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Abstract

Hepatocellular carcinoma (HCC) exosomes are found to be responsible for cancer
progression, metastasis, and angiogenesis via cellular communications. However,
studying cancer derived exosomes in vitro is limited, due to the way cell lines are grown
in medium supplemented with foetal bovine serum (FBS) that contains naturally
occurring exosomes. Bovine-derived exosomes can cause artefacts and interfere with
interpretation of results. The aim of this study was to investigate the release of
exosomes from human liver cancer cell line HepG2 (HepG2-Exo) under different
conditioned media with modified FBS to deliver the best approach for exosome
production. Thus, two media were developed for growing HepG2 cell line which are M1
and M2 using dulbecco's modified eagle medium (DMEM), where M1 supplemented
with 10 % (v/v) FBS, and M2 with 10 % (v/v) exosome depleted FBS (Dep-FBS). However,
after cells reached confluency, those two media were removed and replaced with serum
free media (only DMEM), to create M3 and M4, respectively. This resulted in collecting
four categories of media: M1, M2, M3, and M4. Consequently, four groups of exosomes
were obtained (Exo(M1), Exo(M2), Exo(M3), and Exo(M4). In regard to cell culture,
findings confirmed that M2 was the best approach for cultivating HepG2 and collecting
exosomes, as cell viability was enhanced and contamination with FBS-exosomes was
minimal, compared to M1. However, analysis of the different HepG2-Exo groups
showed significant difference in protein concentration, percentage of fluorescence,
exosome marker detection, tetraspanins expression, particle count, metabolic and
lipidomic profiling, RNA sequencing, and gene expression. This difference indicates that
the effect of media composition is inevitable on cell-derived exosome which may cause
misinterpretation of the effect of the exosomes of interest. Consequently, biological

assessment and metabolomic profiling of HepG2-Exo effect on different cancer and



normal cell lines was carried out: A375 (melanoma), A549 (lung cancer), and PNT2A
(normal prostate epithelium). The biological assays revealed that HepG2-Exo induced
the proliferation, migration, adhesion, and invasion of A549 at 50 pg/ml. While
metabolome analysis showed that HepG2-Exo at 100 pg/ml, induced significant changes
in the cell metabolome of A375. The outcomes of this project provided an effective
approach in developing successful cell culture for exosome collection without concern
over contamination from FBS-derived exosomes and brought attention to the critical
effect of media in exosome studies. Moreover, this project has highlighted the effect of
HepG2-Exo on other cell lines and the potential of HepG2-Exo to be applied to the

development of future lung cancer therapeutics.
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Abstract

Exosomes are nanovesicles secreted by many cells, including cancer cells. Extensive
research has been carried out to validate potential applications of exosomes and to
evaluate their efficiency in a wide range of diseases, including cancer. In this chapter, the
current knowledge on the origin, biogenesis and composition of exosomes will be
described, followed by a review on cancer derived exosomes and their role in cancer
progression and the most applicable exosomal therapeutic approaches. After that, the
current challenges in large scale-exosome production will be highlighted. In addition, the
most common techniques in exosome isolation and their limitations along with exosome

characterisation methods followed in this project, will be reviewed.

Keywords: Exosomes, cancer, miRNA, progression, therapeutic, diagnostic, nucleic acid,
angiogenesis, immunosuppression, immune system.
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1.1.Introduction

Cellular communications are carried out through delivering and receiving chemical and
mechanical signals that induce a particular response in the recipient cells. These signals are
found primarily in the form of extracellular vesicles (EVs). These EVs are divided into three
subtypes according to their size range and origin: (1) apoptotic bodies (50 nm-5 pum); (2)
microvesicles or ectosomes (50 nm—1 pum); and (3) exosomes (30—150 nm), the smallest

group of vesicles in dimensions compared to other vesicles [1-3].

Exosomes are secreted to maintain normal physiological functions. While in response to
pathological conditions, exosomes are found to be secreted in high numbers reflecting any
alterations in parent cell composition. Therefore, exosomes found to play a major role in
cancer progression and metastasis via mediating intercellular communications and

modulating immune responses [4-8].

Thus, the aim of this chapter is to focus on the role of cancer-derived exosomes in
promoting cancer progression, metastasis, and immune system modulation, starting with
reviewing their biogenesis, structure and composition, then analysing the challenges of
generating large scale production of exosomes. After that, exosome isolation techniques

and their limitations followed by characterisation methods of exosomes are discussed.

1.2. Discovery of exosomes

In the 1970s, fragments of plasma membrane were discovered circulating in biological
body fluids such as serum, blood, and urine that had been shed from viable human cells
such as liver cells, in vivo and in vitro [9—-12]. However, during the 1980s, laboratories of
Stahl and Johnstone reported their observations regarding the secretion of EVs that were
found to be involved in the uptake and the release of transferrin during the maturation

cycle of reticulocytes in blood [13-17]. Briefly, they noticed that EVs formed by inward
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budding inside intracellular endosomes lead to the formation of multivesicular bodies
(MVBs) that were released into the extracellular space by exocytosis [14—18]. By 1987, the
term “exosome” was used for the first time to describe these tiny membrane vesicles

[17,18].

1.3. Exosome biogenesis

In the endo-lysosomal system, the formation of endosomes starts with invagination of the
membrane, to sort the early endosomes (EEs). The content of EEs is mainly derived from
the plasma membrane during the sorting process of endosomes. Subsequently, EEs mature
into late endosomes (LEs). During the maturation process, a large number of intraluminal
vesicles (ILVs) are formed in LEs. Hence LEs are commonly named MVBs (Figure 1.1) [19—
21]. The biogenesis of exosomes starts during the formation of ILVs which is thought to be
driven by CD9 and CD63 tetraspanins and the endosomal sorting complexes required for
transport (ESCRT) [22,23].

ESCRT are made up of four multimeric protein units: ESCRT-0, ESCRT-I, ESCRT-Il and ESCRT-
lll. Generally, they work collectively in this subunit machinery in a unique way to deform
membranes surrounding the endosome through particular interactions [21,24]. Briefly,
ESCRT-0 is used to cluster cargo through, in a ubiquitin-dependent manner. ESCRT-I and
ESCRT-Il are both stimulate budding, and ESCRT-III induces vesicle splitting. In addition,
there are accessory proteins that contribute to the ESCRT machinery, which are the
vacuolar protein sorting-associated protein adenosine triphosphatase (4VPS4 ATPase),
tumour susceptibility gene 101 (TSG101), and (ALG-2)-interacting protein X (ALIX). For
instance, VPS4 ATPase has a role in dissociating and recycling the ESCRT complex, to assist
in the final stages of ILV formation [21,22]. On the other hand, the removal of ESCRT-0

associated proteins hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs)
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and TSG101, and signal transducing adaptor molecule-1 (STAM1) protein of ESCRT-I,
decrease exosome secretion [25,26]. In contrast, the suppression of associated proteins of
ESCRT-Ill such as charged multivesicular body protein 4C (CHMPA4C), vacuolar protein
sorting-associated protein 4B (VPS4B), VTA1 and ALIX results in an increase in exosome
production. Therefore, the presence and the absence of these accessory proteins plays a

critical role in exosome secretion and biogenesis [25,26].
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Figure 1.1: Schematic illustration of exosome biogenesis and release.

Endocytosis process starts through the invagination of cell membrane and its substance (proteins, lipids, proteins, fluids, electrolytes, microorganisms, and
macromolecules), to form a vacuole i.e. early endosome (EE). EE matures into late endosome (LE) where intraluminal vesicles (ILVs) start to be formed. LE are
known as multivesicular body (MVB) which contains the exosomes. The exosomes release into the extracellular environment, maintain the parent cell membrane
properties, and carry cell-specific cargos of proteins, lipids, and genetic materials.
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1.4. Structure and composition of exosomes

Due to the extensive investigation and increasing interest in exosomes and EVs structure
and composition, two databases were developed to co-ordinate all the efforts on the
characterisation and identification of their structure and content. EV structure

characterisation is summarised in the Vesiclepedia database (http://microvesicles.org).

While proteomic and genetic information of exosome content, are collected in ExoCarta
(http://www.exocarta.org), which is a regularly updated database [27-29]. A summary of

the key components of exosomes are described below.

1.4.1. Lipids

1.4.1.1. Prostaglandins and lysophophatidic acid

Exosomes were found to be enriched with many lipids such as prostaglandins which are
known for their role as cell signalling mediators [30]. Another important lipid is
lysobisphosphatidic acid (LBPA) which is considered an exosomal lipid that has been found
abundantly in MVB internal membranes. Also, LBPA and ALIX were found to play a role in
internal vesicle budding to form ILVs within MVBs, which consequently contributes to the
process of exosome production. Moreover, low LBPA levels results in reduced numbers of

ILVs formed within MVBs [31].

1.4.1.2. Plasma membrane lipids

The exosome lipid bilayer is mainly composed of plasma membrane lipids such as
sphingomyelin (SM), phosphatidyl-ethanolamine (PE), phosphatidylserine (PS), ganglioside
GM3 and phosphatidylinositol (PI) [32]. Recently, these lipids were found to be
asymmetrically distributed in the exosome bilayer membrane. For instance, SM and other
sphingolipids are expected to be located in the outer layer, while the other lipid classes are

mainly distributed in the inner layer. This asymmetrical distribution of lipid classes can be
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changed under the influence of different enzymes such as flippases, floppasses and
scramblases [33]. The presence of these lipids varies depending on the origin of the
exosomes. For instance, reticulocytes contain phosphatidylcholine (PC), forming half of the
exosomes’ lipids [34]. While exosomes originating from mast cells and dendritic cells (DCs),

consist of less than one third of PC in their overall lipid content [35].
1.4.2. Proteins

Exosome-associated proteins are involved in regulatory processes and induce cellular
responses. Exosomal proteins play a functional role in inhibiting interactions with
extracellular components and facilitate entry to target cells [36]. Key proteins are

described below:

1.4.2.1. Tetraspanins

CD9, CD63, CD81 and CD82 are exosomal transmembrane proteins that are known as
tetraspanins. Often, they are used as markers for exosomes [37—-39]. Some of these
tetraspanins are detected in high concentrations in exosomes compared to their parent
cells. For instance, exosomes derived from DCs are found enriched in CD9 compared to
cells they originate from [40]. Whereas exosomes released from B lymphocytes are found
heavily enriched in CD37, CD63, CD81 and CD82 [39,41]. While CD81 is specifically present
in high levels in trophoblast-derived exosomes, in contrast, CD63 is not detected in either
exosomes or their parent cells [42].

The relatively small size of tetraspanins (20—30 kDa) and their limited interaction between
ligand and receptor makes them difficult to investigate; hence, biochemical or
immunological detection is not successful [43]. However, total internal reflection
fluorescence (TIRF) microscopy, a super resolution microscopy, has been used to study the

dynamics of tetraspanin CD9 web, a network of molecular interactions [44]. Therefore,
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techniques include super resolution microscopy and the analysis of tetraspanins dynamics

can provide essential insights into the function of these molecules [45].

1.4.2.1.1 Role of tetraspanins

It is believed that tetraspanins work as mediators of fusion, cell migration, cell to cell
adhesion and signalling [46]. Furthermore, they have a fundamental action in ESCRT-
independent pathways, particularly with regard to the differences between cell types [39].
For instance, in mice with CD9 deficiency, exosome production is affected in bone marrow
(BM) DCs (BMDCs) [47]. In contrast, the deficiency of CD81 in lymphocytes does not affect
the production of exosomes [48]. In addition, tetraspanins are involved in cargo selection,
targeting and uptake, target cell reprogramming and antigen presentation [39,49]. CD9,
CD63, CD81 and CD82 tetraspanins also play a role in DCs migration [37,38]. These
tetraspanins are considered as regulators for antigen presenting cells (APCs) including DCs,
monocytes, and B cells. They are also involved in regulating efficient immune responses
[50]. Moreover, exosomal tetraspanins are found to be involved in meditating metastasis
through regulating the communication of stromal and cancer cells, and altering the

extracellular matrix of the host [49].
1.4.2.2. Adhesion molecules

1.4.2.2.1. Integrins

By referring to the ExoCarta database, integrins are classified as exosomal proteins, that
have been found abundantly, specifically in tumour and immune cell-derived exosomes
[51]. They are found as heterodimers (a and B subunits) and 24 different heterodimers
have been observed in vertebrates. B1, B2 integrins, and av containing integrins represent
the largest categories. They work as adhesion molecules and organise binding of cells to
the extracellular matrix (ECM) [52,53]. In exosomes, these integrins play a role in guiding

the vesicles to fuse to the desired target cells [54]. Moreover, in cancer cell-derived
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exosomes, integrins and their ligands are found to be involved in cancer progression
through targeting tissues and inducing integrin mediated signalling pathways, in order to
initiate the formation of metastatic niche [55]. It was also suggested that exosomal
integrins and their ligands can be utilised to develop exosome based diagnostics and

therapeutics [55].

1.4.2.2.2. Thrombospondin 1 and 2

Thrombospondin 1 is classified as an adhesion molecule, found in exosomes that has been
demonstrated particularly in healthy volunteers’ physiological fluids such as urine and
saliva [56-59]. Additionally, patients with cancer in general, show exosomes contain
thrombospondin 1 and 2 [60,61]. Recently, Cen et al. (2019) confirmed the role of
thrombospondin 1 expressed in cancer-derived exosomes in facilitating the migration of

breast cancer cells, to promote metastasis [62].

1.4.2.2.3. Intercellular adhesion molecules (ICAMs)

The intercellular adhesion molecules (ICAMs) family is considered one of the adhesion
molecule classes involved in cell adhesion and leukocyte trans-endothelial migration [63].
ICAM-1 and ICAM-3 have been demonstrated in exosomes derived from immune cells

[41,64-67].

1.4.2.2.3.1 Role of ICAMS

ICAMS are considered significant mediators during immune responses. For instance, ICAM-
1is meant to be a ligand for integrin a, B, lymphocyte function-associated antigen-1 (LFA-
1) and macrophage-1 antigen (Mac-1). Moreover, it induces leukocyte adhesion [68].
Interestingly, ICAM-1 is detected abundantly in exosomes derived from mature DCs
compared to exosomes derived from immature DCs. It has been stated that mature DC-
derived exosomes are more potent than immature DC-derived exosomes to stimulate T

cell activation in vitro. It has been suggested that mature exosomes enriched with ICAM-1

31



play arole in exosome adhesion to trigger APCs, through priming naive T cells [69]. A follow
up study has revealed that exosomes bearing high levels of ICAM-1 trigger stronger
immunity responses, in vitro and in vivo. It has been demonstrated that the adhesion of
exosomes to immune cells is mediated through the expression of ICAM-1 on exosomes,
and LFA-1 ligand on recipient CD8+ cells in vivo [70]. Moreover, ICAM-1 is found to be
enriched in myeloid leukaemia-derived exosomes, that is responsible for the modulation
of the neovascularisation process [71]. While ICAM-2 and ICAM-3 were found to be
attached to DC-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-
SIGN), ICAM-2 on endothelial cells and ICAM-3 on T lymphocytes, were found to contribute
to trans-endothelial migration of DCs and the formation of DCs-T cell synapse (C),

respectively [72]. In terms of exosomes, ICAM roles are still under examination [73].

1.4.2.3. Other membrane proteins
Another protein considered to be important is lactadherin (also known as Epidermal
Growth Factor (EGF)-factor VIII or Milk Fat Globule factor 8 protein (MFG-E8)) [40].
Lactadherin has specifically been found in immune cell-derived exosomes and fibroblasts
[40,74-76]. It has been found that the C1C2 domain of lactadherin influences antigen
expressing tumours when combined with a protein of interest. For instance, a vaccine
consisting of chicken ovalbumin (OVA) encoded in a DNA vector bound to the C1C2
domain, showed slower growth in tumours expressing OVA antigen, compared to

vaccination with OVA vector only [77-79].

1.4.3. Nucleic acid

miRNA and messenger RNAs (mRNA), are significant components of exosomes in healthy
and disease conditions. These exosomal RNAs are either encoding protein or silencing
targeted genes, and transferred between cells, respectively. Exosomal RNA is found to be

involved in several biological processes such as immune system activation or inhibition,
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cancer progression, angiogenesis, and metastasis [80—87]. Other types of RNA have been
found in exosomes, such as viral RNAs, Y-RNAs, fragments of transfer RNAs (tRNAs), small
nuclear RNA, small nucleolar RNA, piwi-interacting (pi-RNAs), and long non-coding
(IncRNAs). Around 764 microRNAs (miRNAs) and 1639 mRNAs have been discovered in
these nanovesicles arising from different tissues [88—91]. The loading mechanism of these

RNA species into exosomes are not fully known [27].

1.5. Biological functions of exosomes

Exosomes originate from different cell types and can be present in biological fluids such as
urine, breast milk, synovial fluid, blood, saliva and amniotic fluid [92]. For this reason,
exosomes appear to play a significant role in cell-to-cell and initiate important physiological
responses such as coagulation, angiogenesis, immune system activation or suppression
and inflammation [93]. Exosomes were initially found to be involved in the maturation
cycle of the cell to remove unnecessary proteins [94]. Exosome functions also vary based
on their origin or parent cell [93]. Platelet-derived exosomes, are involved in the
inflammation reaction due to the presence of prostaglandin in these exosomes [95].
Furthermore, in cancer, exosomes contribute into developing a tumour microenvironment

through delivering mutated genetic material and misfolded proteins [96—99].

In this review, the biological role of cancer derived-exosomes will be discussed in the next
section 1.6 to provide a better understanding of the critical role of exosomes released
from cancer tissues.

1.6. Cancer-derived exosomes

Cancer derived exosomes involved in cancer pathogenesis through influencing the
recipient cells biological process such as proliferation, migration, adhesion, and invasion

[100]. These biological processes will be reviewed in detail in chapter 3, section 3.1.
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However, this section will focus mainly on cancer-derived exosomes role in cancer

progression, major signalling pathways, immune system modulation, and angiogenesis.

1.6.1. The role of cancer-derived exosomes in cancer progression

In pathological conditions, cancer stem cells and mesenchymal stem cells (MSCs) are
considered tumour microenvironment regulators, therefore, it is believed that their
secretion of exosomes contributes to their regulatory function through cell-to-cell
communication [101]. It has also been found that exosomes exert an endocrine effect
which means that they can migrate to distant cells and induce cell transformation. Hence,
cancer cell derived exosomes are considered tissue modulators due to their role in tumour
growth and cell progression. Also, these exosomes named as “oncosomes” due to their
ability to travel to distant tissues, develop a pre-metastatic niche, and stimulate the
migration of tumour cells to a conditioned tumour microenvironment [102,103]. For
instance, a recent study was carried out by Kumar et al. (2018), to reveal the pathogenesis
process of acute myeloid leukaemia (AML). It has been found that AML-derived exosomes
induce Dickkopf-related protein 1 (DKK1) expression in BM stromal cells which suppress
normal haematopoiesis and osteogenesis, causing loss of osteoblasts. Moreover, tumour
derived exosomes (TEX) cause downregulation of supporting genes of haematopoietic
stem cells in BM such as C-X-C motif chemokine ligand 12 (CXCL12), kit ligand (KITL) and
insulin like growth factor 1 (IGF1), which affect the normal haematopoiesis process [104].
Recent studies by Zheng et al. (2018), and Nakamura et al. (2019), discussed in depth the
roles of TEX in promoting the progression of non-small cell lung cancer (NSCLC) and ovarian
cancer [105,106].

