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Abstract

Head and neck cancer is the 6th most common cancer worldwide with 90% being
classified as oral squamous cell carcinoma (OSCC). Recent findings have implicated
the tumour microenvironment (TME), which includes cells such as cancer-associated
fibroblasts (CAFs), in cancer progression. Tumour cells are known to communicate
with stromal cells via a network of cytokines, growth factors and extracellular vesicles
(EVS). There is evidence that some cargo are presented on the surface of EVs, such
as transforming growth factor beta 1 (TGF-B1), and can induce CAF differentiation.

We therefore sought to determine the role of EVs in promoting a CAF like phenotype.

A cell panel including an immortalised normal oral keratinocyte cell line, an OSCC cell
line and primary patient derived normal oral fibroblasts (NOFs) and CAFs were used
in this study. An EV deficient OSCC cell line (H3572"CS) and a fluorescent EV reporter
OSCC cell line (H357¢Pe3-GFPy were characterised and validated by nanoparticle
tracking analysis (NTA), quantitative polymerase chain reaction (QPCR), western
blotting and immunofluorescence microscopy (IF). GFP tagged EV uptake in NOFs
was visualised by fluorescence imaging. EVs were enriched by size exclusion
chromatography (SEC) and characterised by NTA and western blotting. TGF-31 was
guantified by ELISA. CAF markers and phenotype was assessed using molecular

technigues and functional assays.

There were significantly higher levels of TGF-31 associated with EV's derived from oral
cancer cells (H357) compared to normal cells (FNB6). TGF-B1 levels were significantly
greater in EV preparations compared to conditioned media (CM). Treatment of NOFs

with soluble recombinant TGF-B1 or H357 derived EVs led to an increase in a-SMA



stress fibre formation, however this was abrogated with the use of a TGF-f neutralising
antibody, indicating an EV-TGF-B dependent role in NOF activation. Furthermore,
compared to untreated cells, H357 derived EVs enhanced NOF migration and
contraction. The cancer derived EVs promoted greater NOF contraction at 24 and 48
hours compared to their normal cell -derived EV counterparts.. These results indicate
that inhibition of EV associated TGF-$1 might be a novel strategy to reduce stromal

cell activation in the TME.
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1 Introduction

1.1 Head and neck cancer

Head and neck cancer is a broad entity of neoplasms affecting structures such as
salivary glands, skin, craniofacial bone and mucosal membranes. 90% of head and
neck cancers are classified as squamous cell carcinomas (HNSCCs) that arise from
the epithelium lining the sinonasal tract, oral cavity, pharynx and larynx (Pai et al.,
2009). In the UK, head and neck cancer accounts for 3% of total new cancer cases,
with a 10 year survival rate ranging between 19-59% (‘Head and neck cancers
statistics | Cancer Research UK’). Globally there were 354,864 new cases of lip and
oral cavity cancers, followed by larynx (177,422) and nasopharynx (129,079) in 2018
(Bray et al., 2018). Rates in men are high in global areas such as Western Europe,
Southern Europe, South Asia and Southern Africa, which follows patterns of tobacco
and alcohol consumption (Parkin et al., 2005). The risk of developing head and neck
cancer is 50-fold higher for users of tobacco and alcohol compared to non-users, and
continued use impacts recurrence thereby contributing to lowered survival rates
(Howren et al., 2013). Human papillomavirus (HPV) is another risk factor, that is shown
to contribute to around 25% of HNSCCs through downregulation of tumour suppressor
genes p53 and retinoblastoma (pRb) involved in cell cycle control (Chung et al., 2009).
Of the 12 mucosal high-risk HPV types, HPV16 is the most common oncogenic driver,
being responsible for 90% of virus associated HNSCCs (Galati et al., 2022). There are
differences in patient outcomes between virus and non-virus associated HNSCCs

where HPV-associated HNSCCs have significantly improved rates of disease-free and



overall survival as well as improved response to radiotherapy making it a favourable

prognostic marker (Johnson et al., 2020).

HNSCC progression is initiated by epithelial cell hyperplasia followed by mild,
moderate or severe dysplasia leading to carcinoma in situ and later, invasive
carcinoma. Patients with HNSCC usually present with symptoms from the primary site
such as persistent hoarseness, ulcers, oral or neck swelling and ear pain amongst

others (Johnson et al., 2020).

Most HNSCC patients do not present with an antecedent pre-malignant lesion i.e
dysplasia, and it is common for enlargement of the cervical lymph node to be the first
clinical presentation from “silent sites”, most commonly the nasopharynx, tongue base
and supraglottis (Vigneswaran et al., 2006). 80% of cervical lymph node metastases
with cancer of unknown primary (CUP) originate from head and neck sites and have
severely poor 5-year-survival rates ranging from 5-15% (GroR3e-Thie et al., 2021).
Around two thirds of HNSCC patients present with an advanced cancer stage with
lymph node metastasis, which is associated with up to a 50% decrease in survival

(Leemans et al., 2010)

The extent of the tumour, presence of lymph node and distant metastases determines
the cancer stage, which largely informs the prognosis for HNSCC patients. Staging is
determined by examination, imaging, cytology of lymph nodes and histopathology. In
oropharyngeal tumours, risk factors of HPV status and tobacco use have been shown
to have such high prognostic influence they may be of more value than traditional

staging systems (Ang et al., 2010).



1.2 Oral squamous cell carcinoma

Oral squamous cell carcinoma (OSCC) accounts for the majority of HNSCCs and

develops from the stratified squamous epithelium of the oral mucosa. Oral potentially
malignant disorders (OPMDs) including oral leukoplakia, oral erythroplakia, oral
submucosal fibrosis and oral lichen planus put patients at a higher risk of developing
invasive oral carcinomas compared to those with healthy mucosa (Almangush et al.,
2020). OSCC is characterised by red and/or white lesions most frequently occurring
at the lateral edges of the tongue (50% of all OSCC cases), mouth floor, gingiva and
buccal mucosa. Oral precursor lesions are the most commonly diagnosed of HNSCCs
and of these, oral leukoplakia, a white lesion in the oral mucosa, is the most commonly

observed (Kerr et al., 2021).

These lesions can be classified according to epithelial alterations including
hyperkeratosis, hyperplasic and acanthosis as well as stages of dysplasia prior to the
establishment of invasive carcinoma (Rivera et al., 2014). OSCC metastasis is
predominantly to the lymph nodes, namely the ipsilateral followed by the bilateral
nodes. Dissemination is also seen in the lungs, bones and liver (Tan et al., 2023).
Cancers of the oral cavity are able to be diagnosed at a relatively early stage due to
self-recognisable symptoms such as the interference of ulcers with eating and

speaking (Tan et al., 2023).

The development of OSCC involves the accumulation of molecular and genetic
alterations that are influenced by environmental factors, as previously mentioned, as
well as genetic pre-disposition (Rivera et al., 2014). One of the earliest chromosomal
aberrations is a high frequency loss of heterozygosity at chromosome 9. For example,

allelic loss at 9p21 has been shown in the majority of premalignant oral lesions. This



region possesses genes that code for growth suppressing cyclin-dependent kinase
inhibitors, for example CDKN2A encoding for p16 and p14 an alternative transcript is
frequently deleted in malignant oral lesions (Pérez-sayans et al., 2009). Cyclin D1,
encoded by CCND1, also regulates the cell cycle by controlling progression to S phase
and is amplified in 30-50% of HNSCC patients (Motokura et al., 1993). CCND1 gene
amplification is also associated with tumour progression and lymph node metastasis,
however cyclin D overexpression has been shown to be predictive of benefit for certain
chemotherapeutics (Zhong et al., 2013; Dhingra et al., 2017). Other alterations include
changes in epidermal growth factor signalling, the Ras oncogene, STAT proteins, Rb

and the tumour suppressor p53 (Choi et al., 2008).

1.2.1 HNSCC Treatment

Early-stage HNSCC tumours have a more favourable prognosis and are treated with
resection and radiotherapy with cure rates of around 80%. For more advanced
tumours or those with nodal metastasis, post-resection radiation or chemoradiation is
utilised (Oosting et al., 2019; Amaral et al., 2022). The preferred treatment regimen
for patients with locoregionaly advanced HNSCC where surgery outcomes would be
poor is chemoradiotherapy with high-dose cisplatin every 3 weeks. Alternative
beneficial concomitant treatments include carboplatin with 5-fluorouracil (5-FU) or the
EGFR inhibitor cetuximab (Oosting et al., 2019) Adjuvant chemotherapy and
radiotherapy are utilised in the cases of advanced OSCC, either before or after
surgery. EGFR inhibitors, namely Cetuximab, are used in the case of metastatic

OSCC (Melo-Alvim et al., 2023).

Cisplatin is often used in the first instance due to its significant efficacy, however for

cisplatin intolerant patients the use of docetaxel has also been shown to improve



outcomes in phase Il and Il clinical trials alone and in combination with cetuximab
(Harari et al., 2014; Patil et al., 2023). Another candidate is Xevinapant, an antagonist
of inhibitor apoptosis proteins and a promising therapeutic for enhancing
chemoradiotherapy. The phase IIl XRAY VISION trial is currently recruiting to evaluate
xevinapant efficacy in combination with radiotherapy in locally resected HNSCCs

(NCT05386550).

Immunotherapeutics are growing as an attractive alternative to traditional
chemotherapies, because of their potential for long-lasting anti-tumour effects (Yu et
al., 2022). Anti PD-1/PDL-1 antibodies, pembrolizumab and nivolumab have shown
efficacy in clinical trials for the treatment of metastatic HNSCC (Tan et al., 2023). Post-
hoc analysis of Pembrolizumab efficacy in the Phase IIl KEYNOTE study showed that
first line pembrolizumab and pembrolizumab-chemotherapy demonstrated survival
benefit compared to cetuximab-chemotherapy in metastatic HNSCC (Harrington et al.,
2023). Pembrolizumab and nivolumab are now recommended for second-line
treatment of recurring or metastatic HNSCC following platinum-containing therapy
(Harrington et al., 2023). There are multiple other potential immunosuppressive
checkpoint targets for HNSCC that have been investigated. Cytotoxic T-lymphoytes-
associated protein 4 (CTLA-4) binds to the antigen presenting cell (APC) surface
ligands CD80 and CD86 with a higher affinity to its homolog CD28 and functions to
inhibit T-cell response (Haddad et al., 2023). The CTLA-4 blocking antibody
ipilimumab is currently being tested clinically in HNSCC in combination with other
immunotherapies. A phase Il CheckMate-651 investigated the efficacy of ipilimumab
in combination with nivolumab compared to the EXTREME regimen (cisplatin and
fluorouracil cycles followed by cetuximab) for first-line treatment of metastatic HNSCC,

however this combination did not significantly improve overall survival (Haddad et al.,



2023). Other T-cell suppressor targets such as lymphocyte-activation gene 3 (LAG-3),
T-cell immunoglobulin and ITIM domain (TIGIT) and mucin domain-3 (TIM-3) have
shown promise pre-clinically and are currently being assessed in Phase | and Il trials

for HNSCC treatment (Yu et al., 2022).

1.2.2 HNSCC Biomarkers

Histologic grading is limited in that it cannot predict all changes present in HNSCC,
development, therefore molecular biomarkers are useful to indicate the risk of
progression (Perez-Ordofiez et al., 2006). Aldehyde dehydrogenase (ALDH) is a
potential predictive cytosolic enzyme involved in the reduction of oxidative stress. The
subtype ALDH1, induces retinoic acid signalling that causes “stemness” of cancer
stem cells. Liu et al used patient biopsies to reveal that just under 50% of oral lesions
positive for ALDH1 progressed to invasive carcinoma compared to around 13% with
ALDH1 negativity (Liu et al., 2013). There are multiple other potential markers that
have been linked to HNSCC including those relating to the cell cycle for example, p53,
as well as loss of heterozygosity at chromosomal loci, notably at chromosome 9p21

(Perez-Ordoriez et al., 2006).

