiment, as it appears that after 109 hours the cells have
adapted. The reduction of KSR to 5% does appear to reduce the viability and alter
morphology until the cultures were media changed. This could suggest that KSR is not in
excess when at 5% (Appendix Q). The effects seen by adding pen/strep to the cultures
should be overcome by pre-conditioning the MCF-7s to this prior to seeding into the
bioreactor. In addition, pre-conditioning cells to 5% KSR prior to seeding into the CELLine
should help to overcome the initial drop in viability observed in 2D cultures. It is
important to note that while reduced viability was observed, it never fell below 80% and
so all conditions provide an adequate level of viability.
226

Appendix O Culture media compositions assessed for culture of MCF-7s
in CELLine bioreactors. Basal media corresponds to DMEM, 4.5 g/L L-glucose
supplemented

with

1%

L-glutamine.

Abbreviations;

penicillin/streptomycin

(Pen/Strep), Knockout Serum Replacement (KSR) and Foetal Bovine Serum (FBS).

Additives to basal media
1

+10 % FBS

2

+10 % FBS, 1 % Pen/Strep

3

+5 % FBS

4

+10 % KSR

5

+5 % KSR

6

+5 % KSR, 1% Pen/Strep

7

+5 % EV-depleted KSR, 1% Pen/Strep
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Appendix P Assessment of appropriate serum additive for culture of CRISPR-Cas9
generated MCF-7 mutants. The top condition corresponds to normal tissue culture
conditions where media is supplemented with 10% FBS. Alternative serum supplements
tested include 10% KSR and no serum.

48 Hours

24 Hours
10% FBS

10% KSR

0% FBS
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72 Hours

Appendix Q Assessment of potential media compositions for the culture of MCF-7s
in CELLine bioreactors. Media compositions were assessed based on the (A) specific
growth rate and (B) Viability. Plates sacrificed at 109 hours were media changed the
day before (97 hours), this is indicated as ‘M/C’. The plates containing 5% KSR+1%
P/S and 5% EV-depleted KSR (EV KSR) +1% P/S used to obtain data for 109 hours
were re-plated and then assessed again 48 hours later (154 hours). This is indicated as
‘Passage’. Each data point corresponds to the average from three wells of a six-well
plate.
A

B

0.04

M/C

100

Passage

M/C

0.02

Passage

10% FBS
5% FBS
10% FBS 1% P/S

0.01

Percentage Viability (%)

Specific Growth Rate (hour-1)

95

M/C

0.03

90

85

80

Passage
0.00

60

80

100

120

140

75

60

80

10% FBS

10% KSR

5% FBS

5% KSR

10% FBS 1% P/S

5% KSR 1% P/S

!"# µ =

5% EV KSR 1% P/S

100

120

Time (hours)

10% KSR
140

5% KSR
5% KSR 1% P/S
5% EV KSR 1% P/S

120

100

120

Time (hours)

Time (hours)

140
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Appendix R Effect of media composition on MCF-7 cell morphology. Images were taken at (A) 47 hours, (B) 97 hours
and (C) 109 hours after seeding. Plates used to take images at 109 hours were media changed at 78 hours. Scale bars
correspond to 100 µm.
A

10% FBS

5% FBS

10% FBS+P/S

10% KSR

B

C
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5% KSR

5% KSR+P/S

5% EV-KSR+P/S

Appendix S Statistical analysis of the HS disaccharide composition between MCF-7 samples cultured in Outer Integra
media. Tukey’s multiple comparisons was carried out using Prism GraphPad 8.2.1 software.

HS Disaccharide

MCF-7 sample

Assignment

P Value

UA-GlcNS

MCF-7 cells vs LEV

***

=0.0007

UA-GlcNAc

MCF-7 cells vs LEV

***

=0.0008

Exosome-depleted media vs LEV

***

=0.0008
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Appendix T Changes in CS/DS composition throughout CELLine bioreactor lifetime. Samples were prepared
from conditioned media which had been obtained from the bioreactor at weeks 5 to 6, weeks 7 to 8 and weeks 13
to 15. Figure has been colour coded so that weeks 5+6 are the darkest colour through to weeks 13-15 which is the
lightest colour. %Sulphated corresponds to CS/DS disaccharides containing any sulphate group, %4S and %6S
corresponds to disaccharides containing a 4OS and/or 6OS on GalNAc, %2S corresponds to disaccharides
containing a 2OS on uronic acid.