In normal conditions, the immune system is considered to induce apoptosis and suppress
aggressive progression. For instance, exosomes secreted from APCs induce the expression

of major histocompatibility complex (MHC) class | and Il on the cell surface, which are
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followed by specific immune reactions through the activation of CD8+ and CD4+
[54,107,108]. While in the case of tumour progression, immunosuppression is promoted
by cancer-derived exosomes through stimulating the production of suppressor cells, or
inhibiting cytotoxic T cell production, natural killer cells (NK) and APCs [109]. It has to be
noted that DCs are considered professional APCs due to their antigen presenting capacity,
and their ability to prime and initiate T cells responses [110]. Furthermore, It has been
found that the maturation process of DCs can be inhibited via the uptake of cancer-derived
exosomes [111]. It has previously been reported by Valenti et al. (2006) that the production
of DC is affected by TEX that resulted in low expression of DC co-stimulator molecules and
secretion of inhibitory cytokines, due to insufficient priming of T-cell by DCs [112].

Tumour cells escape being destructed by cytotoxic T cells through expressing low levels of
MHC-I, however, tumour cells are still recognised by NKs [113]. Nevertheless, exosomes
are still able to avoid destruction by NKs. For instance, Hedlund et al. (2011) observed that
NK (Group 2D, member D) (NKG2D) receptor was found to be expressed on exosomes
which caused an impairment of NKG2D mediated NK-cell cytotoxicity, resulting inimmune

evasion of leukaemia/lymphoma cells [114].

1.6.1.1. Exosomal signalling pathways in cancer microenvironment

TEX found to be associated with multiple signalling pathways that play a key role in tumour
initiation and progression, however, the role of these exosomes is not fully elucidated in
these pathways [115]. For instance, TEX found to induce the expression of transforming
growth factor beta (TGF-B) receptors | and Il, and TGF-B-related signalling pathways in
recipient cells [116] which found to be mainly involved in the generation and maintenance
of tumour stroma and the initiation of epithelial-to-mesenchymal transition (EMT) [97]. In
breast cancer, TEX found to stimulate the TGF-B receptor-mediated signalling pathway in

MSCs promoting their differentiation to myofibroblasts, which are major components of
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tumour stroma [117]. Moreover, exosomes containing TGF-f1 can induce immune

suppression by impairing the lymphocytes response to interleukin (IL-)2 [118].

Exosomal tetraspanins, CD82 and CD9 found to regulate the Wnt signalling pathway via
the discharge of B-catenin from exosome [47] where Wnt-B-catenin pathway plays a key
role in normal development and in cancer [47,119]. For instance, fibroblast-derived
exosomes were found to be containing autocrine Wnt-11 that was found to induce
invasiveness in breast cancer cells via the Wnt-planar cell polarity (PCP) signalling pathway

[120].

TEX found also to be loaded with phosphatase and tensin homolog (PTEN) which induce
phosphatase activity in recipient cells, causing reduction in cellular proliferation [121].
PTEN function through regulating phosphatidylinositol 3-kinase-protein kinase B (PI3K-

AKT) signalling, cell growth and cell survival [122].

Furthermore, Notch signalling, a survival pathway deregulated in tumours, found to be
influenced by exosomes [121,123,124]. For instance, in pancreatic tumour, TEX interact
with target cells which in turn supress Notch-1 survival pathway and stimulate apoptosis

[125].
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1.6.1.2. Immune system activation and suppression

Cancer progression is induced through several biological processes including the activation
of immune suppressor cells, defective antigen presentation, and the induction of T-cell
apoptosis that results in insufficient immune response [113,126].

Modulation of immune responses in cancer, is found to be influenced by surface proteins
and genomic content of exosomes [127].

In terms of immune system activation, several studies have shown that T cells can be
activated directly and indirectly by exosomes [128—-130]. For instance, in direct activation,
exosomes produced by APCs such as DCs exhibit MHC class | and Il peptides, co-stimulators
and adhesion molecules. The presence of these molecules on exosome surfaces facilitate
the activation of T cells (CD8+ and CD4+) in order to induce a prominent immunogenic
response [54,107,131]. Indirectly, DCs transduced with tumour peptides, produce
immunogenic exosomes that cause a significant anti-tumour response through activation
of T cells (CD8+) [54]. Furthermore, NK cells and macrophages can be activated by the
presence of heat shock protein 70 (HSP70) on the exosomal surface [132]. It has been
found that exosomes released from cancer cells subjected to heat stress induce stronger
anti-tumour immune response compared to non-heat stressed cancer cell-derived
exosomes [133]. Exosomes derived from immune cells (e.g. NK) have an immune function.
NK-derived exosomes contain perforin molecules which are known as effector molecules.
It has been suggested that perforin molecules can trigger cell death through exosome
uptake by the target cells with consequent release of perforin inside the target cell. These
exosomes work as mediators of anti-tumour activities [134].

However, TEX can work as immune system suppressants [108]. Exosomes modulate
immune system responses through several processes such as changing the gene expression
and the function of human regulatory T cells (Tregs) through signalling with cell surface

receptors [135]. Also, It has been noted that nasopharyngeal carcinoma (NPC) or TEX
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modulate the phenotype of Tregs and induce their suppressive function [136,137].
Furthermore, TEX have been found to induce the production of prostaglandin E2, IL6, and
TGF-B from MDSCs that resulted in forming a immunosuppressive environment [138,139].
Another example is demonstrated by NK cells that can be suppressed by TEX expressing a
NKG2D receptor [118]. Moreover, in a recent study, circulating plasma exosomes of
patients with AML were found to carry immunosuppressive antigens and inhibitory
molecules that suppress activated immune cells and interfere with adoptive cell therapy
(ACT). This was investigated through the administration of activated NK cells into AML
patients with pre-therapy plasma. This resulted in immunological dysfunction which
included NK cell deficiency and suppressed activity, high levels of Tregs, and dysregulated
cytokines which could result in leukaemia relapse [140].

TEX can also play an indirect role in favour of disease progression through influencing
monocytes and macrophages to exhibit immunosuppressive molecules such as
dysregulated cytokines. For instance, in chronic lymphocytic leukaemia (CLL), TEX contain
a noncoding Y RNA, an exosomal miRNA called hY4. This hY4 was found to possess a pro-
tumourigenic effect that was able to induce the production of phenotypically CLL
associated monocytes expressing programmed cell death ligand 1 (PD-L1). This study has
indicated that the transfer of TEX or hY4 to monocytes, induced inflammatory related
cancer reactions and immune escape via the expression of PD-L1 [141]. Macrophages are
normally originated from monocytes released from bone marrow [142,143], and
differentiated into two polarised types: type 1 macrophages (M1) and type 2 macrophages
(M2) [144]. Tumour associated macrophages (TAMs) are found to possess high degree of
phenotypic plasticity, where M1 and M2 are found to be inducing two extreme different
reactions in tumour microenvironment, where M1 expressing inducible nitric oxide
synthase (iNOS), reactive oxygen species (ROS), and producing type | helper T cells (Th1)-

associated cytokine IL-12 which elicit a strong immune response and cause tumour
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suppression [145], and M2 expressing high levels of IL-10, arginase 1, and the CC
chemokine ligands (CCL)17 and CCL22 which induce tumour progression through
promoting angiogenesis and tissue repair [144,146]. In gastric cancer (GC), released
exosomes were found to enable monocytes to produce TAMs expressing PD-L1 with M2-
like surface phenotypical characteristics that inhibit anti-tumour immunity and induce
tumour progression [147].

Immune cell-derived EVs including exosomes, are considered factors that facilitate the
metastasis of HCC, via IncRNAs shuttle between immune cells and human liver cancer cell-
derived EVs (exosomes) that can result in metastatic phenotypical acquisition in the

immune cells mediated through their EVs [148].

1.6.1.3. Angiogenesis

TEX are found to be strongly involved in the angiogenic process through their role in cell-
to-cell communication, and their genetic and proteomic cargo that may induce
upregulation or down-regulation of significant proteins and genes in normal tissue,
enhance tube formation, and increase cell proliferation [149]. Several studies have
demonstrated significant effects of TEX on tumour progression and angiogenesis,

summarised in Table 1.1.
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Table 1.1: Summary of several cancer studies that confirmed the role of TEX in tumour progression, metastasis, and angiogenesis.

cells (CSCs)

CD105 (Human).

processes such as transcription, metabolic
processes, proliferation, nucleic acid binding and
cell adhesion molecules. Also, contain pro-
angiogenic genes such as vascular endothelial
growth factor (VEGF), fibroblast growth factor
(FGF), angiopoietinl, ephrin A3 (EFNA3), matrix
metalloproteinase 2 (MMP-2), and MMP-9 and

growth factors.

Human umbilical vein endothelial cells (HUVECs)

Cancer cell line - Recipient
Cancer derived Exosome Role cell line Outcomes
exosomes/ EVs
Human renal Renal CSCs Twenty-four exosomal miRNAs found to be Development of lung pre-
cancer stem expressing responsible for regulating significant biological metastasis niche, and

stimulation of the
angiogenesis process

[150].
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HCC

Huh-7 liver
cancer cell line

expressing CD90

High levels of IncRNA H19 found in exosomes
that induce the modulation of endothelial cell

phenotype with more angiogenic properties and

(Human). to induce the adhesion of CD90+ cells to
endothelial cells through overexpression of
ICAM-1 in HUVECs.
Head and neck PCI-13 and Exosomes containing proangiogenic proteins
squamous cell UMSCC47  cell such as uroplasminogen activator (uPA),
carcinoma lines (Human). coagulation factor Ill, IGFBP-3, endostatin, and
(HNSCC) MMP-9.
Leukeamia K562 cell line High levels of exosomal miR-210 induce
(Human). angiogenic activity in endothelial cells.
Multiple RPMI8226, KMS- Upregulation of miR135b in exosomes derived

Myeloma (MM)

11, and U266.

under hypoxic conditions.

HUVECs

Promoting tube formation
(angiogenesis) and cell

adhesion [151].

Tumour angiogenesis

[152].

Promoting tube formation

(angiogenesis) [153].

Induced endothelial tube
formation and

angiogenesis [154].
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Oesophageal

squamous cell

ECA109,

KYSE410 and

Upregulation of mMRNAs expressed in exosomes

that are responsible for cell proliferation and

carcinoma HET-1A cell lines migration, and cell pathways under normoxic
(0scq) (Human). and hypoxic conditions.
Lung cancer Transformed Activation of STAT3 in transformed cells, found

human bronchial
epithelial (HBE)
cell line

(Human).

to induce the production of exosomes with high
levels of mir-21, which caused an increase in
VEGF levels in normal HBE cells, and induce

angiogenesis.

HUVECs

Modification of  the
phenotypic  profile of
HUVECs.

Stimulation of HUVECs
proliferation,  migration,
invasion and tube
formation, was mainly
hypoxic

induced by

exosomes [155].

Promoting angiogenesis

and tube formation [156].
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NPC

C666-1 cell line

(Human).

Upregulation of pro-angiogenic cell adhesion
proteins in exosomes such as ICAM-1 and
CD44v5 1, and downregulation of TSP-1, an

angio-suppressive protein.

Ovarian cancer

Caov-3 and OV-

Exosomes containing high levels of soluble E-

90 cell lines cadherin (sE-cad) which promotes tumour
(Human). angiogenesis.

Pancreatic PK-45H cell line Exosomes involved in stimulating

cancer (PC) (Human). phosphorylation of Akt and ERK1/2 signalling

pathway molecules and tube formation via

dynamin-dependent endocytosis in HUVECs.

HUVECs

Stimulation of
angiogenesis through
inducing tube formation,
migration and invasion

[157].

Enhancement of
angiogenesis, stimulation
of migration and tube
formation in HUVECs

[158].

Promoting angiogenesis

[159].
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HCC HepG2 cell line Exosomes expressing HSP70, which are Angiogenesis [160].
(Human). responsible for endothelial cell migration and
lumen formation via the PI3K-AKT pathway.

Also, upregulation of miR-145 and miR-27 was

(%)
observed. é
?
Ovarian cancer CAOV3 cell line Exosomes containing potential proteins related Angiogenesis [161].
(Human). to angiogenesis, such as ATF2, MTA1, ROCK1/2.
HCC HepG2 cell line Exosomes expressing Vasorin (VASN), that Promoting the migration
(Human). mediates the communication between tumour of HUVECs and stimulating
cells and endothelial cells. the angiogenesis process

[162].

Mentioned studies in Table 1.1 have suggested the use of cancer-derived exosomes, their upregulated genes, and protein as therapeutic approaches
in the future to suppress angiogenesis and prevent cancer progression.
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However, in order to employ exosomes in therapeutic applications, production of exosomes
on alarge scale is required in such applications as tissue regeneration and immune response
modulation [163]. However, there are challenges to overcome harvesting exosomes that will

be discussed in section 1.7.

1.7. Challenges in large scale -exosome production

Exosome production levels and cargo are found to be strongly influenced by cell culture
conditions such as culture containers, cell type, medium composition, hypoxia, and
treatment of cells [164]. For instance, it has been demonstrated that the analysis of
exosomes derived from cells cultured in conventional cell culture dishes versus two-chamber
bioreactors, revealed that exosomes produced in both containers were similar in terms of
morphology, size distribution and surface markers, however, two-chamber bioreactors
yielded exosomes that were more than 100 times higher compared to dishes. In addition,
significant differences were detected by metabolomic analysis using non-targeted LC—MS
metabolite profile analysis [165] Also, another study employed hollow-fibre bioreactors
(HFBRs) for culturing human adipose-derived MSCs (hMSCs) while control cultures were
grown in T225 flasks, for comparison purposes. Findings showed that exosome yield was
significantly increased in HFBRs compared to the flasks. Moreover, continuous production
of exosomes was maintained during 10 weeks of harvesting with no requirement to

subculture the cells, where the phenotype of the cells remained constant [166].

However, cell seeding density play a significant role in exosome production and their purity.
For instance, cells seeded at different densities (low, medium, and high) during a 72h
incubation period, cells reached sub confluency in low density cell cultures, and reached

confluency in medium density cell cultures after 36h, however, both were found to produce
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a sufficient yield of exosomes with a minimal contamination with proteins. While high
density cell cultured cells reached confluency after 12h and were found to inhibit exosome
production per cell with increased contamination with medium-derived proteins. Therefore,
it is necessary to stabilise and standardise the same cell seeding protocol to maintain the

production of exosomes of the same constancy in terms of levels and cargo [167].

Moreover, the composition of medium used for cell culturing and exosome recovery were
found to play an important role in exosome production. For instance, Burger et al. (2017)
found that high glucose levels in culture media induced EVs production and the generation
of bigger vesicles (250 nm). They reported that proteomic analysis showed molecular
composition of EVs had changed. These exosomes were found to express exosomal proteins
that were involved in stimulating molecular pathways in recipient cells. However, EVs
produced under lower glucose levels were found to activate different molecular pathways,
compared to EVs derived from cells cultured with higher glucose levels [168]. Earlier on, Rice
et al. (2015), reported that exosome production had increased under high glucose levels and
the bioactivity of exosomes had altered, when compared to exosomes isolated from low
glucose level medium [169]. In contrast, glucose deprivation was found to also induce

exosome secretion, and change their protein content [170].

In order to minimise contamination from foetal bovine serum (FBS) derived EVs or
exosomes, it has been suggested that cells be cultivated in the absence of serum using
platelet lysates, pituitary extracts, bile salts or synthetic factors as a substitute [171].
However, Zhou et al. (2017) found that growth factors exert an effect on regulating exosome
production, as they found that exosome production was significantly decreased after
treating cells with epidermal growth factor (EGF), and increased after treating cells with

epidermal growth factor receptor (EGFR) inhibitor, gefitinib [172].
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Furthermore, hypoxia is considered a major factor that influences exosome production, as
it was demonstrated that under hypoxic conditions, exosome secretion increased and their
tetraspanins expression (exosomal markers) changed [152,167]. Moreover, the exosome

cargo was found to be affected under hypoxic conditions [99].

Moreover, some drug treatments of cells were found to affect exosome secretion. For
instance, Datta et al. (2018) tested a total of 4580 pharmacologically active compounds, 22

compounds were found to either stimulate or reduce exosome production [173].

Oxidative stress was also found to stimulate exosome production. For example, Atienzar-
Aroca et al. (2017) exposed cells to increasing concentrations of ethanol to induce oxidative

stress; a two-fold increase in exosome production was observed [174].

Thus, more advanced equipment is required to minimise the effect of these factors on
exosome secretion and to induce exosome secretion on a large scale. For instance, the HFBR
system was found to be an efficient platform for maintaining successful and constant cell
culture, and large scale consistent production of pure exosomes [165,166] The major
benefits of employing HFBR over flask-based methods, it ensures the stability and constancy
of cell culture, and maintains high scalable consistent exosome secretion, compared to T-
flask exosome production. Moreover, it offers successful cell culture in serum free media, in
order to avoid the interference with FBS endogenous exosomes. Furthermore, it reduces
apoptosis and cellular debris, which makes the exosome purification process easier [166].
Therefore, HFBRs are considered a promising platform for large-scale production of

exosomes for therapeutic applications [166].

In this project in order to have a greater understanding of the factors that affect exosome

production, the flask method was used instead of HFBRs as a cost-effective option. To
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provide greater insight into isolation methods and their effect on exosome yield, the most

common isolation techniques and their limitations are discussed in sections 1.8 and 1.9.

1.8. Exosome isolation techniques

Different methods for exosome isolation have been developed, to obtain an exosomal
fraction of high purity, and to be applicable with exosomes isolated from different biological
fluids or cell cultures [21]. These methods have exploited specific characteristics of
exosomes such as their size, shape, density, and surface proteins [17]. However, each
method has its pros and cons in terms of recovery, purity, required sample volume, and time
required for isolation; determined based on sample source, intended use, and the
downstream analysis of exosomes [17,21,175]. Thus, commonly used methods are outlined

below in more detail:

1.8.1. Ultracentrifugation

Ultracentrifugation or differential centrifugation is the most commonly applied method
used to isolate exosomes from all types of human samples [176,177]. The principle of this
method is to precipitate, and isolate exosomes, and remove any contaminants such as
residual cells, large vesicles, cellular debris, and macromolecular proteins through numerous
centrifugation steps accompanied by gradual increase in centrifugation forces and duration
at low temperature (4°C) to obtain an enriched sediment of pure exosomes

[17,176,178,179].

1.8.2. Sucrose density gradient centrifugation

Sucrose density gradient centrifugation is an ultracentrifugation method, used to separate
exosomes from other vesicles based on their floatation densities ranging from 1.08 to 1.22

g/ml, by applying centrifugal force, and using a pre-constructed density gradient of sucrose
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built in an ultracentrifuge tube; called a sucrose gradient [17,175,180-183]. Exosome
samples are then placed at the top of this sucrose gradient consisting of overlapping lower
concentrations of sucrose on higher concentrations, ranging from 20% to 70% sucrose, from
top to bottom in the centrifuge tube. After that, exosomes are collected by fractionation

[17,175,181-184].

1.8.3. Exosome precipitation

Precipitation of exosomes is achieved using commercial reagents, such as ExoQuick (System
Bioscience) [185], the Total Exosome Isolation kit (Invitrogen) [186], Exo-spin (Cell Guidance
System) [187] that enables exosome enrichment [21]. These reagents consist of
polyethylene glycol (PEG), a water excluding polymer, therefore, after adding the reagent to
the sample, water molecules are tied-up and exosomes and other particles are precipitated
out of solution. This is followed by centrifugation to pellet down the precipitated vesicles

[188].