An obstacle with immune checkpoint inhibitors is that only a subset of patients are able
to respond, therefore biomarkers for treatment outcome could help inform clinicians of
the best options for patient on an individual basis. PD-L1 is currently the most
promising marker with PD-L1 positive HNSCC patients treated with immune
checkpoint inhibitors showing improved overall survival at 6 and 12 months compared
to those with negative tumours, as showed in a meta-analysis of 11 clinical trials
(Huang 2021). Further indicators of immune checkpoint such as EGFR, TGF- and

PD-L2 are promising but warrant further study (Meliante et al., 2023).



Biomarkers from liquid biopsy are more favourable than surgical biopsies due to their
less invasive nature and ease of patient monitoring. Analytes from blood, urine,
plasma and saliva include cell-free DNA (cfDNA), circulating tumour cells (CTCs),
circulating RNAs and extracellular vesicles (EVs) (Chen et al.,, 2023). EVs are
appealing biomarkers due to their ability to harbour multiple cargo and they have been
used to successfully predict outcomes in multiple cancers via protein and RNA cargo

(Ciferri et al., 2021).

1.2.3 OSCC tumour microenvironment

Recent findings have implicated the tumour microenvironment (TME) as a major
contributor to cancer survival and progression. The stromal components of the TME,
such as cancer-associated fibroblasts (CAFs) and subpopulations of immune cells
interact with the tumour cells as well as each other cells via a network of cytokines,
chemokines, growth factors and extracellular matrix (ECM) proteins (Peltanova et al.,

2019).

CAFs are a prevalent cell type within the tumour stroma and function to modulate the
TME to create favourable conditions for tumour growth. CAFs are derived from
progenitors such as fibroblasts, pericytes or endothelial cells through mesothelial-
mesenchymal transition (MMT) and epithelial-mesenchymal transition (EMT),
respectively (Peltanova et al., 2019). Markers for myofibroblasts include platelet-
derived growth factor (PDGFR)-a, fibroblast activation protein (FAP) and the
commonly used a- smooth muscle actin (a-SMA), which is correlated with a poor
prognosis in oral carcinoma (Lim et al., 2011). However, it should be noted that a-SMA

has varying expression between CAF subtypes and is not a specific marker due to



significant expression in pericytes and smooth muscle cells (Nurmik et al., 2020). It
has previously been shown that CAFs produce high levels of chemokine CCL2, when
co-cultured with OSCC cells, which enhances reactive oxygen species (ROS)
production leading to increased PI3K/AKT signalling. ROS also activates nuclear
transcription factor-kappa B (NF-kB) and STAT3 which leads to constitutive
expression of CCL2 in CAFs, thus creating a favourable tumour growth environment
(Li et al., 2014). Furthermore, senescent CAFs derived from genetically unstable
OSCC have been shown to produce metalloproteinase-2 (MMP-2) which functions to
disrupt epithelial adhesion and allow induction of keratinocyte invasion, a possible

mechanism for metastatic dissemination (Hassona et al., 2014).

Furthermore, lysyl oxidase (LOX), shown to be highly expressed in CAFs, was
significantly linked to severity of malignancy and poor prognosis in OSCC (Zhang et
al., 2021a) . Invasion and EMT was increased in OSCC cells after culture with CAF
conditioned medium, however the effect was lessened with conditioned media from
LOX knockdown CAFs (CAF-shLOX). Collagen matrix stiffness was also increased
when CAF conditioned media was added but reduced with CAF-shLOX conditioned
media. OSCC cells cultured in this collagen matrix showed upregulation of FAK
phosphorylation, and an inhibitor of FAK reduced the CAF-derived LOX induced

proliferation and invasion ability of OSCC cells (Zhang et al., 2021a).

In terms of metabolism, it has been shown that OSCC CAFs preferentially use
oxidative phosphorylation and demonstrate a significantly higher ATP production
capacity compared to NOFs (Xiao et al., 2021). Proteomic analysis distinguished 183
differentially expressed proteins between mitochondria from CAFs and NOFs, and two
protein associated with oxidative phosphorylation were downregulated, ATP50 and
TRAP1 (Xiao et al., 2021). CAFs overexpressing TRAP1 (CAF-TRAP1) showed

8



reduced proliferation and oxidative phosphorylation. In vivo, mice were injected with
OSCC cells alone, with CAFs or with CAF- TRAPL1 cells. Tumours grew at a faster rate
when CAFs and OSCC cells were added, however at the end of the experiment those
mice bearing OSCC and CAF-TRAPL1 cells has significantly smaller tumours (Xiao et
al., 2021). This indicates that CAF metabolism is an important factor in promoting

OSCC tumour growth.

Tumour associated macrophages (TAM) are another large component of the TME.
Macrophages are mononucleated phagocytes which are involved in the adaptive and
innate immune response against pathogens (Peltanova et al., 2019). Macrophages
display plasticity between proinflammatory ‘M1’ and anti-inflammatory ‘M2’
phenotypes, with TAMs in the TME having been shown to display markers for both
phenotypes (Peltanova et al., 2019). Previous studies have shown that higher
concentrations of TAMs, mainly M2 subtype, are related to poor prognosis in OSCC
(Alves et al., 2018; Kumar et al., 2019). It has been shown that TAMs possessing the
CD206* M2 marker are located in OSCC tumours and promote proliferation and
invasion of OSCC cells via EGF secretion (Haque et al., 2019). Furthermore, OSCC
patients possessing this TAM subtype had a poorer prognosis, highlighting the pro-

tumoural effects of the M2 phenotype (Haque et al., 2019).

Other tissue infiltrating immune cells which have been shown to contribute to OSCC
prognosis are regulatory T-cells (Tregs). Tregs are a subset of T-cells which function
to regulate self-immunity as well as other immune cells such as B-cells, macrophages,
natural killer (NK) cells and other T-cells. Natural Tregs originating from the thymus
express CD25 and CD4 markers. These cells also express the forkhead box (FOXP3)
transcription factor, which is involved in regulating T-cell development and activity, to
dampen the immune response. Peripheral Tregs differentiate from mature CD4* T-

9



cells outside of the thymus, and require cytokines for activation (Peltanova et al.,
2019). Tregs isolated from tumours have shown to have greater inhibition of T-cell
proliferation than those isolated from peripheral blood, indicating that they are induced
towards a more immunosuppressive phenotype in the TME (Jie et al.,, 2013).
Moreover, studies have shown that an increase in Tregs in the oral cancer TME or

patient blood, is associated with a poorer prognosis (O’Higgins et al., 2018).

Natural killer cells make up around 10% of circulating lymphocytes and are
distinguished by their CD3'CD56* phenotype. They can be divided into two
subpopulations depending on CD56/CD16 density on the cell surface.
CD56P9CD169™ immature NK cells produce cytokines such as interferon gamma
(IFNy) and tumour necrosis factor alpha (TNF-a) which contribute to
immunomodulation. The majority of NK cells are mature CD569mCD16""9" cells, which
have a cytotoxic function towards invading pathogens, controlled by recognition of
activating and inhibitory receptors. NK cells in cancer patients have impaired function
due to downregulation of activating receptors and upregulation of inhibitory receptors
(Hu et al., 2019). MHC-class | chain related protein A (MICA) is a major ligand of
natural killer cell group 2 member D (NKG2D) which activates immune effector cells.
It has been shown that MICA expression in OSCC cells is lower than in NOK cells and
may therefore be a mechanism by which OSCC tumours evade the immune response
(Chen et al., 2015). Moreover, the inhibitory receptors NKG2A and PD-1 have been
demonstrated to be significantly overexpressed in tumour-associated NK cells from
HNSCC patients (Korrer et al., 2019). A systematic review and meta-analysis found
that higher numbers of CD57* NK cells, as well as CD163+ M2 macrophages, were a

good prognostic marker for OSCC (Hadler-Olsen et al., 2019).
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1.3 Extracellular vesicles

Extracellular vesicles (EVs) are phospholipid bilayer enclosed spherical vesicles
produced by all mammalian cells, as well as prokaryotes which are typically termed
outer membrane vesicles (OMVs). Eukaryotic EVs were originally thought to function
as cell-waste removers, however there is evidence that EVs play important roles in
signalling within and between cells (El Andaloussi et al., 2013). The term EVs refers
to all secreted membrane vesicles, however they are highly heterogenous in terms of
characteristics and function. EVs are commonly classified into three main types based
on biogenesis; exosomes, microvesicles and apoptotic bodies/EVs (Figure 1.1) (Van

Niel et al., 2018).
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Figure 1.1 ESCRT dependent and independent extracellular vesicle biogenesis. Exosomes originate
from early-endosomes formed from inward budding of the plasma membrane. Maturation of these early-
endosomes into MVBs involves the formation of ILVs through ESCRT-dependent and independent
mechanisms. MVBs are trafficked to lysosomes for degradation or to the cell surface by Rab GTPases. The
SNARE complex facilitates fusion with the plasma membrane for release of exosomes ranging from 30-100nm
in diameter. MVs are formed from outward budding of the plasma membrane resulting from a change in Ca2+
levels causing calcium dependent enzymes to modify the plasma membrane. This releases MVs typically 10-
100nm in diameter.
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1.3.1 EV Biogenesis

1.3.1.1 Exosomes

Initially the term ‘exosome’ was used to describe vesicles released from multivesicular
bodies during reticulocyte development (Johnstone et al., 1987). However, in the
1990s Raposo et al demonstrated that exosomes have an immune stimulatory effect
when released from B-lymphocytes, initiating further research into characterising the
function of exosomes (Raposo et al., 1996). Exosomes are now defined as vesicles
ranging from 30-100 nm in size, originating from inward budding of the cell membrane
to form early endosomes. Multivesicular bodies (MVBSs) are then formed by a second
inward budding of the endosomal membrane resulting in intraluminal vesicles

(ILVs)(Zhang et al., 2019).

The formation of ILVs requires the endosomal sorting complex required for transport
(ESCRT) machinery, which comprises around 30 proteins in vertebrates. The ESCRT
protein complexes are classified into four groups; ESCRT-0, I, Il and lll. ESCRT-0
comprises the subunit HGF-regulated tyrosine kinase substrate (HGS) which
recognises mono-ubiquitinated proteins and sequesters them to specific domains of
the endosomal membrane due to its ability to bind phosphatidylinositol 3-phosphate
(PI3P). HGS recruits TSG101, a member of the ESCRT-I complex which in turn
recruits ESCRT-II to the site. Both ESCRT-I and -1l sort ubiquitinated cargos at ILV,
as well as ESCRT-0, and bind with ESCRT-III which is involved with invagination and
constriction of the membrane to form ILVs. ESCRT-IIl is activated via ESCRT-Il or
ESCRT-I which causes ESCRT-III proteins to polymerise and form helical tubular

structures which deforms the membrane causing constriction (Caillat et al., 2019). The
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ATPase sorting protein VPS4 disassembles ESCRT-III polymers allowing them to be
recycled and separate from the MVB membrane allowing membrane fission (Maity et

al., 2019).

There is some controversy concerning whether exosome release is an ESCRT-
regulated mechanism. However, it has been shown that ESCRT and associating
proteins are necessary for exosome formation. Alix, associated with ESCRT proteins
TSG101 and CHMP4, is involved in endosomal budding and abscission as well as
cargo sorting through syndecan-syntenin (Baietti et al., 2012). Moreover, inhibition of
Alix impairs the ability of dendritic cells to secrete CD63 enriched exosomes (Colombo,

et al., 2013).