Percentage Contribution (%)

100

80

sEV
LEV

60

EV-depleted media
40

20

0

%Sulphated

%4S

%6S

%2S
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Appendix U Effect of culturing MCF-7s in CELLine bioreactors on epitope expression.
Marker expression was compared between MCF-7s harvested at the end point of the
wildtype CELLIne bioreactor culture (week 17) and those cultured in 2D T175 flasks
using the same Outer Integra media. MFI corresponds to the median fluorescence of the
epitope divided by the median fluorescence of the corresponding isotype control. Error
bars for 2D corresponds to ±SEM from five biological repeats. Only one sample from the
CELLine could be obtained. MCF-7 samples from the CELLine bioreactor were fixed in
4% paraformaldehyde after staining and stored overnight at 4oC before analysis. The 2D
samples were analysed fresh the same day as staining.

Median Fluorescence Intensity (MFI)

60

50

2D
CELLine

40

30

20

10

0

CD9

CD81

CD63
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Appendix V Effect of culturing MCF-7s in CELLine bioreactor on HS
protein binding epitopes. Marker expression was compared between MCF-7s
harvested at the end point of the wildtype CELLine bioreactor culture (week
17) and those cultured in 2D T175 flasks using the same Outer Integra media.
MFI corresponds to the median fluorescence of the epitope divided by the
median fluorescence of the corresponding isotype control (MPB49). Error bars
for 2D corresponds to ±SEM from five biological repeats. CELLine samples
corresponds to one biological sample. CELLine bioreactor MCF-7s were fixed
in 4% paraformaldehyde after staining and stored overnight at 4oC before
analysis. The 2D samples were analysed fresh the same day as staining.

Median Fluorescence Intensity (MFI)
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Chapter 4: Appendix
4.1 Materials and Methods
4.1.1 Titration of pre-conjugated antibodies on MCF-7 cells
Pre-conjugated antibodies detailed in Table 2.4 in the main text (CD9, CD63, CD81, CD44
and CD24), and their isotype controls required titrating. This was carried out on MCF-7
cells following the protocol detailed in Section 2.2.9. Appendix W gives information on
the concentrations used.
4.1.2 Optimising biotinylated 10E4 for multiplexing with pre-conjugated antibodies
Titrations on 10E4-B (and biotin mouse IgM isotype control (BD Bioscience, 553473))
were carried out on MCF-7 cells following the protocol detailed in Section 2.2.9. A twofold dilution series was tested ranging from 0 to 8-fold. A fixed concentration of the
streptavidin-PE secondary (Biolegend, 405203) was used for this titration (3.75 ng/mL).
Once the optimal 10E4-B concentration was determined, streptavidin-PE was titrated
using a fixed 10E4-B concentration (1.88 ng/mL, 3.75 ng/mL and 7.5 ng/mL).
Experimental design to compare 10E4-B with the traditional 10E4 (10E4-T) when
multiplexed with the pre-conjugated antibodies can be found in Appendix X. One sample
(10E4-T Separated) was stained with 10E4-T using the optimised concentration
established for 10E4-B (5.0 µg/mL) and incubated for 1 hour at 4°C in the dark. 10E4-T
Separated was washed in 1X DPBS, centrifuged at 400 x g for 3 minutes before being resuspended in staining buffer. The IgM-PE detection secondary was added to this sample
and the IgM-PE only control sample detailed in Appendix X. 10E4-T was added to a second
sample (10E4-T Combined) at the same optimised concentration, 10E4-B and IgM-B were
added to additional samples. These were incubated for 1 hour at 4°C in the dark and then
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washed and prepared for the next staining step following procedure detailed above.
Samples containing 10E4-T were then blocked in 1% (v/v) mouse serum in 1X DPBS for
10 minutes. Corresponding detection antibodies were added and then the preconjugated antibodies (Appendix X). These were incubated and washed as detailed
above. All samples were re-suspended in staining buffer and analysed by flow cytometry
following protocol detailed in Section 2.2.9.
4.1.3 Assessing use of Exosome Spin Columns for washing EVs after antibody staining
Exosome Spin Columns (MW 3000) (Invitrogen) were prepared as per the manufacturer’s
instructions. Du145 sEVs were thawed on ice and 4.5 µg of sEV protein (calculated by
microBCA assay detailed in Section 3.2.5) was taken and diluted in 1X DPBS. A third of
this was taken and diluted further in 1X DPBS to be used in a microBCA assay. The bovine
serum albumin (BSA) ‘contaminant’ was prepared by diluting stock (2000 µg/mL) BSA
standard provided in the microBCA assay kit in 1X DPBS. A third of this was taken and
diluted further in 1X DPBS to be used in a microBCA assay. The remaining 2/3 of sEV and
BSA ‘contaminant’ were combined, half was taken to be used in a microBCA assay and
the other half was made up to 100 µL with 1X DPBS and loaded onto a pre-prepared
Exosome Spin Columns. The sEVs were eluted following the manufacturer’s instructions.
The four samples taken throughout this protocol were then quantified based on total
protein using the microBCA protein assay kit detailed in Section 3.2.5.
4.1.4 Concentrating conditioned media using Amicon pro-affinity concentrators
80 mL of conditioned media from 2D MCF-7 (P20) cultures was filtered using a 0.22 µm
syringe filter (SLS) before being loaded onto four Amicon Ultra-4 pro-affinity centrifugal
filter units (3 KDa MWCO) (Millipore), 4 mL at a time. These were centrifuged at 4,000 x
g for 30 minutes to elute approximately 3 mL of constituents below 3 KDa leaving
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approximately 300 µL of concentrated media. This concentrated media was collected,
and the eluent discarded, before the addition of the next 4 mL of conditioned media. The
resulting concentrated conditioned media was added to 40 mL of un-concentrated
conditioned media. EVs were then isolated from this 40 mL of media by differential
ultracentrifugation detailed in Section 2.2.3.
4.1.5 Analysis of MCF-7 derived sEVs by ImageStream flow cytometry
The remaining MCF-7 derived sEV samples from the CELLine bioreactor (weeks 7+8)
which had been analysed by Astrios were analysed on the Amnis ImageStreamX Mk II
imaging flow cytometer. Samples which had been stained with calcein AM, all preconjugated antibodies for the five epitopes and 10E4-B were compared with sEVs stained
with calcein AM and isotype controls. 100 µL of each sample was loaded into a Ubottomed 96-well plate and analysed by the automated system.