1.8.4. Immunoaffinity capturing

The principle of immunoaffinity capture-based techniques is to capture exosomes using
specific antibodies, that are capable of binding an antigen expressed on the exosome
surface. Selected antibodies for a specific antigen of interest can be used in different
experimental sets [189]. For instance, enzyme-linked immunosorbent assay (ELISA) can be
used for isolating exosomes via immobilising exosomal antibodies on the surface of a
microplate to allow capture of exosomes via their expressed antigens [190]. Another
immunoaffinity technique, is magneto-immunoprecipitation which works by the attachment
of specific antibodies against the antigen of interest, to streptavidin coated magnetic beads.
This is followed by incubation with exosome samples to allow the antibody-antigen binding,

hence, exosome capture occurs [178,189].
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1.8.5. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) is used to separate proteins of different sizes, however,
this approach can be utilised to separate exosomes from other EVs based on their size. This
separation is achieved using columns packed with a porous stationary phase that allows
small particles to penetrate the pores and be eluted after the larger particles. Purification of
exosome samples using SEC is usually followed after performing ultracentrifugation of the

sample, to allow the enrichment of the sample [191,192].

1.8.6. Ultrafiltration

Ultrafiltration is a technique used for separating exosome particles based on their size and
molecular weight cut off (MWCO) of the membrane being used. Thus, particles larger than

the MW(CO are retained by the filter and the smaller ones pass through [178,189].

1.9. The advantages and the limitations of techniques used for
exosome isolation

Techniques used for isolating exosomes have been developed to separate exosomes from
other EVs and molecules as described in section 1.9. However, these techniques suffer from
different challenges that affect the purity of the exosome fraction, quality of produced
exosomes, the recovery level, the time consumed for preparation, the volume of sample (i.e.
biological fluid or cell culture), equipment affordability, technical expertise and downstream
analysis. An overview of the advantages and the limitations of each technique is described

in Table 1.2.
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Table 1.2: Overview of the advantages and the limitations of each isolation technique.

Technique

Advantages

Limitations

Ultracentrifugation

Little technical expertise
required.

No sample pre-treatment.
Equipment affordability (i.e.
only one ultracentrifuge) to be
used over a prolonged period
for several applications and

different experiments [189].

Time consuming.

Co-precipitation of protein molecules, other EVs with exosomes (low
purity).

Large starting volume required.

Low exosome recovery.

Instrument-dependent [175,181,184,189,193,194].

Sucrose density gradient

centrifugation

Exosome fraction of high
purity.

Preserves the integrity and
biological activity of exosomes

[175,184,195].

Time consuming.
Preparation of sucrose gradient.

Low exosome yield [175,184,195].
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Exosome precipitation

Fast and easy processing.

High yield of exosomes.

Little technical expertise required.
Equipment affordability (no special
instrument required).

Small volumes of sample can be

processed [178,189,196].

Lack of selectivity.

Preparation step is required (i.e. ultracentrifugation or
filtration).

Co-precipitation with other particles (EVs and protein

molecules) [178,188,197,198].

Immunoaffinity capturing

High specificity and purity (i.e.
isolation of exosome of specific
source.

The ability to be highly selective,
where a specific exosomal
biomarker is identified

[61,188,194,199].

Capturing only expressed surface antigen.

Low exosome yield.

Antibody-assay determined.

Prior enrichment required using ultracentrifugation or

ultrafiltration [61,178,197].
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Size exclusion

chromatography (SEC)

Maintaining the physiological
and biochemical properties of
the exosomes (i.e. structure,
integrity, and biological
activity).

High purity [192].

Time consuming.
Preparatory step required (i.e. ultracentrifugation).

Hard to be scalable [192].

Ultrafiltration

Fast and effective isolation of
exosomes of large volumes.
High purity.

High exosomes yield.
Equipment affordability

[184,188].

Filter clogging with trapped vesicles may lead to loss of exosomes.

Deformation, or lysis of exosomes, due to the shear force

[189,200].
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Due to inconsistency in the outcomes of these methods (Table 1.2), method
standardisation is required to deliver exosomes of high yield and greater purity [184], as
lack of standardisation was found to cause an overlap of protein profiles and the
physiochemical and biochemical properties of exosomes and other EVs [201,202].
Furthermore, the proteomic profiling of EVs was also found to be dependent on the

isolation technique [201].

Another challenge of exosome isolation in cell cultures, is the contamination of cell
derived exosomes with serum supplementation components, such as FBS derived
exosomes or EVs and proteins. It has been revealed that there is high resemblance in
terms of homologous proteins between human and bovine exosomes, consequently, this
masks the detection and analysis of exosome components of low-abundance [203,204].
Therefore, serum deprivation was followed to deplete FBS from cell culture, however, this
has resulted in significant inhibition in cell viability, and subsequently exosome

production [204].

However, in order to employ isolated exosomes in downstream analysis, a panel of
different characterisation methods is required to identify the properties of exosomes of
interest. Thus, in section 1.10, a brief description of the methods used in this study is

discussed.

1.10. Exosome characterisation methods

Several common methods are used to visualise, determine the biophysical and molecular
properties of exosomes following purification. Exosome characterisation in this project
was carried out using the following techniques: ExoView platform, Micro BCA, Western
blot, flow cytometry, liquid chromatography-mass spectrometry (LC-MS), RNA isolation,
and real-time quantitative polymerase chain reaction (RT-qPCR). These methods are

outlined below in more detail:
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1.10.1. ExoView characterisation platform

NanoView Biosciences has developed silicon chips with an array of antibodies against
exosome surface markers. This method allows differentiation of exosome subpopulations
with a very small sample volume, according to the most expressed marker on their
surface. Exosome samples are incubated with the chips overnight. After that, chips are
rinsed with PBS on a shaker and air dried. Captured exosomes are identified via single

particle interferometric reflectance imaging sensor technology [205].

1.10.2. Micro BCA

A micro BCA kit has been developed by Thermo Scientific to measure diluted samples of
protein (0.5-20ug/mL) using bicinchoninic acid (BCA) as the detection reagent for copper
(Cu) reduction from Cu* to Cu*, by protein in alkaline environment. This resulted in
forming visible purple-coloured reaction and strong absorbance detected at 562 nm that
is linear with increasing protein concentrations [206,207]. Micro BCA have been used to

determine protein content in exosomes [208,209].

1.10.3. Western blotting

Western blotting or immunoblotting is used to detect the antigen (protein) of exosome
particles by interaction with targeted antibodies. This analysis is carried out by lysing
exosome particle and denaturing their proteins. After denaturation, exosome samples are
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
After that, the gel of the separated samples is transferred to a nitrocellulose or
polyvinylidene fluoride (PVDF) membrane. This membrane is blocked with protein (non-
fat milk) then incubated with a specific antibody against an antigen of interest. After that,
the membrane is incubated with secondary antibody, which is developed against the host

of the primary antibody used for binding to the specific antigen. The secondary antibody
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is detected either by its fluorescent tag, or by insoluble substrate to horseradish

peroxidase/alkaline phosphatase conjugated to the secondary antibody [175,210].

1.10.4. Flow cytometry

Flow cytometry is a method of analysis that allows the detection of exosomes using their
protein composition [175]. However, the resolution limit of standard flow cytometers lies
between 300 and 500 nm while exosomes fall below this range. This makes exosomes
difficult to be detected. Therefore, a method was developed by attaching exosomes to
aldehyde/sulphate-latex beads and incubating them for 15 min with continuous rotation.
Then glycine and bovine serum albumin (BSA) were added to stop the reaction. This is
followed by washing the exosome-bound beads with PBS and blocking them with BSA.
Then primary antibody and fluorescence-conjugated secondary antibodies are added for
detection of specific exosomal surface markers using a flow cytometer [205]. This
technique allows the quantification and identification of exosomes according to their

surface expressed antigen or protein [211].

1.10.5. LC-MS

Metabolomics analysis is carried out using LC-MS, which is used to identify and detect the
widest range of proteins or lipids within a sample. This technique starts by first analysing
an exosome sample using a high-performance liquid chromatography (HPLC) column then
processing the data by mass spectroscopy. This is followed by processing the data using
specialised software to obtain information of the sequence of amino acids and fatty acids

detected, in order to identify proteins and lipids presentin a sample [175,212-215].

1.10.6. Nucleic acid analysis

RNA extracted from exosomes using an RNA isolation kit, containing reagents and filters
that allow the separation of miRNAs from other RNAs. These extracted miRNAs are
sequenced using a bioanalyser. The expressed miRNAs profiles were investigated by RT-
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gPCR applying an array of reference miRNAs. This process is usually carried out by
reverse-transcribing, then pre-amplifying the miRNA following the manufacturer's

instructions [205,216,217].

1.11. Project aims

To contribute to the knowledge of collecting, isolating exosomes and maintaining their
native composition without causing changes that may mask their potential function in

therapeutic approaches by:

e Developing efficient approaches to optimise cell culturing methods in order to maintain
successful cell culture, maximise native exosome yield and minimise contaminants such
as FBS derived EVs or exosomes, and to deliver the highest and purest exosome yield.
These approaches were then evaluated by visually observing cells under the microscope
and quantitively assessing their cell viability using a Trypan Blue dye exclusion assay. This
was followed by identifying and characterising changes in cancer cell-derived exosomes
using multiple techniques: ExoView, Western blotting, micro BCA, flow cytometry, LC-MS,
RNA analysis, and qRT-PCR (Chapter 2).

e Demonstrating the influence of cancer cell-derived exosomes on cancer and normal cell
line behaviour by applying: MTT cell proliferation assay, migration, adhesion, and invasion

assays, then applying LC-MS, to study the metabolome of the affected cells. (Chapter 3)

Thus, the aim was to identify if harvesting exosome of the same cell line, in different
media combination had any effect on exosome surfaces and composition. Also, to assess
if adding HepG2-Exo on other cell lines, induce or inhibit the biological process of these

cells.
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Chapter 2

Optimisation of HepG2-
exosome production using
different conditioned media
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Abstract

Introduction: Research into exosomes has gained interest due to their efficiency as
nanoparticles in signaling, delivering, and transferring protein, lipid, and genetic material.
However, there is a major challenge that still exists in terms of producing exosomes with
no or minimal contamination from external sources. For instance, cell cultures are
normally carried out in the presence of FBS, which is an essential supplement required
for cell attachment, growth, and proliferation. On the other hand, FBS is considered a
source of contamination in exosome studies, as they contain naturally occurring EVs or
exosomes, high protein, and RNA content. Therefore, the aim of this study was to harvest
HepG2-Exo, optimise their production, and investigate their composition through
culturing the human HepG2 cell line in a specific growth medium supplemented with
different preparations of FBS. In the present study, HepG2 cell line was cultivated using 2
different approaches to produce exosomes. These approaches consisted of using DMEM
as the growth medium and either 1) standard FBS as M1, or 2) Dep-FBS as M2, to grow
cells for 72 h. This was followed by serum starvation for 48 h, to collect M3 and M4,
respectively. Four categories of collected media were obtained: M1, M2, M3, and M4.
Exosomes isolated from these media were classified accordingly, Exo(M1), Exo(M2),

Exo(M3), and Exo(M4), respectively.

Methods: Cell viability under growth conditions M1, M2, M3, and M4 was assessed using
a trypan blue dye exclusion assay and light microscopy. HepG2-Exo samples: Exo(M1),
Exo(M2), Exo(M3), and Exo(M4) were produced, characterised and distinguished applying
the following techniques: Micro BCA evaluation for determining protein content, flow
cytometry for quantifying exosome content, Western blotting for detecting exosomal

markers, ExoView chip analysis for characterising exosome subpopulations based on their
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tetraspanins expression using capturing and fluorescence particle count, LC-MS for
analysing exosome composition, RNA isolation for extracting and sequencing RNA, and

RT-gPCR for validating the expression of specific gene of interest using reference genes.

Results: Cell viability, cell morphology, and size results, demonstrated that all growth
media influenced HepG2 cell line viability, where M2 was found to be the best medium
to cultivate HepG2, maintain its viability and offer minimum contamination with FBS,
compared to the other media. The characterisation of HepG2-Exo groups demonstrated
an overall variation between groups starting with Micro BCA where the protein
concentration of Exo(M1) was significantly (p < 0.05) the highest compared to all groups.
This suggested that FBS content (bovine exosomes and protein) in M1 media, was added
up to the actual content of Exo(M1). Similarly, flow cytometry also showed that Exo(M1)
significantly (p < 0.05) recorded the highest percentage of fluorescence compared to the
other groups, confirming the micro BCA results and altogether indicating that FBS derived
exosomes in M1 were misinterpreted as HepG2-Exo in Exo(M1). After that, the expression
of CD63 and CD81 exosomal markers assessed by Western blotting, showed inconsistent
bands of detection between groups which indicated that exosomal markers were affected
by the media as well. Whereas the ExoView findings have also detected a significant
(p < 0.05) difference between groups, where Exo(M4) has recorded significantly (p < 0.05)
the highest particle count expressing CD9 and CD63 tetraspanins, compared to all groups
via ExoView. This indicated that the difference in expression between HepG2-Exo is due
to the effect of the media used to grow the cells.

After that, LC-MS results showed a significant (p < 0.05) separation between all groups
using OPLS-DA model (SIMCA). Moreover, the calculated ratios of detected metabolites
in each group showed a significant (p < 0.05) difference, compared to the control group,

Exo(M1). RNA-sequencing results revealed differences in the expression of hsa-miRNA
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(identified) and predicted novel (non-identified) miRNAs between groups which proposed
that media composition of each group has influenced and changed miRNA content of
HepG2-Exo. After that, the verification of of hsa-mir21-5p expression using RT-qPCR,
showed significant variation (p<0.05) in the fold change between exosome groups
compared to the calibrator sample, Exo(M1) via RT-gPCR, which indicated that the
expression of specific gene can be affected due the collection media used for exosomes.
Overall, these results collectively confirmed that the variation between HepG2-Exo

groups traits, count, and composition is highly influenced by the growth media.

Conclusion: Designing growth and collection media for exosomes studies require
standarisation, where media combination, hypoxic conditions, and the duration of serum
starvation are found to be significant factors for maintaining successful cell culture and
inducing exosomes production. In terms of cell cultures, depleting media from FBS
derived-EVs applying certain techniques or using commercially depleted FBS, found to
induce certain effects in cell behaviour. However, applying serum starvation technique
found to be inefficient as cell growth and viability were affected. In terms of produced
exosomes, different characteristics and different proteins, lipids, and RNAs profiles were
observed in each group of HepG2-Exo, influenced by its collection media and applied

conditions.

Keywords HepG2, exosome, FBS, miRNA, CD63, CD81, serum starvation
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2.1. Introduction

In the literature, multiple approaches have been carried out to optimise the extraction of
exosomes from biological fluids and cell cultures using different isolation and purification
methods such as ultracentrifugation, precipitation, separation, affinity reaction, and SEC
[196]. One issue with in vitro cell culture-based studies is that they commonly use FBS as
an essential supplement, as its constituents are vital for cell growth and division.
However, FBS, as a natural blood product, contains its own endogenous exosome
component that could influence and compromise any investigation into the action of
exosomes on cell behaviour and function. Thus, in Chapter 1 section 1.11, FBS use is
mentioned as one of the limitations in exosome studies that is associated with isolating

exosomes from cell cultures.

To overcome this issue, several methods have been developed and applied to minimise
FBS-exosome contamination: differential ultracentrifugation for 2—19 hours at 4°C, is one
of the most common approaches due to its simplicity and efficiency, which allows
depletion of medium supplemented with 10-20% (50-100 ml) of FBS of its naturally
occurring exosomes. This approach can be performed in most basic laboratories with no
additional cost; however, it is not a robust method that is capable of eliminating FBS-
derived exosomes totally. For instance, a comparative study of FBS depletion methods
has revealed that overnight ultracentrifugation compared to ultrafiltration, commercially
depleted FBS, and standard FBS, are not considered efficient methods to purify FBS from
its EVs, due to high particle size distribution, detection of EVs via electron microscopy,
distinctive protein pattern using silver staining, and RNA profiles of vesicular origin via
bioanalyser [218]. Hence, commercial versions of Dep-FBS offer higher purity, but at a
higher cost compared to standard FBS and other lab-based techniques. A 500 ml bottle of
Dep-FBS costs twice that of standard FBS (500 ml). Moreover, the ultrafiltration method

recently gained attention as it was found to be an efficient alternative technique for FBS
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depletion as it provides serum of the highest purity compared to conventional
ultracentrifugation and commercially depleted FBS, using products such as Amicon ultra-

15 centrifugal filters to reduce the exosome content in FBS [218-220].

An indirect method to reduce in vitro contamination of cells with FBS-exosomes, is
through a process that involves growing cells in medium supplemented with standard
FBS, discarding this medium and replacing it with a serum-free alternative, followed by
maintaining the cell culture for 24 to 48 h. This approach helps ensure the majority of the
exosomes collected at the appropriate point in the study will be cell-derived exosomes
[221,222]. However, this approach should be applied with caution as it may affect the cell
behaviour. Alternatively, cells could be grown long-term in serum-free media where some
companies have developed synthetic solutions to be used as replacement of FBS for
certain cell lines, containing the essential supplements, growth factors, and proteins of
standard FBS, to avoid using serum from animal sources [223]. Overall, these methods
still require monitoring to analyse their impact on cell growth, morphology, function, and
exosome production in comparison to conventional animal serum-supplemented media.
For instance, Fang et al. (2017) found that cells of the same origin such as epithelium of
head and neck might respond very differently to a specific type of alternative serum,
hence, they recommended that each cell line should be assessed specifically, to be used
with a specific serum alternative [224]. Also, it was reported that the requirements of cell
culture basic components such as serum, amino acids, and the choice of cell culture
media, are found to vary from one cell line to another. Therefore, cell culture media

should be evaluated for each cell line [225].

Aim of this chapter: HepG2, liver carcinoma cells were grown under different conditions
to see if the yield of exosomes could be maximised while minimising contaminants from

FBS (e.g. bovine proteins and exosomes), using tailored approaches to deliver the highest
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and purest exosome yield. HepG2 were grown in different media and an examination

made of their influence on the composition of the exosomes produced.