However, depletion of ESCRT subunits does not fully ablate the formation of MVBSs,
indicating that there are ESCRT-independent mechanisms of exosome formation.
Raft-based microdomains highly enriched in sphingomyelinases have a role in the
lateral segregation of cargo within the endosomal membrane. Ceramides are formed
from sphingomyelinases by hydrolytic removal of the phosphocholine group by neutral
sphingomyelinase (nSMase) enzymes. The inhibition of nSMase2 enzyme has been
shown to reduce the release of exosomal EGFP-CD63 from transfected prostate cells,
thus implicating the role of ceramides in exosome formation (Trajkovic et al., 2008).
Although the exact mechanism for this is unknown, it may be due to the cone-shaped
structure of ceramide promoting domain-induced budding by spontaneous negative

curvature of the endosomal membrane (Zhang et al., 2019).

The transmembrane tetraspanin proteins also play a role in exosome biogenesis via
tetraspanin-enriched microdomains (TEMs). TEMs are involved in receptor and

signalling protein compartmentalisation in the plasma membrane. Concomitant knock-

14



down of tetraspanin CD63 by CRISPR/Cas9 in HEK293 cells has been shown to
reduce the secretion of exosomes, highlighting the role of tetraspanins in exosome
biogenesis (Hurwitz et al., 2016). Interestingly, CD63 has been shown to co-
accumulate with syndecan, syntenin and Alix in certain vesicle population, suggesting

a possible interaction for the formation of a subset of exosomes (Baietti et al., 2012).

MVBs are either directed to lysosomes for content degradation or transported to the
cell periphery for exosome release, requiring molecular machinery for trafficking,
docking and fusion to the plasma membrane. This process requires regulation by
cytoskeleton molecules, myosins and kinesins, Rab GTPases, fusion machinery and
tethering factors. The Rab GTPases are the largest family of small GTPases and are
implicated in vesicle budding, transport along actin and tubulin, docking and
membrane fusion (Hessvik et al., 2018). The first Rab GTPase shown to be involved
in exosome production was Rabll, whereby the creation of a dominant-negative
Rab11l human leukemic cell line inhibited exosome release (Vidal et al., 1997).
Proteomic analysis of purified oligodendrocyte exosomes showed a relativity high
number of Rab GTPases, however the relative expression of Rab35 was found to be
the most abundant (Hsu et al., 2010). Inhibition of Rab35 using a dominant-negative
mutant Rab35 and RNAIi knockdown significantly reduced exosome secretion and
increased the accumulation of late endosomes, indicating that Rab35 has a role in
vesicle trafficking to the plasma membrane (Hsu et al., 2010). Similar techniques were
used to determine that both Rab27a and Rab27b promote exosome secretion in HeLa
cells by enabling MVB docking at the plasma membrane (Ostrowski et al., 2010). More
recently it has been shown that the kidney and brain expressed protein (KIBRA)
stabilises Rab27a by preventing its degradation through the ubiquitin-proteasome

pathway and its knockdown decreased both Rab27a expression and exosome
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secretion (Song et al., 2019). In addition, the subcellular location and expression of an
early endosome marker in KIBRA-KD cells was not altered compared to control cells,
indicating KIBRA is involved in MVB transport rather than formation (Song et al.,

2019).

The soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARES)
are also known to be involved in vesicle-membrane fusion. A SNARE complex
comprises of family members R-or Q-SNARE fused to form four coiled-coil helices
(Hessvik et al., 2018). The R-SNARE protein, YKT6, plays a key role in exosome
release as knockdown in two independent cell lines has been shown to reduce levels
of exosome associated TSG101 (Gross et al., 2012; Ruiz-Martinez et al., 2016).
Furthermore the over expression of the N-terminal domain of VAMP7 (R-SNARE),
known to hinder SNARE complex formation, causes enlargement of MVBs with greater
localisation at the cell periphery (Fader et al., 2009). In addition, VAMP7 co-localised
with the late-endosomal marker CD63, implying it plays a role in the later stages of the

MVB pathway and membrane docking (Fader et al., 2009).

1.3.1.2 Microvesicles

Microvesicles (MVs) typically range from around 100-1000 nm in diameter and are
formed by outward budding or pinching of the plasma membrane (Sedgwick et al.,
2018). Difficulty in distinguishing EV subtypes often arises due to overlap in sizes of
smaller MVs and exosomes (100-150 nm) (Brennan et al., 2020). MVs were first
described as ‘platelet dust’ as they were sedimented from blood by high-speed

centrifugation and shown to possess coagulation properties (Wolf, 1967).

Outward budding and fission of the plasma membrane requires molecular

rearrangements at specific sites of MV origin and includes changes in lipid and protein
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composition as well as Ca?* levels. MVs have distinctive lipid characteristics such as
phosphatidylserines (PS) located externally rather than on the internal leaflet of the
membrane (Catalano et al., 2020). PS has an upright cone shape and induces
membrane fusion upon binding of divalent cations (Kinnunen et al., 2000). Lipid raft
domains are also enriched in MVs and depletion of cholesterol has been shown to
reduce MV formation (Del Conde et al., 2005). A change in Ca?* levels induces
calcium-dependent enzymes such as floppase, flippase and scramblase to modify the
plasma membrane by translocating phospholipids between membrane leaflets
(Catalano et al., 2020). Sustained increase in cytosolic Ca?* inhibits flippase from
moving PS inward causing it to be expressed on the surface and activating cytosolic
proteins involved in cytoskeletal remodelling (Taylor et al., 2019) Two mechanisms of
cytoskeletal remodelling involve calpains and apoptosis-induced MV release. Calpains
are a family of Ca?*-dependent cysteine proteases responsible for cytoskeletal
remodelling and specific inhibition in cells has been shown to significantly reduce MV
release (Roseblade et al., 2015). Alternatively, during apoptosis caspase-3 mediates
the cleavage of ROCK1 which phosphorylates myosin light chain kinase via Rho-
kinase leading to membrane blebbing (Sebbagh et al., 2001). The small GTPase Rho
family play a key role in cytoskeleton contractility as well as actin assembly thereby
participating in MV release from the plasma membrane. Li et al demonstrated that MV
release in cancer cells is controlled through a Rho-dependent signalling pathway,
activated by EGF (Li et al.,, 2012). RhoA activates downstream effectors which
phosphorylate cofilin leading to the extension of actin fibres, a possible mechanism for
the formation of an actin-ring structure which is implicated in MV biogenesis (Li et al.,

2012).
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Although the majority of research implicates the ESCRT machinery in exosome
biogenesis, there is suggestion that ESCRT proteins are also involved in MV release.
Nabhan et al showed that arrestin domain-containing protein (ARRDC1) is localised
at the plasma membrane and its overexpression results in localisation of TSG101 at
the surface from the cytosol. Furthermore, introduction of a mutation in the TSG101
binding motif in ARRDC1 abrogated TSG101 recruitment to the plasma membrane

and inhibited MV production (Nabhan et al., 2012).

1.3.1.3 Apoptotic bodies/EVs

Apoptotic bodies are the largest EV subtype, ranging between 1-5 ym, and are
secreted during programmed cell death during a process termed apoptotic cell (AC)
disassembly. This involves shortening of the cell nucleus, blebbing of the plasma
membrane and fragmentation of cellular components into apoptotic bodies (Anand et
al., 2019). However, apoptotic membrane blebbing does not produce apoptotic bodies
in certain cell types indicating the use of alternate mechanisms for apoptotic body
biogenesis (Atkin-Smith et al., 2015). Such processes include the formation of
microtubule spikes, apoptopodia and beaded-apoptopodia, the latter are formed after
an absence of membrane blebbing (Atkin-Smith et al., 2017). ACs are also known to
produce smaller EVs by similar mechanisms, however evidence for a distinguished
biogenesis pathway is lacking (Grant et al., 2019). AC EVs contain signals involved in
phagocyte recruitment thereby aiding in AC clearance, however more investigation is
needed to characterise the function of these EVs (Grant et al., 2019). It should be
noted that ‘Minimal information for studies of extracellular vesicles 2018’ (MISEV2018)
guidelines suggest cell viability be estimated to ensure apoptotic EVs are minimised

in MV or exosome preparations (Théry et al., 2018).
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1.3.2 EV Cargo

Exosomes contain endosome-associated proteins such as Rab GTPase and
SNAREs, as well as Alix and TSG101 which are involved in MVB biogenesis.
Membrane proteins such as tetraspanins that cluster at microdomains on the plasma
membrane are also enriched on EVs. Tetraspanins are a family of more than 30
proteins that are composed of four transmembrane domains and include members
such as CD9, CD63 and CD81 which are commonly used EV markers. EVs also
contain proteins  that associate  with lipid rafts, for  example
glycosylphosphatidylinositol-anchored proteins. Exosomes from a variety of cells are
enriched in cholesterol, sphingomyelin and hexosylceramides which play a structural
role as well as exosome formation (Skotland et al., 2019). There is less knowledge
surrounding MV protein and lipid content and if cargo is enriched relative to their
plasma membrane of origin (Raposo et al., 2013). Apart from proteins, EVs also carry
nucleic acids including DNA and RNAs (mMRNAs and non-coding RNAs). Many RNAs
that have been isolated from EVs have enriched RNA profiles relative to the originating
cell as well as being differentially sorted depending on their sequence, indicating that
these RNAs are selectively loaded into EVs (Villarroya-Beltri et al., 2013).
Components of the RNA-induced silencing complex (RISC), AGO2 and GW182, have
been shown to be co-expressed with MVB markers suggesting a mechanism whereby
miRNAs may be packaged in to exosomes (Bhome et al., 2018). However, further
studies are necessary to uncover specific mechanisms of how RNAs are sorted into

EVs are necessary and may identify potential therapeutic targets (Chen et al., 2012).
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1.4 Therole of EVs in cancer

It has been well established that cancer patients maintain significantly higher levels of
EVs in their blood compared to their healthy counterparts (Logozzi et al., 2009; Eldh
et al., 2014; Konig et al., 2017). This may be attributed to overexpression or
hyperactivation of biogenesis components in cancer cells, for example elevated Rho-
ROCK signalling observed in various tumour types (Morgan-Fisher et al., 2013). In
addition, it has been shown that EGFRvVIII expression in cancer cells promotes the
formation of MVs (Al-Nedawi et al., 2008). These MVs were able to transfer EGFRIII
and activate oncogenic signalling in recipient cancer cells, thus demonstrating the role
of EVs in promoting an oncogenic switch (Al-Nedawi et al., 2008). Similarly, Lee et al
demonstrated that the oncogene H-ras increases the production of EVs which contain
double stranded DNA fragments including H-ras and N-ras (Lee et al., 2014). This
indicates a possible positive feedback mechanism for the increase in oncogenic
phenotype between cells via EVs. Furthermore, microenvironmental conditions such
as hypoxia, have been shown to enhance EV release in cancer cells by different
mechanisms for MVs and exosomes (King et al., 2012; Bebelman et al., 2018).
Moreover, EVs derived from hypoxic tumour cells contribute to cancer progression
through the transfer of miRNA to normoxic cells, inducing an epithelial mesenchymal

transition (EMT) switch and promoting invasion and metastasis (Li et al., 2016).

1.4.1 The role of extracellular vesicles in head and neck cancer

The tumour mass is made up of heterogenous cancer cells which communicate via
direct and indirect signalling to create a premetastatic microenvironment and promote

tumour recurrence and spread. EVs have been implicated in contributing to the
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progression of head and neck cancer (HNC) by facilitating cross-talk (Figure 1.2)
(Qadir et al., 2018). The treatment of mice bearing pre-malignant oral lesions with
exosomes isolated from HNSCC cell lines increased the tumour development and
burden, as well as reducing the immune cell infiltration into the tumour (Razzo et al.,

2019). This implicates EVs as contributors to OSCC development and progression.