The maximum

acquisition time was set to 15 minutes. CD81 was not analysed here as the corresponding
channel (Channel 6) was required for scatter measurements. Channel 1: brightfield,
Channel 2: calcein AM, Channel 3 to 10E4 PE, Channel 5: CD24 PerCP, Channel 7: CD9
V450, Channel 11: CD63 BV650 and Channel 12: CD44 APC/Fire750.
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4.2 Results and Discussion
4.2.1 Comparing 10E4-B and 10E4-T for multiplexing with pre-conjugated antibodies
Appendix AA demonstrates that 10E4-T can’t be used in the simplified manner possible

with 10E4-B (10E4-T Combined) because the IgM-PE interacts with the pre-conjugated
antibodies causing an increase in apparent 10E4 staining. This was demonstrated by the
positive staining observed when IgM-PE was added with pre-conjugated antibodies but
not the isotype controls. This background staining is likely to be due to the IgM-PE
secondary being raised in the same host species (mouse) as the majority of the preconjugated antibodies.
4.2.2 Use of Exosome Spin Columns for washing sEVs for flow cytometry
Exosome Spin Columns appear to be adequate for removing contaminants such as BSA
and so may be suitable for removing the majority of unbound antibody (Appendix CC).
4.2.3 ImageStream analysis of MCF-7 derived sEVs
A representative selection of images from this analysis can be seen in Appendix FF.
Unfortunately, this was when there were issues with pellet loss and so there does appear
to be low levels of sEVs recorded here too. As expected, the majority of events were
calcein AM stained only (given the hypothesis earlier that the lack of a stained pellet was
due to the antibodies not staining EV aggregates). There are a number of hits which are
positive for all four of the pre-conjugated antibodies but appear to be negative for calcein
AM. This was not observed by the Astrios as there were very few which co-expressed
more than three epitopes. This could correspond to staining of non-vesicular structures
or non-specific binding, which had been eliminated by the gating procedure from the
Astrios analysis.
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Appendix W Titrations of pre-conjugated antibodies for sEV work. Dilution
factor corresponds to the dilution used from the company suggested concentrations.
Conditions in bold correspond to optimal concentration.
Antibody
epitope