2.2. Methodology

2.2.1. Preparation of HepG2 cell conditioned culture media

The human hepatocellular carcinoma (HepG2) cell line (passage no. 10) was cultured and
maintained in Dulbecco’s Modified Eagles medium (DMEM)- High glucose (D6429)
contained with 4.5 mg/ml of glucose and supplemented with 0.584 mg/ml of L-glutamine,
0.11 mg/ml of sodium pyruvate, 3.7 mg/ml of sodium bicarbonate, and a mixture of
amino acids as provided in the product information sheet by Sigma-Aldrich, UK. After that,
a concentration of 100 I.U./mL penicillin and 100 (ug/mL) streptomycin was added. Cell
culture was incubated at 37°C in the presence of a mixture of 95% air 5% CO, with 100%
humidity. In addition, 10 % (v/v) standard FBS or 10 % (v/v) Dep-FBS, were added to the
DMEM. Cells were seeded at a density of 1.09 x10° cells/ml into two 75 cm? cell culture
flasks, one in DMEM supplemented with FBS and the other with Dep-FBS. When the cells
reached confluency (80-90%), both DMEM-FBS and DMEM-Dep-FBS media were collected
separately, labelled M1 and M2 respectively, and replaced with serum-free DMEM, after
washing the cells with Hanks' Balanced Salt solution (HBSS) three times to remove any
residues from the previous media (Figure 2.1). After 48 h of serum starvation, the media
from both flasks were collected separately denoted M3 and M4, respectively (Figure 2.1).
Thus, four samples of media were obtained: M1, M2, M3, and M4, consequently four
groups of exosomes will be purified: Exo(M1), Exo(M2), Exo(M3), and Exo(M4) (Figure

2.1).
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HepG2 Cell Culture protocol

{" " DMEM supplemented with
0% (v/v) FBS, Serum Free (SF);
\\)
i 02 (_e:ﬂ“ DMEM FBS-SF Collection of M3 Exo(M3)
DMEM supplemented with ave®
o (M3)

10% (v/v) FBS;
DMEM FBS (Starvation Mode) - 48 h

(M1)

Collection of M1 Exo(M1)

‘ DMEM supplemented with '

o dx% DMEM supplemented with 80-90% N \ 0% (v/v) Dep-FBS;
RO osome - depleted 10% (v/v) Confluence7 DMEM (Dep-FBS(SF)) Collection of M4
) FBS ; ing ce
%% WashinE €0 (Ma)
% DMEM Dep-FBS with ¥

(Starvation Mode) - 48 h

(M2)

Collection of M2

\ ) \ )\ J
| | f

(A) (B) (©)

Figure 2.1 Schematic diagram of HepG2 cell culture method used for exosome collection.

(A) HepG2 cell line was seeded in two 75cm?2 flasks at a density of 1.09 x 10° cells/ml. One flask was supplemented with M1 and the other with M2. (B) After cells
have reached confluency, M1 and M2 were collected. Both cell cultures were washed with HBSS three times. (C) Serum free (SF) media were added to both flasks and
maintained for 48 h. M3 and M4 media were collected. All media were filtered and centrifuged to collect four groups of HepG2- Exo that correspond to the harvesting
media: Exo(M1), Exo(M2), Exo(M3), and Exo(M4).
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2.2.2. Trypan blue dye exclusion

The effect of the four different media on cell viability, was assessed using a Trypan blue dye
exclusion assay. Cells were seeded at a density of 1.09 x 10° cells/ml into four cell culture
flasks of 75 cm?for 72 h, where two flasks were cultured with M1 media, the other two with
M2. After cell reached confluency, media of each flask were collected, and one flasks of each
media group was washed with HBSS 3x, and a fresh SF media were added to each flask to
create M3 and M4 (Figure 2.1). While the other two flasks of each media, were washed with
HBSS 2x then treated with 5 ml of Accutase and incubated for 5 min at 37°C for cell
detachment. After that, DMEM media supplemented with FBS were added to each flask to
stop Accutase action then transferred into 15 ml centrifuge tube and centrifuged for 5 min
at 5000 x g to pellet the cells. After centrifugation, supernatants were discarded, and cell
pellets were suspended with DMEM. For cell counting, 10 ul of cell suspension of each tube
was mixed with 10 ul of Trypan blue. After that, 10 ul was aspirated and placed on clean
haemocytometer and covered with a cover slip then placed under the microscope at 10x
objective lens. Viability was determined by the number of cells retaining the blue dye (non-
viable cells) versus unstained viable cells. The percentage of cell viability was expressed by

the equation:

% of cell viability = number of non-viable or viable cells x100
total number of cells counted

2.2.3. Isolation and purification of HepG2-Exo

Enrichment of HepG2-Exo from the collected media was carried out using a Corning®Bottle-
top vacuum filter system (0.22 um). This was followed by a purification process using total
exosome isolation reagent (TEIR). The required volume of cell-free filtered media was

transferred into a new tube and 0.5 the volumes of TEIR was added (i.e. 5 ml of TEIR to be
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added to 10 ml of cell culture media). Samples were vortexed with TIER and incubated at
4°C overnight. After incubation, samples were centrifuged at 10,000 x g for 1 hour at 3°C.
Supernatants were discarded and exosome (non-visible) pellets were resuspended in a
convenient volume of 1X PBS (i.e. if the starting volume of media was 10 ml, pellet can be
resuspended in 100 pl-1 ml of PBS). Exosome samples were stored at 4°C for up to 1 week,
or at £20°C for long-term storage. The TEIR volume used in each assay is depending on the
downstream analysis that would be carried out. Four groups of exosomes were extracted

from their harvesting media: Exo(M1), Exo(M2), Exo(M3), and Exo(M4) (Figure 2.1).

2.2.4. Total protein quantification

Estimation of total protein in purified exosome samples was calculated using a Micro BCA™
Protein Assay kit, following the manufacturer’s instructions. Eight serial dilutions of albumin
standard were prepared: 200, 40, 20, 10, 5, 2.5, 1, and 0.5 pug/ml, to create a standard curve.
After that, 1 ml of each filtered medium sample was incubated with 500 ul of TEIR over 16
h. Samples were centrifuged at 10,000x g for 60 min at 4 °C, supernatants were discarded,
and samples were diluted 1:5. One hundred pl of each sample were added to 96-well plates
and incubated with the Micro BCA working reagent for 2 h at 37 °C and absorbance at 562nm
read on a SpectraMax M5 plate reader. Corrected readings of samples were obtained by

subtracting blank readings from the exosome sample readings.

2.2.5. Flow cytometry

HepG2-Exo groups: Exo(M1), Exo(M2), Exo(M3), and Exo(M4) were prepared by mixing and
incubating them with 30uL Aldehyde/Sulphate Latex Beads, 4% (w/v), 4 um for 15 min at RT.
Phosphate-buffered saline (PBS) was added to each sample and incubated for 2 h at RT. Then
110 pl of 1 M glycine was added to the samples and incubated for 30 min at RT. The samples

were centrifuged for 3 min at 3000 x g. The supernatant from each sample was discarded,

67



and the bead pellet resuspended with 1 ml 0.5% (w/v) BSA in PBS (PBS/0.5% BSA). This step
was carried out a further two times to wash the samples. After that, the sample pellets were
suspended in 500 pl of PBS/0.5% BSA. One hundred pL of each sample suspension was
incubated with 200 pl of diluted primary monoclonal mouse anti-CD63 antibody in PBS/0.5%
BSA (1:250) for 30 min at 4°C. Each sample was washed twice with 200 pl of PBS/0.5% BSA.
Then 100 pl of diluted goat anti-mouse IgG H&L (Alexa Fluor® 488) secondary antibody in
PBS-BSA (1:500) was added to each sample and incubated for 30 min at 4°C. The samples
were washed twice with PBS/0.5% BSA and then resuspended in 1 ml PBS/0.5% BSA. BD
CompBead Anti-Mouse Ig, k/Negative Control Particles Set was used as a negative control.
The samples and negative control were analysed on a Flow Cytometer (Canto) using Diva
software. The method and the analysis steps were performed as described in [18]. The

equation used for calculating the percentage of fluorescence was:

% of fluorescence = number of fluorescent events x 100
total number of detected events

2.2.6. Western blotting

Exosome groups were prepared for gel electrophoresis by adding radioimmunoprecipitation
assay (RIPA) buffer with protease inhibitor (1:100) and incubated at 4°C for 15 min. The
samples were heated for 10 min at 70 °C and diluted in 4x Laemmli sample loading buffer
(1:1.5). Fifty pl (25pg/ml as determined in section 2.2.5) of each sample was loaded onto a
10% Mini protein Tris Glycine eXtended (TGX) Precast protein gel. The electrophoresis buffer
used was 1x Tris/Glycine (TG) running buffer. The gel was run at 140V for 60 min in an
electrophoresis tank connected to a power pack. The gel was transferred onto nitrocellulose
membrane with 1x Tris/Glycine/SDS (TGS) buffer and blocked using BSA dissolved in Tris-
Buffered Saline with (3% v/v) Tween (TBST) for 1 h at RT. The membrane was probed with

primary monoclonal mouse anti-CD63 and CD81, and incubated overnight at 4°C. Primary
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antibodies were washed using TBST, then the membrane was incubated with rabbit anti-
mouse IgG (H+L) HRP secondary antibody, for 1 h at RT. The membrane was incubated with
Pierce™ enhanced chemiluminescence (ECL) for visualisation, using an Automatic X- Ray Film
processor (Model JP-33). Densitometry was performed on the film to assess the difference
between band intensities using Image J software from the National Institutes of Health

(http://rsb.info.nih.gov/ii/).

2.2.7. Exosome characterisation using ExoView™

Exosome groups were characterised by the ExoView™ platform, using a Tetraspanin (CD81,
CD9, and CD63) Exoview kit which includes 16 chips to test up to 8 samples in duplicate. This
analysis was carried out by first diluting all exosome groups in manufacturer supplied buffer
(1:20), solution A, and incubating them overnight at room temperature (RT) on ExoView
Tetraspanin chips. The chips were washed three times in solution A, prior to incubation with
fluorescent antibodies. Labelling antibodies consisted of anti-CD81 Alexa 555 (Green), anti-
CD9 Alexa 488 (Blue), and anti-CD63 Alexa 647 (Red). Antibodies were diluted 1:1200 as per
the manufacturer’s instructions and incubated on the chips for 1 h at RT. Chips were then
washed in kit supplied buffers, dried, and imaged by the ExoView R100 using nScan v2.8.9.
Sizing was obtained by interferometry-based label-free measurements performed on each
spot of the ExoView chip using the light scattering intensity of each particle. The mean was
calculated from three spots for each capture antibody. Particle number was calculated using
the number of particles detected in a defined area of the antibody capture spot (normalised
particles). All obtained data was adjusted for dilution of the sample onto the chip and
analysed using NanoViewer 2.8.9. Fluorescent cut offs that were set relative to the

membrane immunoglobulin G (MIgG) control.
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Histograms and fluorescent counts bar graphs were provided by NanoView while data

analysis was carried out and represented via Graphpad Prism 5.00.

2.2.8. Liquid chromatography-mass spectrometry (LC-MS) analysis

2.2.8.1. Metabolite Extraction

Two-hundred and fifty ul of HPLC grade water was added to 200 pl (100 pg/ml) of purified
exosomes together with 500 pl of chilled methanol. Samples were vortexed and incubated
on ice for 15 min. Then 500 pul of chloroform was added to each sample. This was followed
by centrifugation at 10,000 x g, at 4 °C for 10 min. The supernatant was transferred to a fresh
tube, and 500 pl of acetonitrile was added and centrifuged at 10,000 x g at 4 °C for 10 min.
The aqueous layer was transferred to a fresh tube, then the sample was dried and
concentrated using a centrifuge connected to a universal vacuum system. Sequential
extraction was followed starting with water (aqueous), methanol (semi-polar) and a non-
polar solvent (chloroform) to optimise the detection of multiple metabolites. The
resuspension solution was prepared with the following ratios methanol:acetonitrile:water
50:30:20, and 200 pl added to the dried extract. The samples were then ready for LC-MS

analysis [19].

2.2.8.2. LC-MS conditions

An Accela HPLC system interfaced to an Exactive Orbitrap mass spectrometer was used.
HPLC columns used were ZIC-pHILIC (150 x 4.6 mm, 5 um), ACE 5 C18-AR (150 x 4.6 mm, 3
um) and ACE C4 (150 x 3.0 mm, 3um). Running conditions of samples using the ZIC-pHILIC
column consisted of a mobile phase (A) of 20 MM ammonium carbonate dissolved in HPLC-
grade water, and acetonitrile as the mobile phase (B). The solvent gradient had an A:B ratio
of 20:80 (0 min), 80:20 (30 min), 92:8 (31-36 min), and 20:80 (37—45 min) at a flow rate of

0.3 mL/min.
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For the ACE 5 C18-AR columns, the mobile phase consisted of (A) 0.1% (v/v) formic acid in
water, pH 3 and (B) 0.1% (v/v) formic acid in acetonitrile, pH 3. The gradient elution of A:B
was 95:5 (0 min), 0:100 (30 min), 0:100 (35 min), 95:5 (36 min), and 95:5 (46 min) at a flow

rate of 0.3 mL/min.

For the ACE C4 column, the mobile phase was 1 mM acetic acid in water (A) and 1 mM acetic
acid in acetonitrile (B). The solvent gradient of A:B was 60:40 (0 min), 0:100 (30-36 min) and

60:40 (37-41 min) at a flow rate of 0.4 mL/min.

The operating conditions for separation using the different columns were the same. This was
carried out by employing the electrospray ionisation (ESI) interface in a positive/negative
switching mode / dual polarity mode, with a spray voltage of 4.5 kV for positive mode and
4.0 kV for negative mode, while the ion transfer capillary temperature was set at 275°C. To

avoid degradation of the samples the instrument temperature was set to 4 °C.

Full scan data were obtained in the mass-to-charge ratio (m/z) between 75 and 1200 amu
for both ionisation modes. The data were collected and processed using Xcalibur 2.1.0

software (Thermo Fisher Scientific, Germany).

2.2.8.3. Data extraction and analysis
MZMatch software was used to extract the obtained data, then a macro-enabled Excel
Ideom file was then created for filtration and identification of the detected metabolites

(http://mzmatch.sourceforge.net/ideom.php) [226]. Metabolites were manually evaluated

by contemplating the quality of their peaks and by comparing their recoded retention times
to those of authentic standard mixtures, run in the same sequences. Human Metabolome
Data Base [227], KEGG (Kyoto Encyclopedia of Genes and Genomes [228], and lipid maps
were used to carry out the identification of the metabolites within 3 ppm difference of their

exact masses. Univariate comparisons were carried out between all groups of exosomes
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versus Exo(M1) as a control group using Microsoft Excel and paired t-tests, calculated ratios
were considered significantly different at p < 0.05. For multivariate analysis, SIMCA-P
software v.14.1 was used to highlight any significant separation between all groups of
exosomes according to the recoded peak area of detected metabolites, by fitting PCA-X and
OPLS-DA models, and to apply cross-validated residuals-ANOVA (CV-ANOVA) on OPLS-DA

model.

2.2.9. MicroRNA (miRNA) isolation

Total RNA isolation of purified exosomes was carried out using a Total Exosome RNA and
Protein Isolation Kit. The manufacturer’s protocol was followed to obtain and isolate small
RNAs from large RNAs and total proteins from exosome samples. Samples were subjected
to organic extraction of RNA to isolate proteins from RNA. The aqueous phase obtained
containing total RNA, was transferred to a new tube. Then the enrichment for small RNA
was accomplished by first immobilising large RNAs on the provided filter cartridge that was
inserted into microcentrifuge tubes and by adding ethanol to each sample and collecting the
flow-through containing mostly small RNA, after centrifugation. This flow-through was
mixed again with ethanol and transferred into a fresh tube containing a new filter cartridge.
This was followed by centrifugation, the flow-through was discarded, and the filter cartridge
was washed twice with miRNA Wash Solution and Wash Solution 2/3 then centrifuged to
discard the flow-through. The filter cartridge was transferred into a fresh collection tube,
then small RNA was eluted with Elution Solution, and centrifuged. The elute containing small
RNA was collected and stored at < -20 °C. Exosome samples were subjected to deep

sequencing by BGI-Tech company.
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2.2.10. Real time - quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was performed to assess and validate the RNA-sequencing analysis. TagMan™ Fast
Advanced Master Mix, TagMan™ Advanced miRNA cDNA Synthesis Kit, and TagMan™
Advanced miRNA Assays: mir-21-5p (Assay ID: 477975_mir), mir-23a-3p (Assay ID:
478532_mir), mir-26a-5p (Assay ID: 477995_mir), and mir-423-5p (Assay ID: 478090_mir)
were used following the manufacturer’s protocol for RT-gPCR analysis. The fold change was

calculated for each gene, applying the equation below:

Fold Change=2_AACT

2.2.11. Statistical analysis

All experiment values are representative of at least three independent experiments and are
displayed as mean + SEM, where *p< 0.05, **p< 0.01, ***p< 0.001, n=3. One-way ANOVA
followed by Tukey’s multiple comparison test, and two-way ANOVA followed by Bonferroni
post-tests, were used to assess statistical significance between the groups. The statistical

analysis was performed using GraphPad Prism software version 5.00.
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2.3. Results

2.3.1. The effect of different growth conditioned media on HepG2 cell
viability

Cultivation of HepG2 in different growth medium combinations was carried out to optimise
the best growing conditions, and to maximise the production of exosomes with the least
contamination with FBS-derived exosome (Figure 2.2). Images of the HepG2 cell cultures
were captured by light microscopy (objective lens 10x), during their cultivation in the four
media (M1, M2, M3, and M4) (Figure 2.2.A). Cells maintained their size, morphology, and
growing density during their cultivation period in serum supplemented media: M1 and M2,
and during serum deprivation: M3 and M4 (Figure 2.2.A). However, under the microscope,
after 48 h of serum starvation using M3 and M4, noticeable numbers of rounded and floating
cells were visible in both cultures. Hence, the assessment of cell viability using trypan blue
dye exclusion showed a significant (p < 0.05) reduction in viable cell count and a significant
(p < 0.05) increase in non-viable cell count in SF (M3 and M4), compared to the serum

supplemented (M1 and M2) growth conditions (Figure 2.2.B).
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Figure 2.2: Optimisation of HepG2 cell culture using different DMEM media combinations.

(A) Captured images of the HepG2 cell line in all media (objective lens 10x) showed no changes in cells morphology and density, at different time pointsi.e. 24 h and 72 h.

M1 and M2 are removed after 72 h and replaced with serum free (SF) DMEM media. After 48 h of serum deprivation, significant loss of HepG2 cells noticed in M3 and M4.
(B) Bar graphs of HepG2 cell viability in M1, M2, M3, and M4 obtained by cell counting of viable and non-viable cells in each media. Significant decrease in cell count of M3
and M4 compared to M1 and M2. Data shown as mean = SEM of triplicate cell cultures and are representative of three independent experiments; *** p<0.001.
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2.3.2. Assessment of protein content of HepG2-Exo

Quantification of total exosomal protein was performed to assess the influence of different
media combinations on exosome content using a Micro BCA assay kit. The total protein

concentration was calculated from the albumin standard curve (Figure 2.3).

Micro BSA Assay

2.5
y =0.0111x + 0.041

R?=0.9936

1.5

Absorbance at 562 nm

0 50 100 150 200 250
Bovine Serum Albumin Concentration (Standards) pug/mL

Figure 2.3: Albumin standard curve.

By applying the standard curve equation, the protein concentration of each group was
calculated (Figure 2.4). Statistically, a significant increase (p < 0.05) in protein concentration

(ug/ml) of Exo(M1) was observed, compared to all exosome groups.
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Figure 2.4: Total protein concentration of purified exosome samples using a
Micro BCA assay kit.

This bar graph of HepG2-Exo groups showed significant variation in protein
content compared to Exo(M1) which has recorded the highest concentration.
All values are representative of mean + SEM where **p<0.01, ***p< 0.001 n=3.