Sento et al demonstrated that the oncogenic pathways; PI3K/Akt, MAPK/ERK and
JNK-12 pathways were activated in OSCC cells treated with OSCC cell-derived
exosomes (Sento et al., 2016). Recipient OSCC cells demonstrated a significant

increase in proliferation, migration and invasion (Sento et al., 2016).

Transcriptome analysis of primary oral keratinocytes treated with HNSCC cell line-
derived exosomes showed that the expression of genes associated with matrix
remodelling, cell cycle, membrane remodelling, differentiation, apoptosis and
transcription/translation were altered (Qadir et al., 2018). The same study also showed
that cancer-derived exosomes induced a stronger upregulation of matrix
metalloproteinase 9 (MMP-9), from a family of proteins involved in cell migration and
invasion, in recipient cells (Qadir et al., 2018). Moreover, MMP-13 was found to be
enriched in nasopharyngeal cancer (NPC)-derived exosomes in a hypoxia-induced
factor-1a (HIF-1a)-dependent manner (Shan et al., 2018). These exosomes facilitated
migration in equivalent NPC cells, and depletion of HIF-1a induced a decrease in
exosomal MMP-13 leading to reduced invasion and migration (You et al., 2015; Shan

et al., 2018). It has also been shown that HIF-1a delivered by exosomes causes
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Figure 1.2 The multiple roles of extracellular vesicles in the oral cancer microenvironment. OSCC cell EVs promote the upregulation of oncogenic pathways,
increase expression of MMPs involved in invasion and migration, and modulate the metabolism of CAFs via CAV1 to support tumour growth. OSCC EVs containing
miR-21 promote the M2 phenotype in macrophages leading to increased tumour growth and suppression of the cytotoxic effect of T-cells via exosomal Gal-1.
Hypoxic OSCC exosomes contain miR-21 that enhance the suppressive effect of MDSCs and downregulate y&T-cell toxicity via PTEN and PD-L1. NK cells receiving
NAP1 from OSCC exosomes display enhanced cytotoxic activity via the release of cancer supressing factors. CAF-derived EV cargo increases TGF3 and AKT/GSK-
3B/B-catenin signalling and derepress BCL2 in OSCC cells to increase proliferation. OSCC MVs abundant in Shh promote angiogenesis via the RhoA/ROCK
signalling pathway in endothelial cells, however EVs from highly invasive OSCC cells inhibit endothelial cell tube formation and proliferation.
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changes in the expression of E- and N-cadherins associated with the EMT

phenotype in NPC cells (Aga et al., 2014).

Exosomes derived from highly metastatic OSCC cells were able to induce a metastatic
phenotype in non-metastatic OSCC cell clones from the same patient (Morioka et al.,
2016). This led to a reduction in MRNA expression of cytokeratin 13 in recipient cells,

associated with malignant transformation (Morioka et al., 2016).

In addition to proteins, non-coding RNAs have been implicated in HNSCC tumour
progression. Comparison of miRNA cargo of EVs derived from oropharyngeal cancer
cell lines showed differential signatures based on HPV status, as well as multiple
cancer related pathways predicted to be targeted by enriched miRNAs (Peacock et
al., 2018). MiR-1246 was shown to be highly expressed in oesophageal squamous
cell carcinoma (ESCC) as well as OSCC-derived exosomes and is a potential
diagnostic and prognostic marker for ESCC despite not being upregulated in tissue

samples (Takeshita et al., 2013; Lin et al., 2018).

Furthermore, miR-27a was found to be upregulated in laryngeal squamous cell
carcinoma (LSCC) cells treated with LSCC patient serum-derived EVs (Shuang et al.,
2022). These cells demonstrated increased proliferative and Wnt/B-catenin pathway
activity, but also reduced SMAD4 expression. SMAD4 was shown to be targeted by
miR-27a via a luciferase reporter assay and transfecting cells with miR-27a mimic
increased tumourigenesis both in vitro and in vivo (Shuang et al.,, 2022). This
implicates LSCC-derived EV cargo in further promoting cancer progression in already
transformed cells. Also in LSCC, Huang et al confirmed the ability of LSCC cells to
uptake EVs enriched with miR-1246 (Huang et al., 2020). Inhibition of miR-1246

reduced the migration and invasiveness of LSCC cells and halted cells in G1 phase of
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the cell cycle (Huang et al., 2020). It has been shown that miR-1246 downregulates
CCNG2 (encoding cyclin G2), leading to enhanced cancer cell proliferation (Lin et al.,
2018; Huang et al., 2020). However, Sakha et al demonstrated that exosomal miR-
1246 did not significantly increase proliferation in OSCC cells but was able to increase
the motility of poorly metastatic OSCC cells via suppression of DENN/MADD Domain

Containing 2D (DENND2D) (Sakha et al., 2016).

In relation to early-stage cancer, it has been shown that OSCC-EVs enhance
proliferation, migration and invasion of normal epithelial cells, but inhibit their apoptosis
(Liang et al., 2022). Protein expression of mesenchymal markers such as N-cadherin
and vimentin were increased, and epithelial marker E-cadherin was decreased in
epithelial cells receiving OSCC-EVs (Fujiwara et al., 2018; Liang et al., 2022). Along
with a change in morphology from oval to spindle shaped, this suggests that normal
epithelial cells undergo EMT and are transformed by OSCC-EV to a precancerous
state (Fujiwara et al., 2018; Liang et al., 2022). Moreover, OSCC-EV treated epithelial
cells showed a significant reduction in tumour suppressors p53 and PTEN due to the
PTEN targeting EV cargo miR-let-c. Inhibition of miR-let-c increased apoptotic markers
and reduced EMT markers in epithelial cells treated with OSCC-EVs, implicating EV

derived miRNA cargo in malignant transformation of normal cells (Liang et al., 2022).

MiR-200c-3p is a member of the miR-200 family and has been implicated in promoting
metastasis in many human cancers, however there are differing conclusions as to
whether miR-200c acts as an oncogene or not in HNSCCs (Zhang et al., 2016).
Microarray analysis of OSCC cell line-derived exosomes found 32 differentially
expressed miRNAs (Kawakubo-Yasukochi et al., 2018). Of these, miR-200c-3p was
found to enhance the invasive capacity of a non-metastatic tongue cancer cell line by
decreasing expression of WRN and CHD?9, involved in genetic stability and chromatin
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remodelling, respectively (Kawakubo-Yasukochi et al., 2018). This study supports
conclusions that upregulation of miR-200c is associated with poorer prognosis in
various cancers (Zhang et al., 2016). However, a separate study showed that this was
the opposite for OSCC in that the downregulation of miR-200c correlated with a later
tumour stage, enhanced recurrence and a poorer overall survival (Song et al., 2020).
Supporting this, Xie et al demonstrated that miR-200c inhibited the proliferation of
OSCC cells by downregulating Akt and Glut4, involved in cell growth and glucose
uptake respectively (Xie et al., 2018). Moreover, miR-200c has been shown to
negatively regulate Zinc finger E-box-binding homeobox (ZEB1), thus reducing EMT
and the metastatic potential of OSCC cells (Yan et al.,, 2018). These data would
suggest that the downregulation of miR-200c is pro-oncogenic in OSCC, however it
was not determined whether this is specific to EVs. It may be possible that miR-200c-
3p is specifically packaged into EVs by OSCC cells as a means to enhance its

expression in less metastatic cells in the heterotypic tumour microenvironment.

1.4.2 The role of EVs in the tumour microenvironment

1.4.2.1 Cancer-Associated Fibroblasts

As previously described, there is substantial evidence for the role of CAFs in
tumourigenesis, invasion and metastasis (Li et al., 2014; Hassona et al., 2014) . The
frequency and distribution of CAFs in OSCC of the tongue has been shown to be an
independent prognostic factor, having a strong negative correlation with overall
survival and disease-free survival (Li et al., 2015). Moreover, treatment with CAF
conditioned media increased the proliferation and invasion of OSCC cells lines (Li et

al., 2015). Studies looking to identify differences in the OSCC CAF secretome have
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found that exosomes contain a higher number of cancer associated proteins involved
in; tissue polarity, cell communication, wounding, cell motility, cell communication and
a notably strong association of CAF exosome cargo with metabolism and energy
pathways (Principe et al., 2018; Dourado et al., 2019). There is evidence that OSCC-
derived MVs cause a metabolic switch in CAFs through downregulation of caveolin 1
(CAV1), causing an increase in glucose uptake and lactate production (Jiang et al.,
2019). This suggests that OSCC EVs play a role in switching CAFs to aerobic

glycolysis which in turn supports tumour growth.

It has been previously shown that transforming TGF-f3 is expressed on the surface of
cancer derived exosomes and can activate the SMAD3-related signalling pathway in
CAFs (Webber et al., 2010).Transforming growth factor B (TGF-B) is a secreted
cytokine stored in the extracellular matrix existing as a latent complex. Upon activation
it binds to the TGF-f receptor (transforming growth factor 8 (TBR) complex resulting
in initiation of multiple downstream signalling pathways involved in growth, EMT, and
many other cell functions (Pang et al., 2018). As in many cancers, the role of TGF-$3
in HNSCC is unclear due to its dual role as a tumour promotor and suppressor
depending on the context. However, its over expression has been noted in human
HNSCC samples and in a mouse model this overexpression lead to epithelial
hyperproliferation amongst other pro-oncogenic effects (Lu et al., 2004). In multiple
cancers TGF-B has been shown to associate with EVs, either on their surface or also
within the lumen, as seen in HNSCC EVs (Webber et al., 2010; Goulet et al., 2018).
TGF-B associated with cancer derived EVs have been shown to activate fibroblasts
and promote angiogenic phenotypes in endothelial cells and macrophages (Ludwig et

al., 2018, 2022). This information, coupled with the fact that HNSCC patient derived

26



EVs have been shown to associate with TGF-$ in higher levels than healthy controls,

points to this EV cargo being a potential drug target (Ludwig et al., 2023).

OSCC cells treated with CAF-derived EVs displayed modulated genes with SMAD3
being the most associated transcription factor (Dourado et al., 2019). Although SMAD3
was not detected in EVs, SMAD3 interacting proteins were overexpressed, indicating
EV cargo interacts with the transcription factor to modulate gene expression in cancer
cells (Dourado et al., 2019). Furthermore, OSCC patient derived fibroblast exosomes
have been shown to contain TRRII (TGF-B type |l receptor), and when incubated with
TBRII SCC cells deficient in TGF-B ligand response, increased TGF-$ signalling
(Languino et al., 2016). Interestingly, exosome transfer increased levels of SMAD2
phosphorylation but not SMAD3, therefore it is possible that this effect is due to other

components such a miRNAs present in CAF-exosomes (Languino et al., 2016)

The altered exosomal non-coding RNA (ncRNA) profile of OSCC-derived CAFs
compared to NOFs has been shown to contribute to progression, invasion and
metastasis of OSCC (Yap et al., 2020). The overexpression of miR-382-5p in OSCC-
derived CAFs has been demonstrated to be transported by exosomes to OSCC cells
and enhance migration and invasion (Sun et al., 2019). Moreover, the expression of
miR-382-5p showed a positive correlation with OSCC metastasis in patients, however
did not correlate with CAF density indicating a one way communication from CAFs to

OSCC cells via exosomes (Sun et al., 2019).