Dilution factor
(fold)

Working concentration (µg/mL)

CD9

0

5.00

CD81

10

0.10

160

0.0063

2

1.25

4

0.63

8

0.31

16

0.16

32

0.078

64

0.039

2

10.00

4

5.00

8

2.50

16

1.25

32

0.63

64

0.31

2

5.00

4

2.50

8

1.25

16

0.63

32

0.31

64

0.16

CD63

CD24

CD44
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Appendix X Experimental set-up for comparing 10E4 antibodies. 10E4-T
corresponds to the unmodified 10E4, this was detected using a goat anti-mouse IgMPE antibody. IgM-PE only was used as a negative control. In comparison the 10E4-B
used a streptavidin-PE conjugate. A biotinylated mouse IgM was used as the negative
control. Conjugated test/control antibodies correspond to the pre-conjugated CD9,
CD63, CD81, CD44, CD24 (test) and their isotype controls (control) used in previous
experiments.
Traditional 10E4
(Separated)

+Traditional
10E4

+Secondary

Block

+Conjugated test antibodies

Traditional 10E4
(Combined)

+Traditional
10E4

Block

+Conjugated test antibodies
+Secondary

Secondary
(Separated)

+Secondary

Block

+Conjugated control antibodies

Secondary
(with epitopes)

Block

+Conjugated test antibodies
+Secondary

Secondary
(with isotypes)

Block

+Conjugated control antibodies
+Secondary

Biotinylated
10E4

+Biotinylated
10E4

+Conjugated test antibodies
+Secondary

Biotinylated IgM

+Biotinylated
IgM

+Conjugated control antibodies
+Secondary
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Appendix Y Optimisation of antibody concentrations for flow cytometric analysis of MCF-7 cells. A. Forward scatter (FSC) and side
scatter (SSC) dot plots used to gate for single cells. B. Titration of antibodies on MCF-7 cell surfaces. CD9 antibody did not require titration
as initial concentration tested gave appropriate staining. See Appendix W for details on concentrations used in each antibody titration. C.
Histograms of selected antibody concentrations.

A

B

C
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Appendix Z Titration of Traditional (10E4-T) and Biotinylated 10E4 (10E4-B). A.
Titration of 10E4-B. Concentrations tested were as follows: 5 µg/mL, 2.5 µg/mL, 1.25
µg/mL and 0.625 µg/mL. Negative controls (grey) correspond to biotinylated IgM were
also titrated at the same concentrations. B. Use of stain index to confirm optimal 10E4B concentration (5 µg/mL). C. Titrations of 10E4-T. The same concentrations were used
for 10E4-T. However, only one negative control (grey) which was secondary only (goat
anti-mouse IgM-PE) was tested. Stain index could not be calculated for these however,
2.5 µg/mL was considered to be optimal due to giving the largest difference in MFI from
IgM-PE only. D. 10E4-T as the concentration found to be optimal for 10E4-B (5 µg/mL).

B

0.25

Stain Index

A

0.20
0.15
0.10
0.05
0.00

5

2.5

1.25

0.625

[Biotinylated 10E4] (µg/mL)

C

D
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Appendix AA Comparison of 10E4-T and 10E4-B for multiplexing. A. 10E4-T
separated. B. 10E4 combined. Grey corresponds to IgM-PE added prior to addition of
pre-conjugated isotype controls. C. 10E4-B. D. IgM-PE secondary added at the same
time as the pre-conjugated antibodies. E. IgM-PE secondary added at the same time as
the pre-conjugated isotype controls. F. Comparison of MFI values for 10E4-T and
10E4-B. Error bars correspond to ±SEM from two biological repeats.

A

B

D

F

C

E

Mediam Fluorescence Intensity
(MFI)

50

40

30

20

10

0

T-10E4 (Separated)

T-10E4 (Combined)
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Appendix BB Assessing whether competition for epitope binding sites is an issue
with current antibody panel. A. Expression of CD9 and CD63 on MCF-7 derived
sEVs when only stained with these two markers and calcein AM. B. Expression of
CD9 and CD63 on MCF-7 derived sEVs when stained with full antibody panel and
calcein AM. C. Corresponding median fluorescence values obtained from above. All
quadrant gates are based on corresponding isotype controls. MCF-7s sEVs were
used at 7x10-8 µg sEV protein per sample.