2.3.3. Assessment of HepG2-Exo using flow cytometry

Flow cytometer analysis was performed to estimate exosome production under different
growing conditions. Flow cytometry histograms were extracted from BD FACS Diva software
(Figure 2.5.A). The calculated % of fluorescence of each group is shown in Figure 2.5.B.,
where Exo(M1) recorded the highest % of fluorescence and Exo(M4), the lowest. The
statistical analysis showed a significant (p < 0.05) difference in % of fluorescence in between

all exosome groups (Figure 2.5.B).
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Figure 2.5: Flow cytometry analysis of exosome production.
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(A) Flow cytometry histograms of all exosomes groups showed no significant difference. (B) Bar graph illustrating the % of fluorescence of each
group of exosomes collected from different media revealed significant changes in number of fluorescent particles between groups. All values are

representative of the mean + SEM where *p < 0.05, **p< 0.01, ***p< 0.001 (n=3).
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2.3.4. Assessment of the expression of exosomal markers using Western

blotting

Western blotting was carried out to assess and evaluate the yield of HepG2-Exo from
different groups of media. CD63 and CD81 were used as exosomal biomarkers to detect
exosomes in these four groups. Processed films of expressed bands and % of expression using
densitometry, are shown in Figure 2.6, where CD63 showed dark bands in all groups,
however, CD81 showed variation between groups. Statistically, a significant (p < 0.05)
decrease in CD81 expression in Exo(M3) and Exo(M4) compared to Exo(M1), while no

significant difference observed for CD63.
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Figure 2.6: Western blotting of HepG2-Exo groups.
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(A) Bands of varying intensities in between groups detected using CD63 and CD81. (B) A slight difference in the percentage of CD63 expression detected between groups. (C)
A significant difference in the expression of CD81 observed between Exo(M1) and Exo(M3), and Exo(M4). Data shown as mean + SEM of triplicate and are representative of

three independent experiments; *p < 0.05.
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2.3.5. Assessment of exosome subpopulations using ExoView™

Characterisation of exosomes using the ExoView™ platform was carried out, to allow the
measurement of particle size using multiple capturing antibodies: CD81, CD63, and CD9, to
determine particle counts using fluorescent detection by adding a cocktail of primary
fluorescent conjugated antibodies against CD81, CD63, and CD9, and to study the effect of
different conditioned media on exosome surface markers. Histograms showed that all
exosomes groups captured CD63 and CD9 only (Figures 2.7) while fluorescent particles count
bar graphs showed variation between all exosome groups in CD63 and CD9 capturing spots
that bound to anti-CD63 and anti-CD9, fluorescent labelling antibodies (Figures 2.8).
However, statistical analysis showed that Exo(M4) recorded significantly (p < 0.05) the
highest particle count where CD63 and CD9 capturing spots bound highly to both anti-CD63

and anti-CD9, compared to Exo(M1), Exo(M2), and Exo(M3) (Figure 2.8).
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Figure 2.7: Particle size distribution histograms of HepG2-Exo groups incubated with captured antibodies (CD81, CD63, and CD9) on ExoView chip.

Slight variation in particle diameter mean of CD63 and CD9 were observed in-between groups, where no accurate size could be determined (NA) for CD81 in all groups. (A)
Exo(M1), (B) Exo(M2), and (C) Exo(M3) showed similarity in particle counts while in (D) Exo(M4) particle count found to be highly elevated. HepG2- Exo particles exhibited

higher affinity for capturing CD9 followed by CD63.
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Figure 2.8: Fluorescent particle counts of all exosome groups.

Co-binding observed of anti-CD63 and anti-CD9 in (A) Exo(M1), (B)Exo(M2), (C)Exo(M3), and (D)Exo(M4), to CD63 and CD9 capture spots. (A), (B), and (C) showed similar count of
particles. While (D) represented the highest particles count.
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2.3.6. Metabolomic profiling of exosome using LC-MS

Metabolomic profiling was performed on all exosome groups using ZIC-pHILIC, C18-AR and
C4 columns. The purpose of using different HPLC columns was to investigate and detect a
broader range of produced metabolites under the different growth conditions. To study the
efficiency of separation of each column and sample quality and deviation from others, two
models were created by SIMCA software: Principal component analysis (PCA) and OPLS-DA.
For the ZIC-pHILIC column, pooled samples (P) were clearly clustered at the bottom of the
PCA model (Figure 2.9.A). This indicates that the column used was of a good quality, high
selectivity, and stability. In the OPLS-DA model, a distinctive and significant separation
between the HepG2-Exo groups was observed with P CV-ANOVA=0.002 (Figure 2.9.B). All

detected metabolites, calculated ratio, and p-value can be found in Table 2.1.
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Figure 2.9: (A) PCA-X vs (B) OPLS-DA score plot of HepG2- Exo using ZICpHILIC.

(A)plot shows the clustering of pooled samples (P) compared to the rest of HepG2-Exo (grey-No class) isolated from different media, PCA-x score plot (A) has
R2 = 0.889, Q2= 0.821. (B) plot shows a clear separation and distribution of 16 observations based on readings of 274 polar putative metabolites.The
observations classified into four groups: Exo(M1), Exo(M2), Exo(M3), and Exo(M4), OPLS-DA score Plot (B) has R2 =0.957, Q2=0.989.



Table 2.1: Significantly changed metabolites detected by ZICpHILIC column.

Mass Retention Putative Metabolite Exo(M1) vs Exo(M2) Exo(M1) vs Exo(M4) Exo(M1) vs Exo(M3)
Time (Rt)
Ratio p value Ratio p value Ratio p value
Arginine and proline
metabolism

129.04 15.17 4-Oxoproline 3.005 <0.001 00.00 <0.001 2.984 <0.001
129.09 26.40 4-Guanidinobutanal 2.164 0.000 2.492 <0.001 3.466 <0.001
240.12 16.30 Homocarnosine 0.670 0.000 0.0002 <0.001 0.022 0.003
145.08 15.43 4-Guanidinobutanoate 0.652 0.004 00.00 <0.001 0.392 <0.001
113.05 9.98 Creatinine 0.795 0.002 00.00 <0.001 0.019 <0.001
175.09 15.99 L-Citrulline 0.807 0.003 00.00 <0.001 0.323 <0.001
145.15 16.29 Spermidine 5.298 0.007 0.0002 <0.001 7.040 0.01
174.11 17.89 L-Arginine 1.280 0.0119 0.0005 <0.001 17.36 <0.001
132.08 22.12 L-Ornithine 0.884 ns 00.00 <0.001 0.390 0.0001
147.05 13.90 L-Glutamate 2.187 0.0004 00.00 <0.001 2.516 0.02
115.06 13.03 L-Proline 1.310 <0.001 00.00 <0.001 0.837 0.0007
133.03 14.65 L-Aspartate 2.293 <0.001 00.00 <0.001 0.383 0.004
146.06 15.17 L-Glutamine 3.141 <0.001 00.00 <0.001 3.143 <0.001
131.06 14.89 Creatine 0.722 0.0006 00.00 <0.001 0.081 <0.001
130.02 14.59 2,5-Dioxopentanoate 1.888 0.001 00.00 <0.001 0.712 0.012
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246.13 14.40 N2-(D-1-Carboxyethyl)-L- 2.131 <0.001 00.00 <0.001 1.190 0.016
arginine
Pyrimidine metabolism
126.04 11.55 Thymine 0.454 <0.001 00.00 <0.001 0.438 0.0001
112.02 11.87 Uracil 0.295 <0.001 00.00 <0.001 0.470 0.0001
128.05 15.00 5,6-Dihydrothymine 0.725 0.001 00.00 <0.001 0.358 <0.001
111.04 11.52 Cytosine 0.706 0.014 00.00 <0.001 0.310 <0.001
244.06 12.15 Pseudouridine 1.112 ns 0.153 <0.001 0.641 <0.001
Purine Metabolism
136.03 10.43 Hypoxanthine 0.401 <0.001 00.00 <0.001 1.399 <0.001
135.05 9.87 Adenine 0.779 0.001 00.00 <0.001 2.311 <0.001
284.07 15.93 Xanthosine 1.440 0.001 0.00 <0.001 0.00 <0.001
300.07 12.40 urate-3-ribonucleoside 0.766 0.040 0.00 <0.001 0.00 <0.001
Tryptophan Metabolism
160.09 10.45 Tryptamine 3.253 <0.001 00.00 <0.001 2.143 <0.001
218.10 11.03 N-Acetylserotonin 3.547 <0.001 1.890 0.001 2.862 <0.001
208.08 11.09 L-Kynurenine 0.479 <0.001 00.00 <0.001 0.381 <0.001
204.08 11.89 L-Tryptophan 1.611 0.0001 00.00 <0.001 1.579 <0.001
191.05 12.46 5-Hydroxyindoleacetate 0.399 0.0004 00.00 <0.001 0.531 <0.001
Miscellaneous
260.02 15.91 D-Fructose 6-phosphate 51.691 <0.001 9.658 <0.001 29.954 <0.001
134.05 16.43 Deoxyribose 1.396 0.001 0.471 <0.001 1.015 ns
132.05 15.29 L-Asparagine 34.331 0.03 0.0007 0.02 12.886 ns
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131.09 11.54 L-Isoleucine 1.488 <0.001 00.00 <0.001 2.274 <0.001

131.09 11.11 L-Leucine 1.403 0.0008 00.00 <0.001 2.211 <0.001
117.07 12.73 L-Valine 1.271 0.0005 00.00 <0.001 1.659 <0.001
174.01 14.04 L-Dehydroascorbate 587.05 <0.001 1549.676 <0.001 4484.27 <0.001
190.01 15.31 Oxalosuccinate 1384.9 <0.001 1370.447 <0.001 736.5 <0.001
240.02 16.04 L-Cystine 0.782 0.01 00.00 <0.001 2.879 <0.001
301.05 14.70 N-Acetyl-D-glucosamine 6- 3106.3 <0.001 2200.174 <0.001 1867.13 <0.001
phosphate
121.01 13.68 L-Cysteine 2.223 <0.001 0.0001 <0.001 1.670 0.0004
105.04 15.83 L-Serine 0.590 <0.001 00.00 <0.001 1.375 <0.001
142.07 14.51 Ectoine 1.295 0.016 00.00 <0.001 1.104 ns
180.06 26.38 D-Galactose 2.441 0.0003 4.64 <0.001 4.574 <0.001
161.06 13.15 N-Methyl-L-glutamate 3.400 0.0013 00.00 <0.001 36.20 <0.001
149.05 11.74 L-Methionine 1.660 <0.001 00.00 <0.001 1.486 <0.001
190.04 23.19 3-Dehydroquinate 1.283 0.0004 0.650 0.0001 0.970 ns
264.11 10.98 alpha-N-Phenylacetyl-L- 0.766 0.0089 0.0001 <0.001 0.518 <0.001
glutamine

The data demonstrated in Table 2.1 showed the most significant (p < 0.05) changed metabolites among all groups compared to Exo(M1), where the most

affected pathways found to be Arginine and proline metabolism, Pyrimidine metabolism, Purine metabolism, and Tryptophan metabolism.



To investigate the non-polar metabolites produced by the exosome groups, an ACE 5 C18-
AR column was used. Multivariate analysis of this data set was performed (Figure 2.10). The
PCA-model showed that pooled samples were clustered around the centre of the model
which indicates that the analysis performed was valid, and the instrument maintained its
stability throughout the run (Figure 2.10.A). In the OPLS-DA model, a clear separation
between exosome groups was observed, however, no significant difference of was detected

between groups using P CV-ANOVA (Figure 2.10.B).
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Figure 2.10: (A) PCA-X vs (B) OPLS-DA score plot of HepG2-Exo using C18-AR.

(A) plot shows the clustering of pooled samples (P) compared to HepG2-Exo (grey-No class) collected from different media, PCA-x score plot (A) has R2 =0.831, Q2=
0.772. (B) plot shows a clear separation and distribution of 12 observations based on readings of 81 non-polar putative metabolites.The observations classified into four
groups: Exo(M1), Exo(M2), Exo(M3), and Exo(M4), OPLS-DA score Plot (B) has R2 =0.921, Q2=0.726.



For in-depth lipidomic profiling, further analysis was implemented employing a reversed-
phase (RP) ACE C4 column, owing to its high sensitivity, low retention time, and low
hydrophobicity. The purpose of using this column is to enhance the chance of detecting a
wider range of metabolites. The multivariate analysis of this run showed that pooled samples
were clustered in the PCA model (Figure 2.11.A). While in the OPLS-DA model, exosomes
were significantly separated using P CV-ANOVA = 0.0021 (Figure 2.11.B). However, all non-
polar metabolites of both C18-AR and C4 columns and the calculated ratio can be reviewed

in Table 2.2.
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Figure 2.11: (A) PCA-X vs (B) OPLS-DA score plot of HepG2-Exo using ACE C4.
(A) plot shows the clustering of pooled samples (P) compared to isolated HepG2-Exo (grey-No class) from different media, PCA-x score plot (A) has R2 =0.772, Q2=

0.57. (B) plot shows a clear separation and distribution of 16 observations based on readings of 110 non-polar putative metabolites.The observations classified into
four groups: Exo(M1), Exo(M2), Exo(M3), and Exo(M4), OPLS-DA score Plot (B) has R2 = 0.948, Q2=0.905.



Table 2.2: Significantly changed non-polar metabolites detected by.C18-AR and ACE C4 columns.

Mass Rt Putative Metabolite Exo(M1) vs Exo(M2) Exo(M1) vs Exo(M4) Exo(M1) vs Exo(M3)
Ratio p value Ratio p value Ratio p value
Fatty Acids and metabolites
243.15  18.74 (") Tridecanedioic acid“*8R (-) 0.569 0.0001 0.652 0.0026 0.595 0.0002
245.17 29.46 Tridecanedioic acid “*8R 0.796 0.003 0.831 0.008 0.732 0.001
229.14 17.14 Dodecaned(ig?c acid C18-AR 0.876 ns 0.740 0.01 0.744 0.01
104.04 244 2S-Hydroxy-butanoic acid 0.578 0.002 0.200 <0.001 0.244 <0.001
200.17 13.86 Dodecanoic acid 1.735 0.005 3.844 0.0007 1.281 0.02
228.20 16.99 Tetradecanoic acid 1.656 ns 2.267 0.002 0.768 ns
228.17 21.10 7-Methoxy-4E-dodecenoic acid 2.489 0.01 2.752 0.001 1.333 ns
300.26 15.07 9-Methoxy-heptadecanoic acid 1.291 ns 1.671 0.008 1.103 ns
298.25 13.53 9-Hydroxy-12Z-octadecenoic acid 1.165 ns 1.542 0.01 1.390 0.04
254.22 18.49 (92)-Hexadecenoic acid 1.505 ns 6.962 <0.001 2.336 <0.001
188.14 5.87 10-Hydroxydecanoic acid 1.892 0.001 0.846 ns 0.764 0.04
200.10 3.21 [FA (10:1/2:0)] 4E-Decenedioic 0.689 0.002 1.161 ns 0.462 0.0003
acid
160.07 2.42 [FA (7:0/2:0)] Heptanedioic acid 0.699 0.007 0.665 0.003 0.414 0.001
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202.12 4.76 [FA (10:0/2:0)] Decanedioic acid 0.948 ns 4.782 0.0002 1.362 ns
144.07 3.00 2S-Hydroxy-2-Isopropylbutano- 0.935 ns 3.863 <0.001 1.265 0.02
3S-lactone
268.24 20.20 Omega-Cyclohexylundecanoic 1.157 ns 2.419 <0.001 1.084 ns
acid
188.14 4.92 [FA Hydroxy (10:0)] 3R-Hydroxy- 1.035 ns 0.519 0.002 1.131 ns
decanoic acid
214.15 5.79 3-Oxododecanoic acid 0.981 ns 3.486 0.0001 1.185 ns
188.14 4.35 [FA Hydroxy (10:0)] 3-Hydroxy- 0.972 ns 0.321 <0.001 0.662 0.008
decanoic acid
172.10 4.75 9-Oxononanoic acid 1.083 ns 2.150 0.007 1.323 ns
Miscellaneous

286.04 4.37 [Fv] Luteolin 0.624 ns 0.408 0.007 0.599 ns
172.14 10.18 [PR] p-Menthane-3,8-diol 1.377 0.03 2.335 0.004 1.211 ns
142.07 18.30 Ectoine 1.634 <0.001 1.603 <0.001 1.257 0.0001
189.04 11.46 N-Acetylisatin 0.377 <0.001 0.368 <0.001 0.292 0.0001
166.06 9.12 3-(2-Hydroxyphenyl) propanoate 1.082 ns 2.687 0.002 1.078 ns
94.04 9.12 Phenol 1.070 ns 2.035 0.01 1.020 ns
189.04 14.46 Kynurenate 0.965 ns 2.303 0.0001 0.975 ns
467.97 2.03 duTp 1.336 ns 0.301 0.0003 0.856 ns
160.07 3.35 Indole-3-acetaldehyde 0.145 0.0002 0.439 0.004 0.108 0.0003
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585.31 11.63 Presqualene diphosphate 0.741 0.001 0.708 0.0006 0.860 0.03

595.37 12.20 [PR] 7,8-Didehydroastaxanthin 0.730 0.003 0.854 0.03 0.994 ns

335.22 9.02 Prostaglandin A2 0.629 0.01 0.879 ns 1.008 ns

The data demonstrated in Table 2.2 showed non-polar metabolites (i.e. fatty acids and metabolites) detected by C18-AR and ACE C4 columns that

significantly (p < 0.05) changed in all groups compared to Exo(M1).
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The separations of the exosome groups in OPLS-DA models obtained by SIMCA software,

were studied further by categorising detected metabolites based on their map

classification (Figure 2.12). As M1 was considered the standard medium for typical HepG2

cell culture, Exo(M1) group was used as a control to calculate the ratio of detected

metabolites in other groups. These pie charts showed a noticeable variation in metabolite

detection ratio of each group compared to the control group.

Exo(M1) vs Exo(M2)

Exo(M1) vs Exo(M3)

Exo(M1) vs Exo(M4)

B Amino Acid Metabolism
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M Biosynthesis of Secondary Metabolites
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Figure 2.12: Pie chart of HepG2-Exo groups created based on the map classification of the
identified metabolites.

Metabolomic profiles of HepG2-Exo groups were compared to Exo(M1) group as a control. (A)shows
that Exo(M2) metabolomic profile has shifted compared to Exo(M1) where amino acids and
carbohydrates make equal compartments. Whereas (B) demonstrates significantly higher amino acids
content in Exo(M3) compared to carbohydrates content. (C) represents slightly higher carbohydrates
content that amino acids.
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2.3.7. Analysis of miRNA expression in exosomes

This analysis was carried out to investigate miRNAs from the HepG2-Exo and to detect

any modifications in gene expression levels.

A detailed analysis of small RNA expression profiles of all exosome groups was obtained
by RNA-Seq. After deep sequencing, identified miRNAs (hsa-mir) were detected while
non-identified or the so-called (novel miRNAs) were predicted based on their

architectural feature using miRDeep2 tool [229] (Table 2.3).

Table 2.3: Total number of novel miRNAs and identified hsa-miRNAs detected in each
group of exosomes

Exo(M1) Exo(M2) Exo(M3) Exo(M4)

Novel miRNAs 1885 1332 1540 1967

hsa-miRNAs 269 702 330
(Identified)

After normalising the RNA-sequencing data, the expression levels of novel and hsa-
miRNAs were evaluated using transcripts per million (TPM) (Figure 2.13) where the
guantity of specific miRNAs and novel miRNAs, has changed from one group to another.
A heatmap was created by BGI-Tech company based on the significant difference (p <
0.05) in the expression of 44 hsa-mir genes, between exosome groups (Figure 2.14) that
demonstrates the degree of change in miRNAs expressions between groups according

to the change in colour intensity.
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Figure 2.13: Donut pie charts represented the difference in the most abundant miRNAs in each exosome group,
according to TPM.

Gene expressions have varied significantly between groups. Hsa-mir-92a-3p was observed in all groups, however, it has
recorded the highest expression in Exo(M2), compared to other groups.
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Figure 2.14: Heatmap of all hsa-miRNAs (44) that significantly up-regulated and down-regulated

between all exosome groups.