MiRNAs can also negatively regulate oncogenic gene expression, meaning a lack of
specific miRNAs can contribute to OSCC. Li et al found that miR-34a-5p binds to and
downregulates AXL which in turn reduces the activity of the AKT/GSK-3[/B-catenin

signalling pathway responsible for proliferation (Li et al., 2018). In addition, miR-34a-
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5p expression levels were shown to be low in OSCC CAF-derived exosomes, and
overexpression of miR-34a-5p significantly reduced OSCC proliferation, migration and
invasion (Li et al., 2018). MiR-3188 is also reduced in exosomal OSCC-derived CAFs
and these exosomes are able to be transferred to HNSCC cells leading to increased
proliferation and reduced apoptosis via derepression of B-cell lymphoma 2 (BCL2)
(Wang et al., 2019). Therefore, the transfer of exosomes lacking inhibitory miRNAs
from CAFs to HNSCC contributes to tumour progression through decreased oncogene
suppression. One explanation as to how miRNAs are suppressed is the presence of
mMiRNA sponges in exosomes. Jin et al revealed that miR-14 is downregulated by
IncRNA TIRY, which when overexpressed in CAFs promoted invasion and metastasis
of OSCC cells via miR-14 devoid exosomes activating the Wnt/B-catenin signalling

pathway and enhancing EMT (Jin et al., 2020).

More recently, CAF-derived exosomes have been shown to promote metastasis and
EMT of ESCC cells via long intergenic non-protein coding RNA (LINCO0)-1410 (Shi et
al., 2022). Further investigation found that LINC01410 contained binding sequences
for miR-122-5p, with pyruvate kinase M2 (PKM2), involved in cancer metabolism,
being the predicted target for this miRNA. Overexpression of LINC01410 increased
migration and invasion in ESCC cells, whilst this was decreased with transfection of
an miR-122-5p mimic. The addition of over expressing PKM2 rescued levels of
migration and invasion, indicating that LINC01410 sponges miR-122-5p to enhance
PKM2 expression (Shi et al., 2022). These data suggest that CAF-EV IncRNA cargo

may sponge tumour-supressing miRNAs.
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1.4.2.2 Immune cells

Intravenous injection of tumour-derived exosomes into mice bearing premalignant
OSCC lesions has been shown to reduce immune cell invasion into the tumour mass,
thus implicating EV communication as a method of immune evasion in OSCC (Razzo
et al., 2019). It has previously been shown that exosomal transfer of the
proinflammatory thrombospondin 1 (THSB1) from OSCC cells to TAMs causes
polarisation to an M1-like phenotype (Xiao et al., 2018). Conditioned media from M1-
TAMs was shown to have elevated IL-6 levels and increase colony formation, invasion
and migratory ability of OSCC cells (Lu et al., 2022; You et al., 2022). Inhibition of IL-
6 in the CM significantly blocked its pro-tumourigenic effects, namely abrogating
invasion and migration of OSCC cells (You et al., 2022). In contrast, a separate study
found that IncRNA HOXA transcript at the distal tip (HOTTIP) was upregulated in M1-
derived exosomes, and these exosomes supressed proliferation, migration and
invasion of cancer cells (Jiang et al., 2022). Mechanistically, this was revealed to be
due to HOTTIP competitively sponging miR-19a-3p and miR-19b-3p and activating the

TLR5/NF-kB signalling pathway (Jiang et al., 2022).

The evidence for the role of M1 derived EVs in OSCC is conflicting, however there is
a larger body of literature demonstrating that macrophages in contact with OSCC EVs
shift preferentially towards an M2 phenotype. Cai et al found that co-culture of OSCC
cell lines and macrophages caused a higher expression of M2 markers, and media
taken from this co-culture promoted the invasion and proliferation of OSCC cells (Cai

et al., 2019).

It has been shown that monocytes treated with HNSCC-derived exosomes displayed

a higher expression of M2 markers than M1 (Hsieh et al., 2018). This was due to Snalil
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directly activating the transcription of MIR21 leading to miR-21 abundant HNSCC-
exosomes which promoted M2 polarisation, angiogenesis and tumour growth (Hsieh
et al., 2018). High levels of miR-21 have also been found in the plasma of patients
with OSCC, however uptake of these into monocytes increased pro-inflammatory
NFkB signalling which would suggest an M1 phenotypic shift (Momen-Heravi et al.,
2018). Macrophages treated with OSCC cell line derived EVs showed increased
protein expression of pro-tumourigenic IL-6, COX2 and VEGF, however the effect of

this on OSCC cells functionally was not investigated (Momen-Heravi et al., 2018).

Proinflammatory related cytokines, IL-10, TNF-a and TGF-B1 have been shown to be
upregulated in CD73" OSCC-EV educated TAMs, indicating a shift to an M2
phenotype (Lu et al., 2022). Co-culture of macrophages with CD73*" EVs induced
translocation of p65 to the nucleus indicating NF-kB pathway activation, which is an
effector of the aforementioned cytokines. These EVs also influenced TAMs to express
greater levels of immunosuppressive LAG3, CD279 and CD274, showing that CD73*
OSCC EVs induce macrophages to aid in immune escape and tumour progression

(Lu et al., 2022).

There is also increasing evidence for OSCC-EV influenced macrophages on other cell
types in the TME. TGFB* HNSCC-EVs caused an M2 shift in macrophages and an
increase in pro-angiogenic factors. Although this study did not look at the effect of
HNSCC-EV programmed macrophages on endothelial cells directly, mice injected with

cancer-EVs showed enhanced vascularisation (Ludwig et al., 2022).

Due to tumour cells expressing membrane bound Fas ligand (FasL), a high number of
T-cells undergo apoptosis in the OSCC tumour allowing evasion of the immune

system. Fas-L positive vesicles have also been detected in the sera of OSCC patients,
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and induced apoptosis in Jurkat cells and T-cell blasts as indicated by caspase-3
cleavage and cytochrome c release (Jeong et al., 2005). In patients, a high content of
FasL in MVs significantly correlated to tumour stage, implicating MVs as prognostic

markers (Jeong et al., 2005).

Tumours are also known to influence CD8* T cells to display an immunosuppressive
activity and reduce their cytotoxic effect (Filaci et al., 2007). HNSCC cell line-derived
exosomes induce a suppressive phenotype in CD8* T cells and contain unique
proteins such as galectin 1 (Gal-1), which is a recognised immunosuppressor known
to stimulate apoptosis in effector T-cells (Maybruck et al., 2017). Stable knockout of
Gal-1 in a HNSCC cell line produced exosomes that were less able to induce a T cell
suppressive phenotype, highlighting exosomal Gal-1 as an important regulator of
immune response in HNSCC (Maybruck et al.,, 2017). Additionally, studies
investigating the importance of the hypoxic tumour microenvironment have shown that
hypoxic OSCC-exosomes promote the downregulation of gamma delta (yd) T-cell
toxicity by enhancing the suppressive effect of myeloid-derived suppressor cells
(MDSCs) (Li et al.,, 2019). This suppressive effect was achieved in a miR-
21/PTEN/PD-L1-axis-dependent manner, demonstrated by treatment of miR-21 KD
exosomes and anti-PDL-1 in OSCC tumour bearing immunocompetent mice

significantly slowing tumour growth (Li et al., 2019).

NK cells also uptake OSCC-derived exosomes, however it has been reported that they
regulate an anti-tumour response (Al-Samadi et al., 2017; Wang et al., 2018). OSCC
cell line-derived exosomes have been shown to enhance the cytotoxic activity of NK
cells and reduce the survival rate of OSCC cells in co-culture with NK cells (Al-Samadi
et al., 2017; Wang et al., 2018). Antibody array showed that in NK-cells pre-treated
with OSCC exosomes, IRF-3 was significantly upregulated, as well as downstream
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inflammatory cytokines, chemokines and co-stimulatory molecules known to suppress
cancer cells. Exosomal NF-kB-activating kinase-associated protein 1 (NAP1) was
found to be responsible for initiating IRF-3 signalling in NK cells and enhancing their
cytotoxic activity (Wang et al., 2018). A high number of CD57-positive NK cells in
patients in associated with a significant survival benefit, however there was is no link
when using a pan-marker indicating that exosomal cargo may be specific to NK

subtypes (Hadler-Olsen et al., 2019).

1.4.2.3 Endothelial cells

Exosomes derived from HNSCC cell lines also contain angiogenesis-related proteins
and are able to increase VEGF and VEGFR2 levels in recipient HUVEC cells when
co-incubated (Morioka et al., 2016; Ludwig et al., 2018). Furthermore, HNSCC cell
line-derived exosomes stimulated the proliferation, migration and tube formation of
HUVECSs in vitro, and in vivo increased pericyte coverage of blood vessels within
tumours (Morioka et al.,, 2016; Ludwig et al., 2018). You et al detected the
overexpression of MMP13 in NPC cell exosomes, which when internalised by
HUVECSs, increased tube formation (You et al., 2015). Exosomes have also been
implicated in promoting OSCC Iymph node metastasis by enhancing
lymphangiogenesis, which is impaired by laminin-332 y2 inhibition in exosomes (Wang
et al., 2019). Moreover, laminin-332 was found in higher levels in the plasma EVs from
OSCC patients with lymph node metastasis than healthy controls or OSCC patients
without lymphatic metastasis (Wang et al., 2019). The Sonic Hedgehog (Shh) protein,
known for its role in embryonic development and angiogenesis was also found to be
positively associated with lymph node metastasis, as well as microvessel density
(MVD) (Huaitong et al., 2017). The same study showed that Cal-27, tongue carcinoma,
cell line releases MVs abundant in Shh, which is 5-fold higher than in parent cells
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(Huaitong et al., 2017). The application of a RhoA inhibitor reduced MV-induced tube
formation, indicating Cal-27 MVs promote angiogenesis via the RhoA/ROCK signalling

pathway (Huaitong et al., 2017).

Most recently, literature has emerged surrounding the role exosomal miRNA in
angiogenesis. One study focussed on miR-221 which was shown to be upregulated in
OSSC tissue and cell line, in parallel with a downregulation of PIK3RI. It was
determined that OSCC-derived exosomal miR-211 could negatively regulate PIK2RI

expression and promote endothelial cell migration and angiogenesis (He et al., 2021)

This evidence suggests that HNSCC-derived EVs contribute to angiogenesis.
However, de Andrade et al found opposing function of EVs depending on their cell of
origin (de Andrade et al., 2018). The SCC15 cell line with a low invasive phenotype
produced exosomes that significantly increased HUVEC tube formation, migration and
number of apoptotic bodies, whereas the highly invasive HSC3 cell line EVs inhibited
tube formation and proliferation (de Andrade et al., 2018). EVs derived from both cell
lines were characterised as being similar in size and concentration, however there
were differences in CD63 and annexin Il levels which may warrant further investigation

(de Andrade et al., 2018).
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1.5 Investigating the role of EVs using 3D models of cancer

It is widely acknowledged that polystyrene used in 2D cell culture vessels is not
representative of the biological environment present in living systems. Cellular
monolayers lack complexity in terms of morphology, growth behaviour and cell-cell
and ECM interactions. 3D models more closely mimic the gene expression, cell
phenotype and tumour behaviour that would occur in organisms, thus improving
physiological relevance and potentially reducing the necessity for animal testing
(Pampaloni et al., 2007). The majority of research investigating the role of EVs in
cellular communication currently utilises 2D monolayer cultures, however it has been
shown that these may not be representative of in vivo systems in terms of secretion

dynamics and molecular cargo (Rocha et al., 2019; Thippabhotla et al., 2019).