A

B

C
Median Fluorescence Intensity
(MFI)

4

All epitopes
CD9+CD63 only
3

2

1

0

CD9

CD63
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Appendix CC Assessing Exosome Spin Columns for washing sEV samples for flow
cytometry analysis. A. Outline of assay. Du145 derived sEVs were contaminated with
bovine serum albumin (BSA) before being applied to Exosome Spin Columns. B. The
protein concentration for each sample was then determined using the microBCA assay.

BSA
sEV + BSA

B
sEV

Washed sEV

Protein Concentration (µg/mL)

A

100

sEV
80

BSA
sEV+BSA

60

Washed sEV

40

20

0

sEV
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BSA

sEV+BSA

Washed sEV

Appendix DD Comparison of wash method for staining Du145 sEVs for flow cytometry. A. Ultracentrifugation-based washing of sEVs.
B. Exosome Spin Column-based washing of sEVs. Quadrant gates are based on isotype controls ran for both wash methods (not shown).
9 µg of sEV protein was used for each sample.

A

B
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Appendix EE Use of flow cytometry to probe for RB4Ea12 epitopes on sEV
surfaces. MCF-7 derived sEVs were used at 7x10-8 µg sEV protein per sample. A.
sEV population was gated based on calcein AM expression and scatter. B. The
resulting population was then assessed for RB4Ea12 and CD81 expression.

A

B
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Appendix FF Analysis of MCF-7 derived sEVs (week 7+8) using ImageStreamX Mk II
imaging flow cytometer. sEVs were stained with calcein AM and all five pre-conjugated
antibodies and 10E4. Channel 1 corresponds to brightfield, Channel 2: calcein AM,
Channel 3: 10E4, Channel 5: CD24, Channel 7: CD9, Channel 11: CD63, Channel 12:
CD44.

Ch01 Ch02 Ch03 Ch05 Ch07 Ch11 Ch12 Ch01 Ch02 Ch03 Ch05 Ch07 Ch11 Ch12

Ch01 Ch02 Ch03 Ch05 Ch07 Ch11 Ch12 Ch01 Ch02 Ch03 Ch05 Ch07 Ch11 Ch12
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Appendix GG Analysis of MCF-7 derived sEVs (week 7+8) isotype control
using Amnis ImageStreamX Mk II imaging flow cytometer. sEVs were
stained with Calcein AM and all five pre-conjugated isotype control antibodies
and IgM-B. Channel 1 corresponds to brightfield, Channel 2: Calcein AM,
Channel 3: 10E4, Channel 5: CD24, Channel 7: CD9, Channel 11: CD63,
Channel 12: CD44.