Each row represents a differentially expressed gene while each column represents a pairwise
comparison. Genes are clustered based on the expression patterns, which can be correlated to the
functional classification of the genes. Branches at the left of the diagram indicates gene clusters. The
differences in colour shades represent the difference in intensity of expressed genes, where blue was

assigned for down-regulation and red for up-regulation. The data are displayed on a log2 scale.
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2.3.8. Validating the expression of mir-21-5p in exosomes using RT-qPCR
These miRNAs: hsa-miR-23a-3p, hsa-miR-26a-5p, and hsa-miR-423-5p, were chosen as
internal reference genes based on two studies that investigated reference gene selection for
RT-gPCR studies on EVs [230,231]. Hsa-miR-21-5p was considered the gene of interest, due
to its constant expression level in all HepG2-Exo groups. Moreover, exosomal miRNA-21
found to play a role in cancer progression through modifying hepatocyte stellate cells to

cancer-associated fibroblasts [232].

Recorded cycle threshold (Ct) values of all the candidate reference genes examined were
submitted to RefFinder, an online tool created by Xie and Zhang to identify the most stable
candidate reference gene (Figure 2.15.A) [233]. According to RefFinder, hsa-miR-26a-5p was
the most stable gene amongst the others, hence, hsa-miR-26a-5p was used as the reference
gene to validate the expression of hsa-miR-21-5p in all groups of exosomes using the Delta-
Delta cycle threshold (AACt) method (Figure 2.15.B). The relative gene expression of hsa-
miR-21-5p was expressed significantly different (p < 0.05) from one group to another, where
Exo(M4) represents significantly (p <0.05) the highest fold change followed by Exo(M2), and

Exo(M3), compared to the calibrator (control) sample, Exo(M1).
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Figure 2.15: Validation of mir-21-5p expression using RT- qPCR.

(A)Stability of Reference Genes analysed using RefFinder tool. Most stable genes are towards the left hand side of the graph while least stable genes are shown
to the right hand side of the graph. (B) Relative gene expression of hsa-miR-21-5p in exosome groups using Exo(M1) as a calibrator (Control) sample. This bar
graph created by applying the Delta-Delta Ct (AACt) method using hsa-miR-26a-5p Ct values. The graph represents changes in the expression level of hsa-miR-
21-5p between groups. All values are representative of mean + SEM where *p < 0.05, **p< 0.01, ***p< 0.001 n=3.
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2.4. Discussion

Exosomes are known to be crucial contributors in normal physiology and disease conditions by
mediating intercellular communications [234]. As such, researchers have been exploring
exosome composition, their involvement in cancer progression, and their potential role as
diagnostic biomarkers and therapeutic nanodevices [21,103,235]. In order to achieve purity of
these exosomes produced using cell culture and to investigate their role without contamination
from growth medium sources, this comparative study was designed to investigate the best
applicable approach for maintaining successful cell culture and producing a high yield of
exosomes with minimal contamination from serum supplementation, using the HepG2 cancer

cell line.

The results of cell viability experiment indicated that serum supplemented media: M1 (FBS) and
M2 (Dep-FBS) were found to be able to maintain successful cell culture of HepG2 cells, however,
serum free ones: M3 (SF) and M4 (SF) could not maintain cell viability/survival (p > 0.05) (Figure
2.2.). This indicates that M2 offered similar growth conditions to M1 (the standard HepG2
medium) despite the difference in serum versions. This was found to be in line with a
comparative study performed on different FBS preparations and serum deprivation by
Abramowicz et al. (2018) who reported that serum deprivation for the last 24 h of incubation of
cell cultures, caused significant (p > 0.05) reduction in cell viability while media containing
standard FBS, and Dep-FBS maintained cell viability with no significant difference detected [204].
Moreover, Paszkiet et al. (2016) proven that cell culture medium supplemented with Dep-FBS
maintained cell viability of different cell lines [236] while Rashid and Coombs (2018) confirmed
also that serum reduction affect cell viability, morphology, and protein expression compared to

medium supplemented with FBS, where no changes were observed [237]. Thus, M2 could
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potentially be an efficient replacement to M1, with the advantage of minimal contamination

with FBS derived EVs or exosomes while SF versions: M3 and M4 should be avoided.

However, in the literature, it was reported that depleting EVs from FBS using overnight
ultracentrifugation has a negative impact on cell growth, viability, migration, and differentiation.
Forinstance, Shelke etal. (2014) and Eitan et al. (2015) found that EV-depleted FBS has affected
the cell behaviour where the migration and growth rate was significantly reduced [219,238].
Also, Aswad et al. (2016) confirmed that cell proliferation and differentiation were affected in
the absence of FBS derived EVs [239]. Moreover, Lehrich et al. (2018) found that FBS depleted
of EVs offered suboptimal environment for cell growth and viability [240]. This indicates that the
applied technique in depleting FBS from EVs such as ultracentrifugation, is critical in maintaining
successful cell culture. Hence, an optimisation study is always required for growing cells in

conditioned media using different versions of FBS.

FBS is an essential supplement in cell culture that is important for cell survival and proliferation
as it contains growth factors, nutritional and macromolecular factors, and EVs, where BSA and

bovine exosomes are the major components [241].

In Micro BCA analysis, protein quantification showed a significant (p > 0.05) increase in Exo(M1)
compared to other groups of exosomes, which indicates that Exo(M1) contained the highest
protein concentration. For further exosomal characterisation and quantification, this was
followed by bead-assisted flow cytometry which offer a semi-quantitative analysis to estimate
the amount of exosomes or EVs, and a higher detection limit and a higher sensitivity more than
BCA assay, using specific exosomal biomarker such as CD63 [242] (section (2.2.5)). The flow
cytometer histograms showed no difference, however, the % of fluorescence revealed a

significant (p > 0.05) difference between all exosome groups (Figure 2.5 (B)), where Exo(M1)
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represent significantly (p > 0.05) the highest percentage of fluorescence compared to all groups.
This was followed by Exo(M2), Exo(M3), and Exo(M4) (Figure 2.9 (B)). The obtained findings of
these two experiments suggested that Exo(M1) sample containing FBS constituents such as BSA
and bovine exosomes [241], where M1 supplemented with standard FBS. This was confirmed by
Lotvall et al. (2014) study where they observed that BSA is an extracellular protein that is found
to be co-isolating with exosomes [80]. These results also tie well with previous findings in the
literature showed that Dep-FBS had a much lower protein content than standard FBS, applying
electrophoresis and Coomassie blue staining [204]. Also, Kornilov et al. (2018) using sliver
staining, found that the protein content of FBS was significantly higher than Dep-FBS sample

[218].

In Micro BCA, protein quantification implies that Exo(M1) showed high protein content due to
FBS in M1, which means that the protein content of Exo(M2), Exo(M3), and Exo(M4) is mainly
derived from HepG2-Exo. Therefore, to deliver a better understanding of these findings, a fresh
medium containing no serum can be evaluated along with exosome groups. Whereas in flow
cytometry, % of fluorescence suggests that the number of exosomes detected in each group is
different from the other due to the effect of the media and its composition on the parent cell,
consequently, its exosome production. This is found to be consistent with Abramowicz et al.
(2018), Aswad et al. (2016), and Paszkiet et al. (2016) findings, as they all reported that FBS

contains high amounts of serum proteins and EVs including exosomes [204,236,239].

Thus, using standard FBS in cell culture media is not preferable as it may hinder the detection of
the actual number of exosomes of interest, where the presence of high protein content such
BSA can impairs the quantitation applying this technique. However, to improve the outcomes of
flow cytometry, SEC isolation technique was found to be highly effective in eliminating protein

contaminants from exosomes or EVs samples [242].
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Tetraspanins or exosome biomarkers are found to be highly enriched in TEX [49], due to their
role in promoting cancer progression and metastasis (Chapter 1, section 1.4.2.1.1). However,
tetraspanins expression varied among different tumour cell lines [167]. Moreover, cell culture
conditions and isolation technique can influence the tetraspanins expression and cargo of cell

line derived exosomes [164].

In regard to HepG2-Exo groups derived from M1, M2, M3, and M4, western blot analysis has
shown bands of detection of CD63 and CD81 while among the tetraspanins kit (CD63, CD9, and
CD81) provided by ExoView, the assessment showed that HepG2 subpopulations have only
expressed CD63 and CD9 on their surface. However, the % of CD81 expression in western blot
was significantly low in serum free groups: Exo(M3) and Exo(M4), compared to Exo(M1) (Figure
2.6 (B)) using densitometry. This was also found to be in line with ExoView analysis where no
capturing or binding was observed with CD81.This suggests that the difference in tetraspanins
expressions between ExoView and western blot analysis, can be influenced by the dilution factor
used to prepare samples (section 2.2.4 and 2.2.5), the difference in antibody sensitivity used in
each assay, and different using antibodies of different manufacturers. However, in literature,
CD63, CD81 [160], and CD9 [243] were found to be expressed in liver cancer cell and on the

surface of HepG2-Exo.

On the other hand, the difference of tetraspanins expression in between HepG2-Exo groups
(Exo(M1), Exo(M2), Exo(M3), and Exo(M4)), indicated that it was mainly driven by HepG2-Exo
harvesting media. For instance, in western blot, the intensity of detected bands of CD63 and
CD81 varied from one group to another. This difference in band intensities of each group can be
interpreted by findings in the literature reported that media containing FBS showed a CD63 band
while no band was detected for Dep-FBS [204,236]. This suggests that Exo(M1) bands signals

were also expressing FBS-exosomes. While in Exoview, the expression of CD63 and CD9 and the
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fluorescence particle count (section 2.3.5), were found to be significantly (p > 0.05) increased in

Exo(M4), compared to Exo(M1), Exo(M2), and Exo(M3).

Significantly, in western blot, the serum free version exosome groups: Exo(M3) and Exo(M4)
showed stronger bands in the CD63 films compared to Exo(M1) and Exo(M2) while Exo(M4) in
ExoView analysis has recorded the highest particle count with double binding of anti-CD63 and
anti-CD9 to CD63 and CD9 spots amongst all groups (Figure 2.8). These findings showed that the
process of exosome biogenesis, exosomes production, and surface markers or tetraspanins
expression are strongly affected by HepG2 cell culture conditions which confirms previous
findings of Zou et al. (2019) who found that maintaining cells in serum starvation mode
stimulated exosome production and induced intracellular levels of exosome markers CD63, ALIX,
and TSG101 [244]. It was also reported that serum deprivation induced protein expression in
released exosomes, including tetraspanins [222]. Moreover, exosome isolation technique found
to play a role in the expression of tetraspanins [245]. Collectively, this suggested that
maintaining cells in serum starvation mode can influence the expression level of surface
exosomal tetraspanins and increases exosome production. Therefore, serum-reduced cell

cultures should be carried out with caution.

The expression or the absence of specific tetraspanin found to be critical where tetraspanins
have been found to mediate the selective uptake of exosomes through interacting with acceptor
cell ligands [246,247]. For instance, the expression of CD63 in liver cancer cell was confirmed by
Zhu et al. (2014) [248] which found to be involved in immunosuppression and metastasis
[249,250]. Whereas Lin et al. (2018) validated CD9 expression and its metastatic capacity in HCC
[251] and its released exosomes [243] . Also, CD9 has been found to be associated with tumour
angiogenesis and suppression [252]. However, the function of CD9 and CD63 are dependent on

their association with other tetraspanins or other partner proteins (integrins) [249,252].

107



Moreover, the overexpression of CD81 is also found to be mediating cancer proliferation,

growth, and metastasis [253,254].

On the other hand, the expression of CD63, CD9, and CD81 can be very promising in
therapeutics, due to their association with cancer and their role in target selection [46,247,255],
where alterations in the expression of tetraspanins can take place to exploit their therapeutic

potentials in supressing cancer progression and metastasis.

HepG2-Exo can express other tetraspanins on their surface, however, these tetraspanins were

not assessed yet.

MS in combination with chromatographic methods such as HPLC, is a useful approach that offer
profiling and characterising EVs content including exosomes, due to the high sensitivity and
small sample volumes required for running the analysis [256,257]. LC-MS results showed
consistency in separation between exosome groups on all SIMCA models of different columns
(Figure 2.9, 2.10, and 2.11) and significant (p > 0.05) difference in the metabolic profiling
between the exosome groups compared to the Exo(M1) group (Table 2.1 and 2.2). For instance,
arginine, proline, glutamine, glutamate, serine, asparagine, valine, leucine, isoleucine, and
tryptophan reported in Table (2.1), are found to be detected in high levels in cancer derived
exosomes [258]. However, these metabolites detected in different levels among all HepG2-Exo
groups compared to Exo(M1) which implies that cell culture condition can noticeably change the
metabolite profiles of EV or exosome [165] (Figure 2.12). These findings were found to be in
total agreement with previous observations in this study (section 2.3.4 and 2.3.5), and with
previous findings of Haraszti et al. (2019), and Zou et al. (2019) who reported that stressing the
parent cells through serum starvation can change cell derived exosome lipid and protein

composition, and induce production of high levels of exosomal marker proteins [222,244].
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Moreover, a recent comparative analysis performed by Shin et al. (2019) has approved that
cancer cells maintained in media containing FBS, found to be secreting higher levels of proteins
compared to SF media [259]. Also, it has been found that the isolation technique used for EVs
or exosomes collection, can cause a drastic change in the composition of EV [165,260]. For
instance, in this current study TIER was used for exosome isolation purposes. International
society for extracellular vesicles (ISEVs) has reported in their minimal information for studies of
extracellular vesicles 2018 (MISEV2018) recommendations that using precipitation kits
containing PEG, or low molecular weight cutoff centrifugal filters may result in the isolation of
EVs bound to or mixed with antibodies, beads, and polymers which may influence downstream
profiling or functional studies and may also affect the applicability of EVs in therapeutic
applications [171]. However, ISEVs stated that conventional methods such as ultracentrifugation

is not optimal operation for separating EVs [171].

Therefore, detected metabolites of this current studies were found to mainly influenced by two
major factors which are cell culture conditions, and applied isolation technique. Hence, for
therapy developers, applying exosomes in therapeutic approaches should be performed with
caution through characterising exosomes at all levels, and understanding that the influence of

production conditions can highlight novel techniques to alter their innate content.

On the other hand, metabolite cargo of cancer derived exosomes including amino acids, lipids,
and TCA-cycle intermediates, can modulate cancer cell metabolism, consequently, promote
tumour growth under nutrient deprivation or nutrient stressed conditions, via intercellular
communication [258]. Potentially, a therapeutic approach can be developed through inhibiting

this crosstalk via targeted methods.
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To characterise RNA cargo of exosomes, profiling of miRNAs was essential to investigate in
different studies associated with many pathologies, and to detect novel and highly promising

biomarkers [261].

The results of RNA-seq showed variation in the total number of identified and novel miRNAs
between all exosome groups (Table 2.3). It was also observed that TPM of detected miRNAs
varied from one group to another, as shown in (Figure 2.13). Moreover, in Figure 2.14, the
heatmap showed significant (p > 0.05) changes in the expression of 44 hsa-miRNAs detected
between groups. Moreover, the analysis of acquired data set has also demonstrated differences
in the expression of 4 important potential biomarkers between HepG2-Exo groups which are:
hsa-miR-18a-5p, hsa-miR-193b-3p, and hsa-miR-21-3p, and hsa-miR-122-5p that specifically
expressed in liver cancer [262]. These findings of this study have strongly indicated that using
different conditioned media to harvest exosomes from the same cell line, can exert an effect on
miRNA content of produced HepG2-Exo. This is found to be in line with the results observed in
this current study that reported variation in the exosome groups’ composition (section 2.3.6).
Also, the findings of Wei et al. (2016) study confirmed that culturing the same cell line in
different media exhibit distinct profiles of exosomal RNA, and supplementing media with FBS
causes an enrichment of exosomal RNA of FBS-derived EVs [220]. For instance, hsa-mir-92a-3p
in Figure 2.14, recorded the highest TPM in Exo(M2) which found to be promoting the
proliferation of esophageal cancer cells via intercellular communication by targeting PTEN [263].
Li et al. (2019) has confirmed also that exosomal hsa-mir-92a-3p induces the proliferation,
migration, and invasion of esophageal squamous cell cancer by regulating PTEN [264]. Another
study by Casadei et al. (2017) has also reported that exosome-derived hsa-mir-92a-3p

stimulates liposarcoma progression [265]. This suggests that growing HepG2 cell line in M2 has
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induced the expression of hsa-mir-92a-3p in cells, consequently their secreted exosomes.

Targeting hsa-mir-92a-3p can be exploited for therapeutic purposes.

On the other hand, a high similarity observed in between RNA profiles of FBS-derived EVs and
EVs isolated from different human cell lines and body fluids [219,266,267]. For instance, miRNA
analysis of this study demonstrated the expression of hsa-miR-122-5p which is a specific miRNA
abundantly expressed in liver tissue [268,269], and not expressed in glioblastoma tumours and
cultured glioma cells [220,270]. However, miR-122 is found to be abundant in FBS [220] which
indicates that FBS-derived RNAs are falsely interpreted as human RNAs in Exo(M1) sample,
where M1(FBS) is the media used for collection. However, depleting FBS from EVs and RNAs do
not offer a complete elimination of FBS-derived RNAs, where miR-122 are still detectable
[219,220,236]. This implies that M2(Dep-FBS) media is not free of FBS-derived RNA, which

means that RNA content of Exo(M2) is still contaminated with FBS-derived RNAs.

However, serum starvation is not recommended as it can lead to cellular stress which is found
to be strongly affecting RNA content of cell-derived EVs [271]. This indicates that the RNA

content of Exo(M3) and Exo(M4) that isolated from SF media (M3 and M4), has changed.

These findings reported 4 biomarkers that can be utilised as efficient diagnostic tools in liver
cancer, and highlighted the effect of different media combination with FBS on RNA content of
HepG2-Exo, the inevitable interference of FBS-derived RNA with cell line-derived exosomes
despite following different depletion protocols, and the effect of serum starvation on cells and
their produced exosomes, therefore, a standard method for harvesting exosomes should be
developed to allow the analysis of exosomes of interest without the possibility of any

interference with FBS-derived RNAs, or inducing any adverse changes.
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To validate the miRNA results, gPCR was performed to assess the expression of hsa-miR-21-5p
in the HepG2-Exo groups, as it was detected in all groups with insignificant variation in
expression, and for its key role in proliferation in cancer, and as a potential therapeutic and
diagnostic targetin liver cancer patients [232,262,272]. The results of this experiment confirmed
that hsa-miR-26a-5p was the most stable reference gene among others using the RefFinder tool
[230,233]. Thus, the expression of hsa-miR-21-5p was determined using hsa-miR-26a-5p Ct
values, applying the Delta-Delta Ct (AACt) method which revealed that the relative gene
expression (fold change) has significantly (p > 0.05) changed between groups (Figure 2.15),
where Exo(M4) recorded significantly (p > 0.05) the highest fold change followed by Exo(M2),
and Exo(M3), compared to the calibrator sample, Exo(M1). This difference in fold change was
expected according to the previous findings of RNA-seq of each group and previous studies
mentioned in section (2.3.7). However, the expression of hsa-miR-21-5p was found not limited
only to cancer derived-exosomes where Mannerstrom et al. (2019) observed high levels of hsa-
miR-21-5p in standard FBS-derived EVs and FBS depleted by ultracentrifugation, and
ultrafiltration, and commercially depleted FBS. Also, they demonstrated low levels of hsa-miR-
21-5pin SF media [273]. This indicates that no media is free of either vesicular RNA due to serum
supplementation or non- vesicular RNA found in SF media which implies that the relative gene

expression of hsa-miR-21-5p in Figure 2.15 (B), do not represent only miRNA of HepG2-Exo.