Studies employing artificial matrices to form tumour spheroids have found that
culturing tumour cells in this 3D approach increases the EV secretion rate and favours
the production of smaller sized EVs (Villasante et al., 2016; Rocha et al., 2019;
Thippabhotla et al., 2019). Thippabhotla et al observed that EVs derived from cervical
cancer cells cultured in a peptide hydrogel scaffold, had a small RNA content with
higher similarity to those derived from patient plasma (Thippabhotla et al., 2019).
Furthermore, a significant difference in miRNA expression profile between 2D and 3D
culture was observed, however this may be indicative of cancer type and culture
methods (Thippabhotla et al., 2019). In contrast, an agarose microwell culture method
for gastric cancer spheroids, showed that in comparison to 2D culture, EVs have a
similar miRNA but different protein expression profile (Rocha et al., 2019). Moreover,
one of the first studies investigating the role of EVs using 3D models, demonstrated
that EVs from a tissue engineered Ewing’s sarcoma model were similar to those in

patient plasma in terms of size distribution and Polycomb histone methyltransferase
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EZH2 mRNA abundance (Villasante et al., 2016). Interestingly, EZH2 protein levels
were undetectable in monolayers, but increased in tissue engineered tumours
(Villasante et al., 2016). These studies demonstrate the effects of 3D compaosition on
size, cargo and function of EVs, and highlight the clinical relevance of using such

models to investigate the role of EVs.

Solid tumours often have an accumulation of myofibroblastic stromal cells which
contribute to tumour progression via angiogenesis and metastasis, thereby making
them a relevant inclusion to 3D models. The inclusion of bone marrow mesenchymal
stem cells (BM-MSCs), able to differentiate into myofibroblasts, into prostate cancer
spheroids increased their outgrowth (Chowdhury et al., 2015). Rab27a knockdown in
PC cells, producing exosome deficiency, reduced the invasive capacity of BM-MSC
tumour cell spheroids, showing the role of EVs in tumour invasion (Chowdhury et al.,
2015). Song et al also showed that cancer-derived EVs promote the myofibroblast
differentiation of adipose-derived stem cells (ADSCSs) in both 2D culture and a collagen
based 3D model of breast cancer (BC) (Song et al., 2017). BC-EVs caused enhanced
contractility in a free-floating 3D collagen disc model indicating increased a-SMA and
thereby a myofibroblast phenotype of ADSCs. BC-EV pre-treated ADSCs in 3D co-
culture with HUVECS increased sprouting via increased VEGF secretion (Song et al.,

2017) .

Transwell assays have also been utilised to determine EV uptake and EV dependent
cancer promoting mechanisms. One study showed that fluorescently labelled EVs
from fibroblasts and thyroid cancer donor cells, seeded in the transwell upper chamber
were uptaken in recipient thyroid cancer cells seeded in the lower well (Bravo-Miana
et al., 2022). Transwell co-culture of these fibroblasts and thyroid cancer cells

produced EVs that had an ECM remodelling proteomic profile and induced MMP2
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activation in normal thyroid cells (Bravo-Miana et al., 2022). In addition, Kang et al
demonstrated that transwell co-culture of two BC cell lines induced increased
glycolysis and exosome related genes (Kang et al., 2021). Proteomic analysis of BC-
derived EVs showed that proteins capable of phosphorylating PKM2 (involved in
glycolysis) were present in their lumen, indicating they may play a role in activating

glucose metabolism in cancer (Kang et al., 2021).

1.5.1 Extracellular vesicles in 3D culture systems of OSCC

Previous studies investigating EVs in OSCC have used 3D-myoma organotypic
models to mimic the TME (Vered et al., 2015; Dourado et al., 2019). This model is
derived from a human uterus benign leiomyoma tumour and has been shown to cause
differentially expressed genes in an OSCC cell line, HSC-3, compared to 2D culture
(Salo et al., 2015). HSC-3 cells cultured with CAF EVs invaded a greater area in the
3D-myoma model compared to the NOF EV treated cells (Dourado et al., 2019). The
treatment with CAF-EV did not increase HSC-3 proliferation, indicating that CAF EVs

in the TME contribute more to invasion and metastasis (Dourado et al., 2019).

Further work has examined the participation of EV cargo in OSCC-stromal crosstalk
using a transwell co-culture system. Sun et al cultured OSCC cells in the lower
chamber of a transwell system and NOFs or CAFs in the upper chamber (Sun et al.,
2019). To ascertain whether miR-382-5p is delivered from CAFs to OSCC cells via
exosomes, miR-382-5p mimics were labelled with FAM and transfected into CAFs.
Uptake in OSCC cells was observed after 24h, however this was attenuated with the
use of an EV inhibitor. MiR-382-5p was shown to enhance OSCC cell migration and

invasion, thus implicating EV cargo in cancer progression (Sun et al., 2019).
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1.6 Hypothesis

We hypothesise that OSCC derived EVs contribute to the phenotypic switch of NOFs

to CAFs.

1.7 Aims and objectives

The aims and objectives of this study were to:

Characterise small molecule inhibitors against EV biogenesis; GW4869,
dimethyl amiloride (DMA) and Bafilomycin Al (BafAl). The cell viability of oral
keratinocyte cell lines and primary oral fibroblasts treated with the drugs will be
assessed using MTT assay, and ICso doses calculated. Appropriate doses will
be determined and reduction in EV release will be examined using nanopatrticle
tracking analysis (NTA) and EV marker protein abundance levels by western

blotting.

Establish a fluorescent-reporter cell line to assess EV association with recipient
fibroblasts in 2D and dissemination throughout the multicellular 3D OSCC
model. An OSCC cell line will be generated that will stably express CD63-GFP
and TSG101-mCherry to label the EV membrane with green fluorescent protein
and the internal compartment with red fluorescent protein, respectively. This
will be generated using transfection of plasmids transferring antibiotic
resistance to cells, expansion of surviving colonies and FACS via fluorescence.
Stably expressing cells will be characterised for labelled protein expression by

western blot and fluorescence microscopy.

Determine if NOF activation to a CAF-like phenotype can be induced by OSCC-

derived EVs. To test whether this effect is EV dependent we will use a Transwell
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co-culture method incorporating NOFs and normal oral keratinocytes, OSCC
cells, or OSCC cells with reduced EV secretion. We will also isolate EVs from
these cell lines using size exclusion chromatography (SEC) and incubate with
NOFs. A CAF-like phenotype in NOFs will be assessed by examining CAF
marker gene expression by quantitative polymerase chain reaction (QPCR) and
protein abundance by western blot and immunofluorescence (IF). We will also
assess functional changes in NOFs by examining migration via live cell

microscopy and contraction using a collagen assay.

The levels of TGF-B1 on the surface of EVs will be assessed using enzyme
linked immunosorbent assay (ELISA) and co-localisation with tetraspanins
using Nano-Flow cytometry. To determine whether the induction of a CAF-like
phenotype by EVs is dependent on associated TGF-1, we will use a blocking

antibody and assess protein abundance of CAF markers via IF.
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2 Materials and Methods

2.1 Materials

Unless otherwise stated, general laboratory reagents, tissue culture media and

supplements were purchased from Merck, UK (previously, Sigma Aldrich).

2.2 Cell Culture

2.2.1 Cell lines

H357 (purchased from ECACC) were originally isolated from a 74-year-old male
patient with a squamous cell carcinoma of the tongue (Prime et al., 1990). H357 AHGS
were donated by Dr Wenyi Jiang and generated by CRISPR/Cas9 knockout of
hepatocyte growth factor-regulated tyrosine kinase substrate (HGS). FNB6 (obtained
from Professor Keith Hunter, The University of Sheffield), are a human oral
keratinocyte cell line derived from buccal mucosa immortalised by transfection of
human telomerase reverse transcriptase (hTERT) (McGregor et al., 2002). H357 and
FNBG6 cells were cultured in flavin and adenine-enriched medium (also known as
Green’s medium): Dulbecco’s Modified Eagle Medium (DMEM) and Ham's F12
medium in a 3:1 ratio supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 10
ng/mL of epidermal growth factor (EGF) (Invitrogen, UK), 0.4 ug/mL hydrocortisone,
0.18 mM adenine, 5 pg/mL insulin, 5 pg/mL transferrin, 2 mM glutamine, 0.2 nM
triiodothyronine, 0.625 ug/mL amphotericin B, 100 IU/mL penicillin and 100 ug/mL

streptomycin (Allen-Hoffmann and Rheinwald, 1984).
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2.2.2 Primary cells

Human primary normal oral fibroblasts (NOFs) and cancer associated fibroblasts
(CAFs) were kindly isolated and provided by Dr Helen Colley and Dr Amy Harding,
respectively. NOFs were isolated from biopsies obtained from the oral mucosa from
patients during routine dental procedures and CAFs isolated from the oral mucosa of
patients undergoing cancer resection. Written, informed consent was given under
approval by NHS Research Ethics Committee (Ref: 09/H1308/66 and 13/NS/0120).
CAF002 (65 year old female) and CAF003 (61 year old female) were isolated from the
floor of the mouth and gingiva, respectively. NOF352 were isolated from the gingiva
of a 57-year-old female, non-smoker. NOF316 were isolated from the gingiva of a 22-
year-old female, non-smoker. NOF and CAF cells were used up until a passage

number of 10 for all experiments.

NOFs and CAFs were routinely cultured in DMEM high glucose supplemented with

10% FBS (v/v), 2 mM glutamine, 100 IU/mL penicillin and 100 pg/mL streptomycin.

2.2.3 Cell culture procedures

Cell cultures were allowed to reach 80-90% confluency before passaging. Monolayers
were washed in Dulbecco’s phosphate buffered saline (PBS) before incubation with
trypsin at 37°C, 5% CO:z2 for 3-5 min. Growth medium was used to neutralise the trypsin
and the cell suspension centrifuged at 1000 x g for 5 min to pellet the cells. The
supernatant was discarded and the cell pellet resuspended in growth medium at
densities dependent on cell type and experimental requirements. Viable cells were
quantified by adding 10 pl of 0.4% Trypan Blue mixed 1:1 with cell suspension to a

haemocytometer. Cells unstained were counted as viable.
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2.2.4 Cell doubling time

In order to calculate cell doubling times, 5 x 10* cells were seeded per well in a 6 well
plate. At timepoints of 24, 48, 72 and 96 h cells were trypsinised and viable cells were
counted as previously described (2.2.3). Doubling time was calculated using the

following equations:

G
t
. T(Z)

r = Growth rate
Nt = number of cells at time t
No = number of cells at time 0

Tda = doubling time (hours)

2.2.5 Transwell co-culture

NOFs were seeded into 12 well plates at a density depending on the experimental
endpoint (Figure 2.1) and serum starved for 24 h. A 0.4 um pore diameter ThinCert
12-well insert (Greiner) was then added per well in which 1 x 10° donor cells (H357,
H3572HCS or FNB6s) was added per insert in serum free Green’s medium (Figure 2.1).
Cells were incubated for 24 and 48 h, prior to either RNA extraction (Section 2.9) or

immunofluorescence (IF) staining (Section 2.8.6).
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Figure 2.1 Transwell co-culture method schematic

2.3 Oral mucosa collagen models

2.3.1 Rat tail-collagen

Collagen I fibres were extracted from rat tail tendons using a scalpel and washed with
PBS. Collagen was then dissolved in 0.1 M acetic acid at 4°C under mixing conditions
for 7 days to obtain a sterile soluble collagen. Collagen was frozen overnight at -20°C

and then freeze-dried using a VirTis 47 Benchtop K Manifold freeze drier (SP
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Scientific) for 3-4 days. Dried collagen was then weighed and dissolved in sterile 0.1

M acetic acid to give a final concentration of 5 mg/mL. This solution was stored at 4°C.