Ch01

Ch02

Ch03

Ch05
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Chapter 5: Appendix
5.1 Materials and Methods
5.1.1 Puromycin and blasticidin kill curves
MCF-7s were harvested by 0.25% trypsin/EDTA and seeded into three 12-well plates at a
seeding density of 100,000 cells per well. These were incubated for 12 hours before being
media changed with culture media containing puromycin (Gibco) at the following
concentrations: 0, 0.5, 1.0, 1.5, 2.0 and 3 µg/mL. Each concentration was added to six
wells of a 12-well plate. Cultures were incubated at 37°C, with media changes in
puromycin containing media every two days. After three days, two wells for each
concentration were sacrificed, pooled and cell counts performed using trypan blue to
calculate percentage viability. After four days, the remaining two plates were sacrificed,
and cell counts were carried out as before. For the blasticidin kill curve experiment, MCF7s were seeded and incubated for 12 hours as before. Cells were media changed with
culture media containing blasticidin (Invitrogen) at the following concentrations: 0, 2.5,
5.0, 7.5, 10.0 and 12.5 µg/mL. Each concentration was added to two wells in each of the
three 12-well plates. After 16 days cells were sacrificed and processed as previously
described for the puromycin kill curve.
5.1.2 Optimising PCR conditions for EXT1 primer pairs
PCR conditions for EXT1 genotyping primers (Appendix KK) were optimised using a
gradient of annealing temperatures: 64°C, 66°C and 68°C, following protocol outlined in
Section 5.2.4 (main text). Primers were obtained from Sigma.
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5.1.3 Optimising OGT2115 inhibition assay
MCF-7s were thawed at P10 and cultured for three passages in culture media before
being seeded into six T25 flasks at 40,000 cells per flask to give cultures for the 72-hour
incubation condition. The following day, this was repeated with 50,000 cells per flask to
give cultures for 48-hour incubation condition. OGT2115 (Tocris) was added to four of
the flasks (72-hour condition) at different concentrations using a 1 mM OGT2115 stock
(solubilised in DMSO). The concentrations tested were: 0.2 µM, 0.4 µM, 0.8 µM and
2 µM. Also included was a DMSO only control, which had equivalent volumes of DMSO
as the 2 µM condition, and a culture media only control. These cultures were media
changed with OGT2115 containing media for the following two days. This same
procedure was carried out for the 48-hour condition (however with one media change).
All conditions were stained with 10E4 and 3G10 and analysed by flow cytometry following
the protocol outlined in Section 2.2.9. Heparinase (HPSE) digested (10E4) and undigested
(3G10) culture media control samples were used as negative controls. This experiment
was then repeated with only the 72-hour condition with 0.8 µM and 2 µM OGT2115 and
the negative controls. RB4Ea12 and AO4B08 were also included (using MPB49 as the
isotype control) in this subsequent assay.
5.1.4 OGT2115 heparanase inhibition assay
MCF-7s were prepared following the protocol detailed in Section 5.2.8 (main text).
However, these were adjusted to Outer Integra media, by gradually switching from
culture to transition media, and then to Outer Integra media. Cells were harvested using
0.25% trypsin and seeded into T175 flasks. 24 hours later OGT2115 and DMSO was added
as detailed above. These were then media changed with OGT2115 or DMSO only
containing Outer Integra media for two consecutive days. 24 hours after this, media
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changes were carried out however this time with media containing EV-depleted KSR
(Inner Integra media). This was incubated on the cells for four days with additional
OGT2115 or DMSO only added after initial 48 hours. The conditioned media was then
collected and EVs isolated following protocol detailed in Section 2.2.3 (main text). Cell,
EV-depleted media, LEV and sEV samples were then prepared for AMAC labelling and
HPLC identification following protocol details in Section 2.2.4-2.6 (main text).