2.5. Conclusion

In this chapter, the influence of different conditioned medium used for collecting HepG2-Exo
was studied through supplying media with either standard FBS or Dep-FBS, or complete absence
of serum, to monitor cell viability and analyse the released exosomes of each media. In terms
of cell viability, M2 media supplemented with commercially prepared Dep-FBS, found to
successfully maintained cell culture of HepG2 despite previous findings reported that depleting
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FBS derived EVs using ultracentrifugation affect cell behaviour and growth [219,238-240]. This

highlighted that the technique used to deplete FBS has major effects on cell cultures.

In terms of exosome analysis, each different media found to exert different effect on exosomes.
However, Exoview study has shown that all HepG2-Exo groups are only expressing CD63 and
CD9, which suggested that these tetraspanins can be targeted for therapeutic purposes in HCC.
Metabolomic profiling of exosome groups has shown that media used for collecting HepG2-Exo
can cause significant changes in the composition of exosomes through affecting metabolites

ratios.

Depleting FBS from its EVs and RNAs content found to be insufficient in eliminating bovine
contaminants. On the other hand, SF growth conditions are not contaminant free and found to
affect cell viability, and protein and RNA content of released exosomes. Therefore, this work
suggests that conditioning media either by supplementing media with standard or depleted FBS,
or using SF media instead, is not ideal to be applied in exosome studies where misinterpretation
of the results and misleading conclusions can be developed as proposed earlier in the literature

[262,279,289,307].
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Chapter 3

The Influence of HepG2-Exo on
cancer and normal cell lines
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Abstract

Introduction: Cancer progression and metastasis can be stimulated via cancer-derived
exosomes, as they induce changes in the recipient cells through modifying their proteomic and
genomic composition. These exosomes have therapeutic potentials as they can be re-purposed
or their contents modified to deliver particular signals that cause inhibition or suppression of
tumours. In this study, different concentrations of HepG2-Exo were prepared to demonstrate
their effect on the biological processes and the metabolomes of melanoma (A375), non-small

lung cancer (A549), and normal (PNT2A) cell lines.

Methods: Exosome samples were harvested and isolated from HepG2 cells cultured in medium
supplemented with Dep-FBS. Different concentrations of HepG2-Exo were prepared: 25, 50,
100, 200, 400, and 800 ug/ml. The assessment of A375, A549, and PNT2A cell lines under these
concentrations, was evaluated using MTT cell proliferation assay, migration, adhesion, and

invasion assays, then followed by LC-MS analysis.

Results: The MTT assay showed that all cell lines were affected under the influence of HepG2-
Exo, where A375, A549, and PNT2A recorded the highest proliferation rate at 100, 50, 200 pg/ml
of HepG2-Exo, respectively. This result showed that each cell line reached their optimum
proliferation rate at a specific concentration of HepG2-Exo, which indicates that cells respond
to HepG2-Exo differently. The migration assay revealed no difference in any cell line, whereas
the adhesion and invasion assays showed significant (p< 0.05) difference at 50 pg/ml for A549.
PNT2A has showed significant difference at 50 pug/ml in the invasion assay only, while no
significant findings were observed for A375 at 100 pug/ml in all assays. These results indicate that
A549 was consistently influenced by HepG2-Exo, however, the cellular communication of other

cell lines with HepG2-Exo is limited by three factors: cell line, exosome origin, and concentration
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of exosomes. LC-MS findings demonstrated a clear significant separation (p< 0.05), and changes
in metabolite ratios of OXPHOS (ATP), and purine and pyrimidine metabolism pathways,
between all groups of treatments versus controls, where A375 was the most affected cell line at
100 pg/ml followed by A549 at 50 pg/ml and PNT2A at 50 and 100 pg/ml. This shows that cancer
cells such as A375 are subjected to changes by cancer-derived exosomes rather than normal cell
line at the same concentration such as PNT2A at 100 pg/ml which explains the increase in

proliferative activity of A375 at 100 pg/ml.

Conclusion: Cell behaviour and metabolome of different cancer cell lines were found to be
affected by HepG2-Exo under different concentrations. However, high concentrations of HepG2-
Exo can either induce a cytotoxic effect or enhance the metabolic and proliferative activity of
the recipient cell as observed in A375, therefore, employing HepG2-Exo in therapeutics should
be carried out with caution. HepG2-Exo could represent a promising tool in terms of developing

lung cancer therapeutics.
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3.1. Introduction

Cancer-derived exosomes are key mediators of intercellular communication in the tumour
microenvironment, as they carry and transfer modified malignant information and molecules
such as lipids, proteins, and nucleic acids, from cancer cells to the recipient cells, or to the
peripheral circulation [274,275]. These exosomes play multiple roles to regulate cancer
progression, through stimulating the process of angiogenesis, inducing cancer cell migration and
invasion, inhibiting immune system responses, and promoting the formation of the metastatic

niche [103].

Cancer metastasis is mainly driven and mediated by TEX through inducing the aggressiveness of
tumour cells, triggering the process of EMT; stimulating angiogenesis and inducing vascular
permeability; modulating immune responses by inducing immunosuppression or releasing
immunosuppressive factors; transforming non-neoplastic cells by releasing oncogenic proteins;
and reprogramming energy metabolism by modifying metabolic pathways [4]. For instance, in
the tumour microenvironment, fibroblasts are transformed into cancer associated fibroblasts
(CAFs) that release exosomes containing metabolic cargo that are then transferred into cancer
cells and induce remodelling of recipient cell metabolism via cell-to-cell communication [258].
Thus, the effect of cancer-derived exosomes on other cell lines is inevitable and it has been well
documented in the literature. For instance, it was reported that cancer cell-derived exosomes
were found to induce cell proliferation and chemoresistance in recipient cells in vitro and in vivo
as observed in colon cancer cell-derived exosomes [276]. Moreover, two studies performed by
Qu et al. (2009) and Li et al. (2015), using exosomes revealed that gastric cancer cell line
(SGC7901) derived exosomes caused significant increase in the proliferation of two other

gastric cancer cell lines (SGC7901 and BGC823) [277,278].
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Furthermore, O’'Brien et al. (2013) performed a study on exosomes derived from triple negative
breast cancer (TNBC) cell lines [Hs578T and its modified invasive Hs578Ts(i)8 version was found
to induce the proliferation, migration, and invasion significantly of three different recipient
breast cancer cell lines (SKBR3, MDA-MB-231 and HCC1954). Moreover, the invasiveness of the
parent Hs578T cells increased due to Hs578Ts(i)8-derived exosomes. Also, it was reported that
exosomes derived from sera of TNBC patients increased cell invasion compared with control
healthy sera derived exosomes [279]. Another study carried out by Zhang et al. (2018), using
exosomes derived from the metastatic breast cancer cell line MDA-MB-231, revealed that the
proliferation of MDA-MB-231 and ZR-75-1, breast cancer cell lines, increased significantly.
These two cell lines were also treated with exosomes derived from the noncancerous mammary
epithelial line MCF-10A and no significant effect was detected [280]. A study by Yang et al.
(2013) using exosomes derived from the bladder cancer cell line T24, reported that proliferation

of two-recipient bladder cancer cell lines T24 and 5637 increased significantly [281].

Cancer cell-derived exosomes are key players of metastasis, tumour progression and
angiogenesis. For example, melanoma (B16-F10), TNBC (Hs578T) and HCC (HepG2) cell line-
derived exosomes, caused stimulation of HUVEC tube formation [160,279,282]. Ovarian cancer-
derived exosomes were found to promote HUVEC proliferation, migration, and induce the
formation of a premetastatic niche [161,283]. Chowdhury et al. (2015) studied the effect of PC
cell line (DU145)-derived exosomes on BMMSCs by adding exosomes into BMMSCs conditioned
media. They found that the levels of pro-angiogenic factor such as VEGF and hepatocyte growth
factor (HGF) increased. Also, BMMSC were induced to differentiate into myofibroblasts, and

HUVEC proliferation, migration, and tubule-formation were enhanced [284].

In liver carcinoma, HepG2-Exo were found to be strongly involved in tumour progression,

metastasis and angiogenesis, through HUVECs stimulation. For instance, Huang et al. (2015),
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found that HepG2-Exo containing VASN (a type | transmembrane protein), delivered a
metastatic signal to the surrounding endothelial cells which resulted in stimulation of HUVECs
migration [162]. Moreover, the conversion of fibroblasts into CAFs, found to be associated with
HepG2-Exo promoted tumour progression. For example, Luo et al. (2017), revealed that HepG2-
Exo can induce differentiation of human adipose-derived MSC into CAF, which in turn stimulate
the migration of the HepG2 cancer cell line [285]. Furthermore, Fang et al. (2017), found that
HCC cell line-derived exosomes including HepG2, secrete exosomal miR-1247-3p that induce the
conversion of normal fibroblasts to CAFs, promote tumour progression, and stimulate the

formation of the premetastatic niche in the lung [286].

Another example of the effect of HepG2-Exo on normal cell lines or tissues was performed on
adipocytes by Wang et al. (2018). They found that adding HepG2-Exo to adipocytes, changes the
transcriptome of adipocytes and cytokine secretion which convert adipocytes into tumour-

promoting cells [287].

Furthermore, cancer derived exosomes have been found to cause changes in the metabolism of
recipient cells. For instance, Zhao et al. (2016) found that CAF-derived exosomes induce
glycolysis and glucose uptake in PC through the inhibition of mitochondrial oxidative
phosphorylation (OXPHOS). Also, they reported high levels of different amino acids, carboxylic
acids, and fatty acids in different types of CAFs-derived EVs, which suggested that EVs are
carriers of metabolites that intensify cancer cell metabolism [258]. Moreover, under nutrient-
deprived stress conditions, Achreja et al. (2017) demonstrated that CAFs-derived EVs enhanced
pancreatic ductal adenocarcinoma (PDAC) cell proliferation, regulate glycolysis pathway fluxes
by supplying lactate, and provide up to 35% of the tricarboxylic acid (TCA) cycle fluxes via supply
of TCA intermediates and glutamine [288]. Earlier, Beckler et al. (2013), revealed that the

content of EVs released from CRC mutant KRAS-expressing cells, regulate metabolism, glycolysis,
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and increase the growth of wild type KRAS cells [289]. In metastatic PC, Valentina et al. (2017)
found that patients’ plasma-derived EVs contribute to stroma activation, angiogenesis, and
tumour progression by shifting the target normal fibroblasts metabolism. Also, glutaminase and

lactate dehydrogenase (LDH) levels found to be upregulated by EVs [290].

In breast cancer, Zhou et al. (2014) demonstrated that fibroblast metabolism influenced via
breast cancer cell-derived EVs expressing high levels of miR-122, lowered glucose uptake in the
surrounding normal cells via PKM2 and GLUT1 downregulation. Consequently, the availability of
glucose for cancer cells increases, causing an increase in cell proliferation and promotion of
metastasis [291]. Also, Sansone et al. (2017) found that mitochondrial DNA of CAFs-derived EVs
can influence breast cancer cell metabolism, stimulate oestrogen receptor-independent

OXPHOS and mediate escape from therapy-induced metabolic dormancy [292].

Therefore, in this chapter, HepG2-Exo were further investigated in terms of their effect on other
cancer (A375 and A549) and normal (PNT2A) cell lines and their ability to modify the metabolic

activity of these cells in a dose-dependent manner.

3.2. Methodology

3.2.1. Cell Culture

Cell lines used for biological assays and metabolomics included: human melanoma (A375)
(passage number (no). 31), non-small lung cancer (A549) (passage no. 25), and human normal
prostate epithelium (PNT2A) (passage no. 42). A375 and A549 cell lines were maintained in
DMEM-high glucose with pre-added supplements by the manufacturer (2.2.1). PNT2A was
maintained in Gibco™ RPMI 1640 Medium. All cell cultures were supplemented with 10 % (v/v)
of standard FBS and supplemented with 0.584 mg/ml of L-glutamine (200 mM), 0.11 mg/ml of

sodium pyruvate (100 mM), 100 I.U./mL penicillin and 100 (pg/mL) streptomycin, and
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NEAA(often 10 mM; 100X), that is aseptically added to the medium for a final concentration of
0.1 mM each, and carried out at 37°C in the presence of a mixture of 95% air 5% CO2 with 100%

humidity.

3.2.2. Exosome sample preparation

Referring to findings in Chapter 2, HepG2 cell culture was carried out in M2 media. After cells
reached confluency, the preparation of exosome sample was performed following steps in

section 2.2.8.3.

3.2.3. MTT proliferation assay

Cells were seeded at a density of 5 x 10° cells/well in a 96 well plate. After 24 h, the media were
removed and cells were washed three times with HBSS; then serum-free medium was added to
each well. After 48 h, six concentrations of HepG2-Exo were prepared and added to each well:
25, 50, 100, 200, 400, and 800 pg/ml. These concentrations were determined using a Micro BCA
assay (section 2.2.5). The manufacturer’s protocol for cell proliferation Kit | (MTT) was followed
for the measurement steps. Cell proliferation was determined using a SpectraMax M5 plate
reader at 570 nm and a reference wavelength of 690 nm. The measured absorbance values were

corrected by subtracting readings recorded at 690 nm.

After analysing these results, two concentrations were selected for the following assays based
on the highest effect induced by HepG2-Exo in the MTT assay on the cancer cell lines. Also, these
concentrations were tested on the normal cell line to demonstrate their effect, and to initiate a

comparison of the effect HepG2-Exo on cancer and normal cell lines.
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3.2.4. Migration, adhesion, and invasion assays

A CytoSelect™ 24-well Cell Migration assay (8 um, colorimetric format), CytoSelect™ 48-Well
Cell Adhesion assay (Collagen |-Coated, colorimetric format), and CytoSelect™ 24-well Cell
Invasion assay (8 um, colorimetric format), were used following the manufacturer’s instructions
for the staining and extraction steps. The absorbance of extracted cells was measured at 560

nm using a SpectraMax M5 plate reader.

3.2.5. Liquid chromatography-mass spectrometry (LC-MS) analysis

3.2.5.1. Metabolite Extraction

A375, A549, and PNT2A cell lines were seeded in a 6-well plate at a density of 3x10° cells/well.
After 24 h, the medium was replaced with serum free medium, following 3 washes with HBSS.
HepG2-Exo (50 pug/ml) were added to A549 and PNT2A, and (100 pg/ml) to A375 and PNT2A.
After 96 h, cell extraction was performed by removing the medium and washing the cells with 3
ml warmed up PBS to 37°C. Extraction of the cells was performed at a cell density of 1x10°
cells/well, by adding ice cold extraction solution, methanol: acetonitrile: water (50:30:20) (v/v).
After that, the cells were scraped, and the lysates were transferred to microcentrifuge tubes for
mixing using a Thermomixer at 4°C for 15 min. The samples were then centrifuged at 0°C for
10,000 x g for 10 min. Supernatants were collected and transferred into auto-sampler HPLC vials.

The samples were kept at -20°C until required for the analysis by LC-MS.

3.2.5.2. LC-MS conditions
The HPLC column used was ZIC-pHILIC column (150 x 4.6 mm, 5 um) following the same running

conditions in section 2.2.8.2.

3.2.5.3. Data Extraction and analysis

The extraction and analysis of LC-MS data was performed following steps in section 2.2.8.3.
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3.2.6. Statistical Analysis

All experiment values were representative of at least three independent experiments and are
displayed as mean + SEM, where *p< 0.05,**p< 0.01, ***p< 0.001 significant difference, n=3.
One-way ANOVA followed by Dunnett's test, and two-way ANOVA followed by Bonferroni post-
tests, were used to assess statistical significance between cells. The statistical analysis was

performed using GraphPad Prism software version 5.00.

3.3. Results

3.3.1. The effect of HepGZ2-Exo on cell proliferation

The MTT Kit was used to assess cell proliferation under the influence of HepG2-Exo. The
proliferation rate of different cell lines was measured based on the metabolism of MTT (yellow
colour) to form formazan crystals (purple in colour) by viable cells. The cell proliferation rate has
increased in all cell lines, where the highest proliferation rate for A375 was detected at 100
ug/ml, A549 at 50 pg/ml, and PNT2A at 200 pg/ml (Figure 3.1(A),(B) and(C)). Statistically, a
significant (p>0.05) inhibition in proliferation at 800 pug/ml was observed in A375 and A549 cell
lines, compared to 0 pg/ml. Whereas in PNT2A, cell proliferation rate has increased significantly
(p>0.05) at 25, 50, 100, 200, and 400 pg/ml of HepG2-Exo (Figure 3.1(A),(B) and(C)). However,
100 and 50 pg/ml were chosen to be applied to the respective cancer cell lines, and on PNT2A

as the normal cell line for further assessment.
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Figure 3.1: MTT Cell Proliferation assay of (A) A375, (B) A549 and (C) PNT2A cells.

All values are representative of mean + SEM where *p < 0.05, **p< 0.01, ***p< 0.001 n=3.
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3.3.2. The effect of HepG2-Exo on cell migration

The migration assay was used to determine the effect of HepG2-Exo on the migration rate of A375,

A549, and PNT2A cells. Statistical analysis showed no significant change at both concentrations for

each cell line.
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Figure 3.2: 48-well Migration assay.

(A) A549 and PNT2A cells at 50 pug/ml of HepG2-Exo and (B) A375 and PNT2A cells at 100 pg/ml of
HepG2-Exo. All values are representative of mean £ SEM, n=3
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3.3.3. The effect of HepG2-Exo on cell adhesion

The adhesion assay was used to investigate the adhesion activity of the cells, under the effect of
HepG2-Exo. A significant (p>0.05) increase in cell adhesion rate was detected in A549 and PNT2A at
50 pug/ml compared to no treatment, 0 ug/ml (Figure 3.3.A). However, no significant difference was

observed for A375 and PNT2A at 100 pg/ml (Figure 3.3.B).
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Figure 3.3: Collagen | - 48 well Adhesion assay.

(A) A549 and PNT2A cells at 50 pg/ml of HepG2-Exo. (B)A375 and PNT2A cells at 100 pg/ml of
HepG2-Exo. All values are representative of mean + SEM where **p< 0.01, n=3.
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3.3.4. The effect of HepG2-Exo on cell invasion
The invasion assay was performed to assess the effect of HepG2-Exo on the cell invasion rate of
A375, A549, and PNT2A. A significant increase (p>0.05) was observed only in A549 at 50 pg/ml,

while no changes were detected at 100 pg/ml (Figure 3.4).
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Figure 3.4: 48 well Invasion Assay.