2.3.2 Tissue engineered normal and dysplastic oral mucosa
models

Rat tail collagen |, stored on ice to prevent solidifying, was supplemented with DMEM
(10x), reconstitution buffer (2.6 M sodium bicarbonate, 0.2 M HEPES, 0.06 M NaOH,
dissolved in dH20), FBS and L-glutamine as shown in (Table 2.1). 2 M NaOH added
dropwise to neutralise the solution to pH 7.4. NOF and CAF were detached from cell
culture flask using trypsin (2.2.4), counted and resuspended at a density of 6.25 x 10°
/ mL. Cells were added to models to a final concentration of 2.5 x 10° per model (Table

2.1)

Table 2.1 Components of collagen type | matrix

Component Final concentration Volume per model (pl)
DMEM (10X) 1 X 100

Reconstitution buffer (10X) 1X 100

FBS 8% 80

L-Glutamine 2 mM 10

Collagen 3.35 mg/mL 670

Fibroblasts 2.5 x10%/mL 40
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Total 1000

1 mL of collagen solution with cells was added to each 0.4 um pore diameter ThinCert
12-well insert (Greiner) and incubated at 37°C for 1-2 h. Once set, growth medium was

added above and below the model. Models were incubated for 48 h at 37°C, 5% CO2

After 48 h normal keratinocytes (FNB6) or OSCC (H357) suspended at 2.5 x 10° cells
in 200 ul Green’s medium were added to the top of each model. Green’s media was
added below models. After a further 24 h models were raised to an air-to-liquid
interface, by removing the media from the top of the collagen. Models were then

cultured for 14 days, replacing the Green’s medium every 2-3 days.

2.4 Histological analysis

Collagen models were fixed in 10% (v/v) PBS-buffered formalin for at least 24 h,
processed overnight using a Leica TP1020 benchtop tissue processor (Leica TP1020
benchtop tissue processor, Leica Microsystems) using the standard processing
schedule (Table 2.2). Models were then bisected and embedded perpendicular to the
bottom of the mould in paraffin wax (Leica EG1160 embedding centre, Leica
Microsystems, Germany). Formalin-fixed paraffin-embedded (FFPE) blocks were left
to set on a cooling plate, and then sectioned using a microtome into 5 um thick
sections. Sections were placed on a water bath surface (38°C) and mounted onto

microscope slides and oven dried for 20 minutes at 60°C.
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Table 2.2 Standard processing schedule for model fixation

Solution Duration
70% alcohol 1h
80% alcohol 1h
90% alcohol 1 h 30 min
Absolute alcohol | 1 h 30 min
Absolute alcohol I 1 h 30 min
Absolute alcohol Il 2h
Toluene | 1 h 30 min
Toluene Il 2h
Xylene PASS
Wax | 2h
Wax 2h

Total =16 h

2.4.1 Haematoxylin and eosin staining

Haematoxylin and eosin (H&E) staining was performed using a Leica ST4040
Shandon Linear Stainer (Leica Microsystems, Germany), using a staining schedule

detailed in Table 2.3.
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Table 2.3 Standard protocol for H&E staining

Bath n° Solution

1-3 Xylene

4-5 99% IDA

6 70% IDA

7-8 Distilled water

9-12 Harris’ haematoxylin (Shandon)
13 Running tap water

14 0.1% acid alcohol

15 Running tap water

16 Scott’'s Tap water substitute
17 Running tap water

18-20 Eosin Y- agueous (Shandon)
21 Running tap water
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22-24 99% IDA

25-28 Xylene

Following staining, slides were mounted onto coverslips with distyrene and xylene
(DPX) mountant and left to set. Slides were visualised using an Olympus-BX51 light

microscope and captured using cellSens Entry software (Olympus).

2.5 Preparation of EV-depleted FBS

Bovine extracellular vesicles (EVs) were removed from FBS by ultrafiltration using
Amicon ultra-15 centrifugal filter units (100 kDa cut-off) as previously stated by
Kornilov R et al. (2018) with minor adaption. FBS was filtered through 100 kDa filters
loaded into the upper chamber of the centrifuge tubes. After centrifugation at 2,500 x
g for 2 h at 4°C, flow-through was recovered in the lower chamber as ultrafiltered EV-

depleted FBS. FBS was supplemented into appropriate media and stored at 4°C.

2.5.1 Isolation and characterisation of EVs

Conditioned media was collected from cells cultured in EV-depleted FBS
supplemented media after 24 h. Cells were seeded at the same density to control for
differences in EV biogenesis due to confluence, as well as between cell lines. For
analysis of particles in conditioned media, collected media was subject to
centrifugation for 10 min at 300 x g to remove cells and the resulting supernatant
analysed by NTA (2.5.3) on the same day. For large scale EV preparations,

conditioned media was subject to differential centrifugation; 300 x g 10 min, 2,000 x g
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15 min and 10,000 x g 30 min. The resulting supernatant was concentrated to 0.5 mL,
using Vivaspin-20 100 kDa molecular weight cut off columns (Cytiva) by centrifugation

at 6,000 x g at 4°C for approximately 20 min.

2.5.2 Size exclusion chromatography

Size exclusion chromatography (SEC) was performed using disposable 20 mL
chromatography columns (Biorad) filled with 14 mL of Sepharose CL-2B/ethanol slurry
(GE Healthcare). The slurry was left for approximately 1 h for the gel beads to settle.
A polystyrene filter was placed directly above the settled gel. Ethanol was drained from
the column and 30 mL sterile PBS supplemented with 0.03% (v/v) Tween-20 (PBST)

was used to wash and equilibrate the resin.

SEC was performed by running 0.5 mL of concentrated conditioned medium through
the gel column. Once the medium soaked into the polystyrene filter, 1 mL of PBST
was gently added and allowed to soak through, and throughout PBST was maintained
at 1-3 mL above the gel column. Elutant from the column was collected in
microcentrifuge tubes as 0.5 mL fractions. Fractions were pooled and subject to
ultracentrifugation at 100,000 x g using a benchtop TLX ultracentrifuge (Beckman
Optima). Supernatant was removed and pellets were then resuspended in an

appropriate buffer depending on experimental usage.

2.5.3 Nanoparticle tracking analysis

The autofocusing nanoparticle tracking ZetaView instrument (Particle Metrix GmbH)

was used to perform EV characterisation. Acquisition settings used are shown in table
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2.4. The machine was calibrated with polystyrene calibration particles with a known
average size of 100 nm diluted 1/500,000 in distilled water. Approximately 3 mL of
sample was injected into the fluid cell and particles were analysed at 11 separate
positions to give a representative average. ZetaView software (version 8.05.11 SP1)

generated data of particle size and concentration in each sample.

Table 2.4 ZetaView image acquisition settings

Parameters Settings

Sensitivity 85

Shutter 70

Minimum brightness 25 pixels

Maximum area 500 pixels

Minimum area 5 pixels

Frame rate 30 frame per second (fps)
Trace length 15

Positions 11

2.5.4 Nano-Flow Cytometry

Data acquisition and analysis was performed in collaboration with NanoFCM at their

laboratory in Nottingham, UK.

EVs were isolated by SEC, as described previously (Section 2.6.1) and labelled with
a tetraspanin (CD9, CD63 and CD81 APC-conjugated) antibody cocktail at 1/50
dilution. The anti-TGF-3 (Alexa-488 conjugated) antibody was diluted 1/250. EVs and
antibodies were incubated for 30 min at RT. EVs were pelleted by centrifugation at

100,000 x g for 45 min in a benchtop TLX ultracentrifuge (Beckman Optima) and
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resuspended in 20 pyl 10 mM HEPES. Samples were analysed using a Flow

NanoAnalyzer (NanoFCM) instrument and associated software.

2.6 Functional assays

2.6.1 Cell viability assays

2.6.1.1 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT)

assay

To determine the viability of our cell lines in response to drug treatment in 2D, we
utilised 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) that
detects viable cells with an active metabolism. Cells were plated at 5 x 102 cells/well
in 96-well culture plate and incubated for 24 h. Cells were treated with serially 10-fold
diluted drug concentrations for 24 and 48 h. Untreated cells and vehicle controls (i.e.
DMSO concentration corresponding to equivalent drug concentration) (Table 2.5)
were used as controls. Monolayers were washed in 100 mM PBS and incubated for 1
h with MTT solution (0.5 mg/mL MTT in PBS, 100 pl per well in 96 well plate) at 37°C
with 5% COz2to determine cell viability. Intracellular insoluble purple formazan salt is
formed by reduction of MTT by NADPH dependent enzymes in metabolising cells.
Formazan was solubilised using acidified isopropanol 50 pl/well. The optical density
of the solution was measured at 540 nm with a reference at 630 nm, using a Tecan
Infinite® 200 PRO series spectrophotometer. Optical density values for treated cells

were normalised to untreated control, to produce percentage survival.
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Table 2.5 Drug concentrations and equivalent vehicle control percentages

Drug Drug concentration (uM) | DMSO (%)
GW4869 10 0.1

50 0.5

100 1
DMA 1 0.01

10 0.1

50 0.5

2.6.1.2 PrestoBlue® cell viability assay

In order to quantify viability in 3D models, we utilised PrestoBlue® Cell Viability reagent
(Life technologies) as it can be added to models and washed away without toxic
effects. PrestoBlue® was diluted 1:10 in Green’s medium and 100 pl of this solution
was added on top of the model. After 30 mins incubation at 37°C, 200 pl of media from
the basal side of the model was taken and added to a clear 96 well plate. Triplicates
for each biological repeat were used. PresoBlue® utilises resazurin that is reduced to
resorfurin in viable cells during respiration. This reduction causes a colour change from
blue to red, which we measured using a using a Tecan Infinite® 200 PRO series
spectrophotometer at an excitation of 535nm and emission of 615nm. Relative
fluorescence units (RFU) are directly proportional to cell metabolism, and we corrected

for background using a media only control to normalise samples.

2.6.2 Scratch migration assay

A scratch assay was used to determine migration of NOF following incubation with

EVs. NOF were seeded at a density of 0.5 x 10° in 13 mm culture dishes and allowed
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to adhere over-night. Following this, cells were serum starved for 24 h to induce cell
synchronisation. Cells were then treated with 5 ug/mL mitomycin C for 1 h to inhibit
proliferation and ensure closure of wound due to migration only. A scratch wound was
created using a 10 pl pipette tip and the cells were washed three times with PBS to
remove detached cells before treatment with recombinant human transforming growth
factor (rhTGF)-B (5 ng/mL) or EVs at a dose of 50 x concentration in conditioned media
according to cell type. Cells were imaged using a Leica THUNDER live cell imaging
system, taking an image every 15 min at 3 positions per treatment. Wound area closing
was analysed using ImageJ. For analysis of motility, all images for each timepoint for
each condition were compiled and analysed using Tracking Tool™ PRO software. For
each technical repeat three cells from either side of the scratch were tracked. Rose
plots were calculated from the cell trajectories using the same Tacking Tool™ PRO

software.