5.2 Results and discussion
5.2.1 Optimising antibiotic selection conditions
The optimum antibiotic concentration is described as the lowest concentration that kills
100% of non-transfected cells 3-5 days (puromycin) or 10-14 days (blasticidin) after initial
addition of antibiotic. The concentrations tested here are based on those used in
published literature on MCF-7s and product guidelines for use on mammalian cells. For
puromycin this range is 0.5-5 µg/mL and for blasticidin it is 2-20 µg/mL. The optimal
concentrations were found to be 2 µg/mL for puromycin and 13 µg/mL for blasticidin
(Appendix LL).
Blasticidin’s slow mechanism of action caused the cells to become overconfluent
before blasticidin could take effect. While it would have been useful to repeat this
experiment with a lower initial seeding density, it was decided to go ahead with this
concentration. For selection, blasticidin will be used in combination with puromycin.
Over-confluency is unlikely to be an issue under these conditions since puromycin works
much more rapidly. These conditions would be difficult to replicate with the
untransfected cells used to generate more representative kill curves.
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5.2.2 Optimising PCR conditions for EXT1 primer pairs
This primer pair amplifies a region which includes a portion of the puromycin resistance
cassette and the RAOH (2B) was successfully optimised here (Appendix MM).
Unfortunately, the primer pairs 1A and 1B, which amplify the LAOH and puromycin
resistance cassette, could not be optimised.
5.2.3 Optimising conditions for heparanase inhibition
The OGT2115 concentrations chosen were based on the reported activities of OGT2115.
The IC50 for OGT2115’s HPSE inhibitory activity was reported as 0.4 µM. However, when
concentrations increase to 1 µM, OGT2115 exhibits antiangiogenic activity. When at
30 µM, OGT2115 inhibits cytochrome P450240 which may result in reduced breast cancer
proliferation and survival250,251. Therefore, several concentrations below 1 µM were
chosen, along with 2 µM to determine whether differential effects were observed when
OGT2115 begins to have altered activity. All concentrations from the 48-hour incubation
appear to not have a significant effect on the relative chain length as there is no obvious
trend. The region populated by these samples was defined as the baseline, indicated in
green. While the lower concentration from the 72-hour condition was also in this
baseline, two higher concentrations were above, suggesting an increase in chain length
and thus HPSE inhibition. Of these two concentrations, 0.8 µM appears to be optimum.
As expected, the higher concentration (2 µM) falls toward the baseline, indicating the
switch in OGT2115 activity (Appendix OO-A).
The changes in chain length were very subtle. This may be due to low levels of
HPSE in MCF-7s58 which means inhibiting HPSE may not cause substantial alterations to
the HS chain length, or it could be due to the antibodies used to probe for these changes.
10E4 is an IgM antibody which is a very large antibody (IgM is typically 970 KDa vs IgG
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which is typically 150 KDa). Therefore, it was hypothesised that 10E4 may be too large to
allow for multiple 10E4 antibodies to bind along one HS chain, meaning an almost 1:1
ratio of 10E4:3G10 is to be expected. Therefore, the assay was repeated using AO4B08
and RB4Ea12. These scFv antibodies are much smaller (approximately 25 KDa), this
means that a single HS chain may accommodate more than one of these antibodies.
In this modified assay, only two conditions were investigated: 0.8 µM or 2 µM
OGT2115 added over 72 hours. Results from this can be seen in Appendix OO-B. The scFv
antibodies gave larger differences between conditions, suggesting HPSE inhibition is
leading to noticeable alterations to HS. Interestingly, while the 0.8 µM condition had an
increase in RB4Ea12 staining, there was a reduction in AO4B08 and 10E4. The link
between a reduction in HPSE activity and a reduction in a specific HS epitope is intriguing
and not easily explained from our current understanding of HS synthesis/degradation.
RB4Ea12 was shown in Chapter 2 to be a common epitope in MCF-7 cells. Increased chain
length is likely to lead to more obvious alterations of this particular epitope over less
common epitopes like AO4B08. Because of this, the 0.8 µM OGT2115 for 72 hours was
taken as the optimal condition based on RB4Ea12 staining. It is important to note that
the results shown here are based on one sample. This, and the fact that the 10E4 staining
was different between the two assays, highlights the need for replicates in order to
confirm observations. However, since the aim was to optimise conditions and in both
assays 0.8 µM OGT2115 for 72 hours was considered the optimal, it was decided this was
enough to progress to more in depth analysis.
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Appendix HH Plasmid design for puromycin resistance cassettes to be inserted into NDST-1. A. Puromycin resistance cassette.
B. Blasticidin resistance cassette.

A

B

A

C

D
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Appendix II Plasmid design for NDST-1 knockout. A. Cas9 plasmid design used for all three knockouts. B. gRNA plasmid design
for NDST-1 knockouts.

C

D
B

A
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Appendix JJ Primer pairs for genotyping to confirm insertion of antibiotic resistance
into gene of interest. Expected band size in brackets for genomic primer pairs
corresponds to the expected size if the antibiotic resistance cassette was inserted. Primers
are targeting regions in exon 1 of EXT1 and EXT2 and exon 2 of NDST-1.
Primer Pair

Primer Name

Sequence

Expected Band Size

EXT1
Genomic

Recombinant

VINK101 (Forward)

5’ tgggaaacttgggtgattctt

JAM202 (Reverse)

5’ actgagcaaatccggttcgg

PuroFwd2 (Forward)

5’ caacctccccttctacgagcg

EXT1 RAOH (Reverse)

5’ aagtaggtgacagtatctcc

EXT2Fwd1 (Forward)

5’ ctctccctcattagagtagggtct

EXT2RAOH-Rev (Reverse)

5’ taccacctcctcgtagcacttac

EXT2Fwd3 (Forward)

5’ agcttcagtttgtccagttaaatc

PuroRev2 (Reverse)

5’ tcccactaacgtagaacccaga

PuroFwd3 (Forward)

5’ atccactagaaacgcggcc

EXT2Rev2 (Reverse)

5’ atacttgagtggccctcagg

Genomic Fwd.Fa (Forward)

5’ cagccgtacttgcatttggg

Genomic Rvs.Ra (Reverse)

5’ aagccccataaagcccagag

PuroRAOHFwd (Forward)