(A) A549 and PNT2A cells at 50 pg/ml of HepG2-Exo. (B) A375 and PNT2A cells at 100 ug/ml of HepG2-
Exo. All values are representative of mean + SEM where *p< 0.05, n=3.
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3.3.5. The effect of HepG2-Exo on cancer and normal cell lines

Metabolomics profiling of cancer cell lines (A375 and A549), and normal cell line (PNT2A) was
carried out to study the effect of HepG2-Exo on the cell metabolome, and to compare two different
concentrations: 50 and 100 pg/ml of the exosomes. Acquired data were processed using SIMCA
software to create two models: PCA and OPLS-DA, to assess the separation efficiency of a ZIC-pHILIC
column for polar metabolites, the quality of prepared samples, and the difference between HepG2-
Exo treatments (Figure 3.5). Quality control samples (P) were clustered around the centre of the
plot of the PCA model which validates the efficiency of the analysis and indicates maintained
instrument performance and precision throughout the run on the column (Figure 3.5.A). While on
the OPLS-DA model, a clear and significant separation was detected between A375, A549, and
PNT2A cell lines between the control and treatment groups and between the cell lines with P CV-
ANOVA= 0.002. Detected metabolites in each cell line were reviewed individually (Table 3.1). A
heatmap was created by Clustvis, a web tool for visualising clustering [293], based on the significant
difference (p < 0.05) observed in 27 metabolites plotted (Figure 3.6) which demonstrates the degree
of change in metabolites before and after exosome treatments in each cell line according to the

change in colour intensity.
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Figure 3.5: (A) PCA-X vs (B) OPLS-DA score plot of A375, A549, and PNT2A cell lines using ZICpHILIC.
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Table 3.1. Significantly changed metabolites within A549, A375, and PNT2A cells treated with different concentrations of HepG2-Exo, compared to

untreated cells.

Mass Rt Putative Metabolite A549 (Opg/ml) vs  A375 (Opg/ml) vs PNT2A (Opg/ml) vs PNT2A (Opg/ml) vs
A549 (50ug/ml)  A375 (100ug/ml) PNT2A (50ug/ml) PNT2A (100ug/ml)
Ratio  pvalue Ratio p value Ratio p value Ratio p value
Pyrimidine metabolism
243.06 12.32 Uridine 0.098 <0.001 0.189 0.001 0.013 <0.001 0.039 <0.001
322.04 15.98 CMP 0.545 0.021 3.870 0.032 0.744 ns 0.676 0.012
482.96 19.15 uTP 0.713 0.006 0.641 ns 0.296 0.007 0.136 0.002
305.01 15.93 2',3'-Cyclic UMP 1.081 ns 5.412 0.0006 1.162 ns 1.208 ns
228.09 13.96 Deoxycytidine 0.667 ns 1.721 <0.001 1.155 ns 1.764 ns
565.04 17.32 UDP-glucose 0.740 0.030 0.388 0.006 0.444 0.001 0.320 0.000
323.02 17.35 UMP 0.707 0.010 0.283 0.002 0.420 0.001 0.284 0.000
402.99 20.54 uDP 0.914 ns 1.286 ns 0.551 0.012 0.275 0.000
Purine metabolism
328.04 14.39 3',5'-Cyclic AMP 0.844 ns 0.517 0.024 0.277 0.000 0.243 0.000
346.05 17.54 AMP 0.903 ns 4.282 0.000 1.348 0.034 1.266 ns
362.05 17.56 GMP 0.282 0.028 0.029  <0.001 1.393 ns 0.782 ns
76.03 16.22 Glycine 1.329 0.034 3.133 0.01 1.906 0.04 2.599 0.000

Oxidative phosphorylation (OXPHOS)
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664.11 14.04 NADH 0.856 ns 0.813 ns 0.973 ns 1.284 ns

662.10 14.41 NAD+ 0.937 ns 0.550 0.016 0.450 0.012 0.369 0.007

505.98 17.50 ATP 0.904 ns 4.443 0.000 1.240 ns 0.995 ns

426.02 14.40 ADP 0.897 ns 0.571 0.043 0.376 0.002 0.318 0.001
Miscellaneous

194.08 4.76 Phenylacetylglycine 1.067 ns 2.668 0.020 1.539 0.011 2.099 0.000

371.01 13.92 D-Sedoheptulose 1,7- 1.067 ns 0.707 0.031 0.081 0.000 0.158 0.001
bisphosphate

289.03 17.12 Sedoheptulose 7- 0.726 ns 0.249 <0.001 0.607 0.002 0.862 ns

phosphate

90.054 15.14 L-Alanine 1.360 0.022 1.977 0.019 0.987 ns 1.149 ns

606.07 15.92 UDP-N-acetyl-D- 0.858 ns 4.152 0.002 1.052 ns 0.919 Ns
glucosamine

611.14 18.18 Glutathione disulfide 0.332 0.000 1.041 ns 1.055 ns 0.693 0.025

300.04 15.93 N-Acetyl-D-glucosamine  1.433 0.039 6.379 0.000 1.004 ns 1.073 ns
6-phosphate

221.05 17.71 L-Cystathionine 1.941 0.004 3.228 ns 1.847 0.044 1.644 Ns

579.02 20.53 UDP-glucuronate 1.075 ns 1.197 ns 0.677 ns 0.262 0.000

308.09 13.90 N-Acetyl 0.279 0.014 3.360 ns 1.832 0.008 2.125 0.009
Neuraminate

744.08 18.33 NADPH 1.619 0.002 1.432 ns 1.113 ns 0.588 0.021

The data demonstrated in Table 3.1 showed the most significant (p < 0.05) changed polar metabolites after exosome treatment where the most affected

pathways found to be Pyrimidine metabolism, Purine metabolism, and OXPHOS in A375.
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Figure 3.6: Heatmap showing the top 27 significant putative metabolites among controls (C) and
treatments (T) of A375, A549 and PNT2A.

The data are displayed on a log2 scale. The differences in colour shades represent intensities of the
metabolites vs. sample observations.
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3.4. Discussion

Tumour progression and metastasis are carried out through exchanging information using
signalling pathways between cells, which involve secreting cytokines, chemokines, and EVs such
as exosomes [7]. In the literature, several studies have reported the role of exosomes as
mediators in cell-to-cell communication in the tumour microenvironment for cancer
development and progression, metastasis, and angiogenesis [7,274,283,294-296]. In order to
investigate the influence of HepG2-Exo on other cell lines, this study was designed to monitor
the effect of cancer-derived exosomes on biological stages of cancer progression and metastasis,
namely proliferation, migration, adhesion and invasion.

The results of the MTT assay showed that HepG2-Exo induce the cell proliferation of all cell lines
whereas the proliferation rate of PNT2A has significantly (p < 0.05) increased at 25, 50, 100, 200,
and 400 pg/ml due to the effect of HepG2-Exo (Figure 3.1). The highest proliferation rate
observed for each cell lines: 100 pg/ml (A375), 50 pug/ml (A549), and 200 pg/ml (PNT2A).

However, a significant decrease (p < 0.05) was observed at 800 pg/ml, in A375 and A549.

This indicates that HepG2-Exo enhance the proliferation activity of both cancer and normal cell
lines at specific concentrations, which supports previous findings In the literature that confirmed
the role of HCC exosomes such as HepG2-Exo, in promoting the proliferation of cancer cell and
the formation of lung metastases [297,298]. In general, TEX were found to contribute to cancer
progression and metastasis through stimulating the proliferation of normal and cancer cell lines
[281,287,299,300]. On the other hand, the reduction in proliferation rate in the cell lines
examined at 800 pg/ml of HepG2-Exo, suggests that these exosomes exerted a cytotoxic effect
at higher concentrations which means that higher concentrations of cancer-derived exosomes
could work as a therapeutic approach to inhibit cancer cell proliferation. However, this should
be applied with high caution using the safest approach available.
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Migration, adhesion, and invasion assays were carried out following findings observed in section

3.3.1

The results of these assays showed that no significant effect was observed in A375 cells at 100
ug/ml whereas A549 were found to be significantly (p < 0.05) influenced in terms of adhesion
and invasion, at 50 ug/ml. However, PNT2A showed only significant difference (p < 0.05) in

adhesion at 50 pg/ml of HepG2-Exo.

In spite of not detecting a significant difference in the migration assay for either cell line, a slight
increase in migration rate was observed after adding HepG2-Exo in all the cell lines tested (Figure
3.2) which indicates that HepG2-Exo can induce migration in other cancer and normal cell lines.
This concurs well with previous studies that reported HepG2-Exo could stimulate angiogenesis
through activating the migration of endothelial cells and HCC cells via the expression of HSP70

and miR-210 [160,162,301-306].

The adhesion assay was performed on collagen type | coated wells, to investigate the effect of
HepG2-Exo on collagen binding to discoidin domain receptor 2 (DDR2) expressed in these cell

lines: A375 and A549 [307], and PNT2A [308].

Findings from this assay suggest that HepG2-Exo induce the adhesion for cancer and normal cells
as observed in A549 and PNT2A at 50 pg/ml, which confirms previous finding by Fu et al. (2018).
They stated that primary tumour exosomes such as HepG2-Exo play a key role in lung metastasis

through enhancing cell adhesion of cancer cells [297].

In Invasion assay, the results indicate that HepG2-Exo significantly (p < 0.05) increased the
invasion rate of A549 at 50 ug/ml only, while an insignificant slight increase was observed in

PNT2A at 50 and 100 pg/ml. This matches with previous findings in the literature [309]. Recently,
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Yang et al. (2020), reported the role of cancer-derived exosomes such as breast cancer-derived

exosomes in regulating invasion and metastasis via the delivery of miR-146a to CAFs [310].

However, the overall variations in response to HepG2-Exo doses observed in the assays carried
out indicate that the cell line, exosomes origin, and concentration of exosomes play a significant
role in vitro and in applying therapeutic approaches. In terms of compatibility between the cell
line and the origin of exosomes, the observations of Sancho-Albero et al. (2019) study confirmed
that the response of the recipient cell lines to such cancer cell-derived exosomes is subjective to
their origin [311]. In terms of exosomes concentration, Yukawa et al. (2018) found that the
progression of angiogenesis is dependent on the number of HepG2-Exo produced by HepG2 cell

line [288].

However, the findings of these assays collectively confirmed that HepG2-Exo at 50 pg/ml induce
the proliferation, migration, adhesion, and the invasion of A549 in vitro. Clinically, patients
diagnosed with primary liver cancer have been found to develop lung metastasis [312]. This
could explain the constant behaviour of A549 towards HepG2-Exo doses. Hence, HepG2-Exo can

be targeted and incorporated with specific agents as potential therapeutics for lung cancer.

LC-MS data revealed that the significant (p < 0.05) separation observed on the OPLS-DA model
between treatment and control groups (Figure 3.5) indicates that HepG2-Exo induced an

influence on the metabolome of each cell line.

Moreover, in Table 3.1, the calculated ratio of each metabolite showed a significant (p < 0.05)
difference at their recorded peak area between HepG2-Exo treatments (50, and 100 pg/ml) for
each cell line and control (0 ug/ml). This suggests that cells under HepG2-Exo treatment,
developed distinctive metabolic profiles, where multiple metabolic pathways were significantly

changed as observed in pyrimidine, purine metabolism, and OXPHOS pathways. Whereas in the
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heatmap (Figure 3.6), the change in colour intensity between treatments and control, provided

an indication of the degree of variation in cell responses towards treatments.

For further analysis of metabolites in Table 3.1, the OXPHOS metabolic pathway is known to be
downregulated in cancer cells which resulted in low generation of ATP molecules [313].
However, after exosome treatments, a significant (p < 0.05) increase in ATP ratio in A375 was
observed, which indicates that OXPHOS was induced in A375 cells. This was found to be in
complete agreement with Park et al. (2019), who found that hypoxic TEX enhanced OXPHOS in

macrophages derived from bone marrow [314].

The elevation in intracellular ATP levels in cancer cell lines was reported by Qian et al. (2016),
Wang et al. (2017), and Cao et al. (2019) who found that the increase of intracellular ATP is due
to the uptake of extracellular ATP through an endocytic pathway called macropinocytosis and
others pathways, which in turn induced cell proliferation and drug resistance in tumour cells
[315-317]. Whereas, Arslan et al. (2013) found that MSC-derived exosomes induce ATP levels in
myocardial ischemia [318]. In the literature, the uptake of EVs or exosomes was suggested to be
either through fusion with the plasma membrane of the recipient cell, or via endocytic pathways
such as macropinocytosis [319,320]. Collectively, findings of these previously mentioned studies
suggest that the uptake process of HepG2-Exo may contribute to the increase in intracellular ATP

levels, consequently, promote cell proliferation as observed in A375 (section 3.3.1).

Purine and pyrimidine metabolism were found to be strongly affected in A375 followed by A549
and PNT2A cells, after exosome treatment, where a significant (p < 0.05) increase was observed
in glycine, AMP, UMP, CMP, and 3’5 cyclic AMP levels (Table 3.1) which implies that the cell cycle
and metabolome of each cell line was affected, according to the applied concentration of

exosomes on each cell line.
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This supports previous findings in the literature that stated that proliferating tumour cells exhibit
high metabolic activity in which a sufficient supply of nucleotides and other macromolecules are
essential to grow and proliferate, therefore, de novo nucleotide synthesis pathways are
stimulated in cancer cells to form purine and pyrimidine rings to provide an adequate amount
of nucleotides to induce nucleic acid and protein synthesis along with maintaining sufficient
energy [321-323]. This suggests that the increase in purine and pyrimidine metabolites in cancer
cells is due to the increase in the metabolic and proliferative activity of cancer cell line after

exosome treatment.

In terms of comparing the same doses on different cell lines, HepG2-Exo showed the strongest
effect at 100 pug/ml on A375 cells compared to PNT2A cells, which indicate that cancer cells are
more likely to be affected by cancer-derived exosomes (HepG2-Exo) rather than normal cells at
the same concentration. This also applies for the comparison of A549 and PNT2A at 50 pg/ml.
This proposes that the HepG2-Exo concentration is a critical factor in influencing the targeted

cell metabolome.

3.5. Conclusion

In this chapter, studying the effect of HepG2-Exo on cancer and normal cell lines, applying
different methods, was found to confirm the role of cancer-derived exosomes in promoting
cancer progression and metastasis and induce changes in the metabolic pathways of affected
cells. These findings provide a promising platform to employ HepG2-Exo in cancer therapeutics.
However, due to their toxic effect, utilising HepG2-Exo in therapy require high caution in terms

of applying the appropriate dosage for cancer treatment.
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Chapter 4

General Conclusions and Future
Work
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General conclusion

The aim of this current research project was to optimise the exosome yield of the HepG2 cell line
and minimise the contamination with FBS-derived exosomes through applying different
approaches for cell culturing, to study the influence of these approaches on their corresponding
exosomes, to assess the effective medium to be used for exosome collection and isolation, and
to investigate the influence of HepG2-Exo on the biology and the metabolome of cancer and

normal cell lines.

Firstly, findings of chapter 2 shown that cell cultures and collected exosomes are influenced by
three major factors: media combination, exosome isolation technique, and the duration of
serum starvation. In terms of media combination, using standard FBS in media offers the
optimum condition for cell growth whereas Dep-FBS found to offer similar condition. However,
the applied technique in depleting FBS was found to be a critical factor in cell cultures, where
ultracentrifugation induces different effect from commercially depleted FBS, where cell
behaviour was affected [219,238-240] (section 2.4.1). However, serum starvation was found to
affect cell viability and growth. In terms of studying exosome groups, depleting FBS from EVs,
proteins, lipids, and RNAs does not offer a complete elimination of these contaminants, which
indicated that exosomes isolated from media supplemented with Dep-FBS as M2 are still
contaminated. Moreover, exosomes collected under serum deprivation such as Exo(M3) and
Exo(M4), was found to induce a drastic change in exosome traits, count, and composition
compared to exosomes isolated from media supplemented with standard FBS (Exo(M1)) or Dep-
FBS (Exo(M2)). Furthermore, serum free media are not free of contaminants where non-
vesicular RNA observed such as hsa-miR-21-5p [273]. Finally, this work suggested that the
probability of misinterpreting exosome of interest and developing misleading conclusions, due

to media used in cell cultures, is very high [262,279,289,307].
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Overall, the experimental outcomes in this study are encouraging for further exosomes studies
to be carried out in developing standard method for harvesting and isolating exosomes that offer
production of exosomes of high purity and high yield, or investing in HFBR for large scale
production and clinical applications, investigating the therapeutic potentials of HepG2-Exo
tetraspanins through modifying their expression, and adjusting exosome composition through

applying specific media on the parent cell.

However, exosome studies in chapter 3 were carried out using media supplemented with Dep-
FBS (M2) for preparing exosome sample, as it found to be the best available option as it offers
the least contamination with FBS derived-EVs and maintains successful cell culture of HepG2 cell

line.

Results of chapter 3, revealed that HepG2-Exo effect was inevitable on cancer and normal cell
lines, however, the influence of these exosomes is controlled by three parameters: cell line,
exosomes origin, and concentration of exosomes. Moreover, using high concentration of cancer
derived exosomes should be carried out with caution, as it can stimulate the proliferative activity
of the cell such as A375 at 100 pg/ml, A549 at 50 ug/ml, and PNT2A at 200 pg/ml , or induce
cytotoxic effect, where A375 and A549 cell proliferation inhibited at 800 pug/ml. However, A549
maintained constant increase in proliferation, migration, adhesion, and invasion rate, after

adding 50 pg/ml of HepG2-Exo.

In terms of metabolomics, the effect of 100 pg/ml of HepG2-Exo has induced drastic changes in
A375 metabolome, compared to other cell lines, where OXPHOS (ATP), purine and pyrimidine
metabolism pathways were strongly influenced. On the other hand, studying HepG2-Exo effect
on cancer cell line versus normal cell line using the same concentration, revealed that cancer cell

lines are more susceptible to changes rather than normal cell line. After All, this work confirmed
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that cancer-derived exosomes play a major role in cancer progression and metastasis, and

influencing metabolic pathways of recipient cells.

The findings of this chapter are found to encouraging as they provide a promising platform for

the application of HepG2-Exo in lung cancer therapeutics in a clinical setting.

Future work

Based on these promising findings in this thesis, future opportunities have been opened up for
investigating and employing cancer-derived exosomes in therapy, in vivo through designing
animal studies and applying HepG2-Exo, for instance, in HCC bearing mice with lung metastasis
such as C57BL6. HepG2-Exo could also be isolated, and loaded with therapeutic agents such as
proteins e.g. KRAS or EGFR [333,334] or chemotherapeutics drugs such as Paclitaxel (PTX) or
Doxorubicin (DOX) and administered to the mouse [324—-326], or modified through altering their
tetraspanins expression [49,251]. First, the effect of these loaded or modified exosomes should
be monitored in vitro. After that, the administration of HepG2-Exo could be either systemically
through the intravenous route or nasal route using nebuliser. However, HepG2-Exo are required
to be targeted and to avoid any complications, as cancer exosomes are “double edged sword”.

Therefore, they require high caution in terms of therapeutic applications.

Another possible approach to be followed, is to use healthy mice and to inject them with HepG2-
Exo to track the process of tumour progression and metastasis, and to investigate the tumour
pathway, in order to target key proteins or genes involved in cancer progression. Moreover, in
terms of cytotoxicity observed at high concentrations of HepG2-Exo, this approach can be
followed by targeting these exosomes to induce cytotoxic effects on specific tumour tissue
without affecting other organs. Moreover, due to the expression of exosomal mir-92a-3pin

HepG2-Exo (Section 2.3.7, Figure 2.14) and its role in cancer progression [263—265] (Section 2.4),
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anti-mir-92a-3p, short interfering (si) RNA can be constructed and loaded into nanoparticles or

HepG2-Exo to inhibit mir-92a-3p, consequently, supress tumour progression.

For engaging HepG2-Exo in vivo in animal studies, more work is required for monitoring and
evaluating the appropriate HepG2-Exo dose, the duration of treatment, and side effects or long-
term effects on other tissues. Whilst limitations still remain, the application of HepG2-Exo in
cancer studies offer a promising future for the development of efficient and non-invasive

therapeutic approaches.
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