5’ gcgcatggccgagttga

Genomic Rvs.Ra (Reverse)

5’ aagccccataaagcccagag

1200 bp (4000 bp)

1800 bp

EXT2
Genomic

Recombinant

2000 bp (4000 bp)

1000 bp

1000 bp

NDST-1
Genomic

Recombinant
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1600 bp (4500 bp)

1500 bp

Appendix KK Optimisation of primer pairs for assessing correct insertion of puromycin
resistance cassette into EXT. Recombinant 1 primer pairs corresponds to pair which
span the left arm of homology and the puromycin resistance cassette and recombinant 2
primer pairs corresponds to those which span puromycin resistance cassette and the right
arm of homology.
Primer Pair
Recombinant 1A

Primer Name
EXT1 LAOH F (Forward)
PuroRev1 (Reverse)

Recombinant 1B

Recombinant 2A

Recombinant 2B

Recombinant 2C

Sequence

Expected Band Size

5’ tcaagtgtcatttgccatcc
5’ catacaaaaggactcgcccctg

EXT1 LAOH F (Forward)

1400 bp

5’ tcaagtgtcatttgccatcc

PuroRev2 (Reverse)

5’ tcccactaacgtagaacccaga

PuroFwd1 (Forward)

5’ caacctccccttctacgagcg

EXT1 RAOH R (Reverse)

5’ gttcccagcctcttagagtt

PuroFwd2 (Forward)

5’ gtcgaggtgcccgaaggac

EXT1 RAOH R (Reverse)

5’ gttcccagcctcttagagtt

PuroFwd3 (Forward)

5’ atccactagaaacgcggcc

EXT1 RAOH R (Reverse)

5’ gttcccagcctcttagagtt
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1400 bp

1500 bp

1450 bp

1000 bp

Appendix LL Antibiotic kill curves. The viability of un-transfected MCF-7s cells when
cultured in increasing concentrations of either puromycin (A) or blasticidin (B) was
assessed. Percentage viability was assessed by cell counts using trypan blue staining.
Each data point corresponds to two biological replicates which had been pooled for cell
counting.
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Appendix MM DNA agarose electrophoresis gel to determine optimal PCR
conditions for EXT1 primer pairs. Wildtype and EXT1 KO Bulk were used here
to test the primer pairs in the various PCR conditions. A gradient of annealing
temperatures was tested here which were: 64oC, 66oC and 68oC. All except 2C
had a 60 second extension time (2C had 30 seconds due to a smaller PCR
product expected). 2B (PuroFwd2/EXT1 RAOH R) with 64oC annealing
temperature was selected to be used in subsequent studies to confirm successful
transfection in the EXT1 clones (shown in bold).
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WT
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Appendix NN PCR and DNA gel electrophoresis assessment of
MCF-7 clones obtained from transfections targeting EXT1. A.
Analysis of the presence of the genomic EXT1 PCR product from first
batch of clones. B. Analysis of the presence of the recombinant EXT1
PCR product from first batch of clones. C. Analysis of the presence of
genomic and recombinant PCR products from the second batch of
clones. Wildtype MCF-7s were included as a control along with EXT1
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Appendix OO Optimisation of OGT2115 conditions for HPSE inhibition in MCF-7 cells.
A. Initial optimisation assay. Cells were incubated with a range for OGT2115
concentrations for 72 or 48 hours. After this, cells were analysed by flow cytometry using
10E4 and 3G10 staining. Estimation of baseline chain length is indicated in green. B.
Second optimisation assay including two scFv antibodies: RB4Ea12 and AO4B07. Cells
were incubated with either 0.8 or 2.0 µM of OGT2115 over a 72-hour period. The relative
change in HS chain length was determined by calculating the relative chain length (RLC)
shown in C, followed by normalising to the RLC calculated for the DMSO only control.
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Appendix PP Effect of heparanase inhibition on HS composition (KSR media). A.
MCF-7 cells (N=4). B. EV-depleted conditioned media (N=2). C. LEVs (N=2). D. sEVs
(N=2). Error bars correspond to ±SEM. Sidak’s multiple comparisons test was carried
out and found no significant differences between conditions. Effect of heparanase
inhibition on the quantity of HS between A. DMSO and B. OGT2115. Sidak’s multiple
comparisons test was carried out and found no significant differences.
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