2.6.3 Collagen contraction assay

NOF were seeded at a density of 0.5 x 10° in culture flasks (25 cm?) and allowed to
adhere for 24 h. Cells were cultured for 24 h in the absence of serum prior to treatment
with 5 ng/mL rhTGFB or EVs as previously described (Section 2.7.1) for 48 h.
Following this, cells were trypsinised and seeded into 1 mL rat tail collagen per
condition, prepared according to Table 2.1, with the exception of FBS. The collagen-
cell mixture was then added to a well of a 48-well plate and incubated at 37°C 5%
CO2. Images were taken at 24, 48 and 72 h using a GelDoc Go imaging system

(BioRad) and diameter shrinkage over time was measured using ImageJ.
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2.7 Protein extraction and analysis

2.7.1 Protein extraction of whole cell lysate and EVs

EV pellets purified by SEC or ultracentrifugation were suspended in
radioimmunoprecipitation assay (RIPA) buffer containing complete mini
ethylenediaminetetraacetic acid (EDTA)-free ease protease inhibitors (Roche). Cell
lines or NOFs were cultured as previously described (Sections 2.2.1 and 2.2.2) in
either 6 well plates or flasks (75 cm?) to confluency. On ice, culture media was
removed and cells were washed twice with PBS before RIPA buffer containing
complete mini EDTA-free ease protease inhibitors (Roche) was added. After 5 min
cells were scraped, transferred to a microcentrifuge tube and clarified by centrifugation
at 12,000 x g for 15 min at 4°C. The supernatant was transferred to a fresh tube and
stored at -80°C. EV pellets were resuspended in up to 50 ul RIPA buffer before storage

at -80°C.
2.7.2 Protein quantification

A bicinchoninic acid protein assay (BCA) kit (Thermo-Fisher Scientific) was used to
assess protein concentration of samples. Bovine serum albumin (BSA) standards
were made in PBS, to concentrations of 0.2, 0.4, 0.6, 0.8, 1, 2 mg/mL. 10 pl of sample
or BSA standard was added to 200 pl BCA working reagent in a 96-well plate in
duplicate. The plate was incubated at 37°C for 30 min. The absorbance of each well
was measured at 562 nm using a Tecan Infinite® 200 PRO series spectrophotometer.
Protein concentration of unknown samples were estimated by generating a curve of

known standards (ug) versus absorbance.
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2.7.3 Protein gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gels of 1

mm thickness were made using a standard protocol using reagents listed in Table 2.6.

Table 2.6. The components and quantity of reagents for 12% SDS-PAGE gel

Reagent Volume
40% acrylamide 0.975 mL
Upper tris buffer (0.5 M tris | 2.1 mL

_ base, 14 mM SDS, pH 6.8)

Stacking gel dH20 4.725 mL
10% (v/v) Ammonium 100 pl
persulphate solution
(APS)

TEMED 10 pl
40% acrylamide 3 mL
Lower tris buffer (1.5 M tris | 2.5 mL
base, 14 mM SDS, pH 8.8)

Resolving gel
dH20 4.3 mL
10% (v/v) Ammonium 200 pl
persulphate solution
(APS)

TEMED 5l

Resolving gel was poured between two glass plates and isopropanol overlayed on top

to smooth the surface. After the resolving gel was set, stacking gel was added on top

and a sample comb inserted before allowing the gel to polymerise. After this the comb

was removed and each well was washed with distilled water.
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Sample volumes were equalised to the same concentration in 20 pl with 1 X RIPA
buffer, containing protease inhibitors, before the addition of 5 pl 5X loading buffer. The
samples were heated at 95°C for 5 min. Samples were then separated by 12%
polyacrylamide SDS-PAGE in electrophoresis chambers (Biorad) filled with 1X
Running buffer (88 g glycine, 10% (w/v) SDS and 32 g tris base in 1 L distilled water).
20 ul of sample was loaded in each well, with 5 pl Precision Plus pre-stained protein
ladder (Biorad) added to the outside wells. Separation was performed at 110-120 V
for 60-70 min and then at 120-150 V until the dye had run to the bottom of the glass

plates.

2.7.4 Western blotting

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes using
the Trans-Blot®Turbo™ system (Biorad). Membranes were incubated with blocking
buffer (5% (w/v) dried milk powder in tris-buffered saline and 0.1% (w/v) Tween 20
(TBST)) at RT for 1 h with agitation. Primary antibody was diluted in blocking buffer
according to Table 2.7 and the membrane incubated overnight at 4°C with agitation.
Membranes were then washed three times in TBST for 10 min per wash. HRP-
conjugated secondary antibody was diluted in blocking buffer and incubated with the
membrane for 1 h at RT with agitation, followed by washing 3 times in TBST for 10
min each. Chemiluminescence substrate, WESTAR® Supernova (Geneflow) or
SuperSignal™ West Pico PLUS (ThermoFisher) were added to the membrane as per
manufacturer’s instructions and protein bands were visualised using either X-ray film
and a Compact X4 automatic processor (Xograph Imaging Systems) or LI-COR C-

DiGit Chemiluminescence Western Blot Scanner.
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Table 2.7. Antibodies used in immunoblotting.
Antibody target Species Manufacturer Expected weight
(catalogue (kDa)

number)
CD63 Rabbit Abcam 26-65
monoclonal
(ab134045)
TSG101 Mouse BS Biosciences 44
monoclonal
(2918209)

HGS Rabbit polyclonal | Abcam 86
(ab155539)

GAPDH Mouse Proteintech 36
monoclonal

(50004-1-1a)
GFP Mouse Santa Cruz 26
monoclonal
a-SMA Rabbit Abcam 30-65
monoclonal
(ab124964)
Anti-rabbit 1gG 7076S Cell signalling

Anti-mouse IgG 7074S Cell signalling

2.7.5 Enzyme linked immunosorbent assay (ELISA)

FNB6, H357 and H35721CS cells were seeded at a density of 6 x 108 per T175 flask
and after 24 h the medium was removed, and the flask washed three times with PBS
before the addition of serum-free media. After another 24 h the conditioned media was

removed, and EVs isolated by SEC as previously described (Section 2.5.2).

The DuoSet® Human TGF-B1 ELISA kit (R&D systems) was used to detect TGF-31

concentrations in conditioned media and EV samples. Firstly, the capture antibody
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was diluted in PBS to the working concentration (Table 2.8) and 100 pl per well was
added to the 96-well microplate before being incubated overnight at RT. Following
this, the plate was subject to a thrice repeated wash step involving filling each well
with Wash Buffer using a squirt bottle and then inverting the plate onto blotting paper
to remove liquid. Following this, plates were blocked with 300 ul blocking buffer (25%
Tween 20 in PBS) and incubated for 1 h at RT. The plate was then subject to washing.
Recombinant human TGF-B1 standard was diluted 2-fold in reagent diluent for seven
concentrations and 100 pl of each were added to each well in duplicate. Samples were
diluted in reagent diluent and/or activated using a TGF-1 Sample Activation Kit (R&D
systems) according to manufacturer’s instructions. 100 pl of each sample was added
per well in duplicate and incubated for 2 h at RT. Following another wash step, 100 pl
detection antibody diluted in reagent diluent was added to each well and incubated for
2 h at RT. The plate was subject to another wash step and 100 pl Streptavidin-HRP
was added per well and incubated for 20 min at RT without light. The plate was washed
again and 50 pl Stop Solution (2N sulfuric acid) was added. The plate was then read
using a Tecan Infinite® 200 PRO series spectrophotometer at a wavelength of 450

nm with a reference wavelength of 540nm.

Table 2.8. Working concentrations of antibodies used in DuoSet® Human TGF-B1 ELISA Kkit.

Reagent Working concentration
Capture 2 pg/mL

Detection 50 ng/mL

Standard 31.2-2000 pg/mL
Streptavidin-HRP 40-fold dilution
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2.8 Fluorescence Imaging

2.8.1 Immunofluorescence

In order to determine alpha smooth muscle actin (a-SMA) stress fibre formation, we
used fluorescent staining. NOFs were fixed in methanol for 15 min at RT and washed
three times with ice cold PBS. Cells were then permeabilised with 4 mM sodium
deoxycholate in PBS for 10 min before washing three times with ice cold PBS. Cells
were then incubated for 1 h at RT with blocking buffer consisting of 2.5% BSA in PBS
(w/v) and washed again three times with ice cold PBS before the addition of primary
antibody in blocking buffer overnight at 4°C. Antibody details are shown in Table 2.9.
Following a further washing step, secondary antibody was added for 1 h at RT and
washed once more. DAPI was diluted in PBS to a final concentration of 1 pg/mL and
incubated for 10 min before washing and mounting onto glass coverslips with
ProLong™ Glass Antifade Mountant. Coverslips were sealed with transparent nail
varnish and stored at 4°C without light prior to imaging using a Leica THUNDER
fluorescent microscope. For analysis, three random positions were imaged at 10x
objective per technical repeat (27 total for three biological repeats). Representative
images wee taken using a 20x objective lens. The percentage of area positive for

fluorescence was calculated using ImageJ software.
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Table 2.9. Immunofluorescence antibody details and dilutions.

Antibody | Host Manufacturer | Blocking Dilution Dilution
species buffer buffer
Anti- Mouse Sigma 2.5% BSA | 2.5% BSA | 1:500
a-SMA monoclonal (wiv) in (wiv) in
(A2547) PBS PBS
Anti- Goat Sigma 1:500
mouse polyclonal
FITC (F-2761)
Anti-EEAL1 | Rabbit Abcam 1% BSA 1% BSA in | 1:1000
polyclonal (wiv), 10% | 0.1%
(ab70521) normal PBST
Anti-rabbit | Donkey ThermoFisher | goat serum 1:1000
Alexa polyclonal Scientific (NGS)
Fluor 594 | (A32744) (v/v), 0.3 M
glycine
(wWiv)
dissolved in
0.1% PBST

2.8.2 H357CP83-GFP EV uptake

NOFs were seeded onto glass coverslips at a density of 3 x 10* cells per well, in a 12
well plate, and allowed to adhere overnight. EVs were isolated by SEC (Section 2.5.2)
from H357CP63-GFP cells, generated by methods described in Section 2.11. Particle
number was quantified by NTA (Section 5.2.3) and 50-fold the number of particles
secreted into conditioned medium by H357 cells (4 x 101%/mL) was treated onto NOFs
in serum free media. NOFs were then fixed at time points of 0.5, 1, 2, 4, 6 hin a
solution of 4% paraformaldehyde (PFA) dissolved in PBS (w/v), for 10 min at RT. Cells

were then permeabilised with 0.1% Triton X-100 (v/v) in PBS for 10 min before

59




washing three times with ice cold PBS. Cells were then incubated for 1 h at RT with
blocking buffer consisting of 1% BSA, 10% normal goat serum (NGS), 0.3 M glycine
dissolved in 0.1% PBST, and washed three times with PBS. Primary EEA1 antibody
in 1% BSA in 0.1% PBST was incubated overnight at 4°C. Antibody details are shown
in Table 2.9. Following washing three times with PBS, secondary antibody anti-rabbit
Alexa Fluor 594 diluted in 1% BSA in 0.1% PBST was added for 1 h at RT before a
further three repetition wash step with PBS. DAPI was diluted in PBS to a final
concentration of 1 ug/mL and incubated for 10 min before washing and mounting onto
glass coverslips with ProLong™ Glass Antifade Mountant. Coverslips were sealed
with nail varnish and kept at 4°C without light prior to imaging with Leica THUNDER
fluorescent microscope using a 100x oil objective lens. Software used for image
processing was Leica Application Suite X (LAS X). ImageJ software plugin Coloc2 was
utilised to determine correlation coefficient on 1 cell per technical repeat (9 total for 3

biological repeats).

2.9 RNA extraction and analysis

2.9.1 RNA extraction

Media was aspirated, and cells washed twice in PBS, 300 pl of RNA lysis buffer was
added and cells harvested by using a cell scraper. RNA was extracted using the
Monarch Total RNA MiniPrep Kit (NEB) according to the manufacturer’s instructions.
RNA concentrations were calculated using a NanoDrop™ 1000 spectrophotometer
based on absorbance at 260nm and calculated using Beer's Law. RNA purity was
assessed by the ratio of sample absorbance at 260 and 280 nm, whereby a ratio of 2

was considered “pure”.
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2.9.2 Complimentary DNA (cDNA) synthesis

RNA was normalised to 100 ng in dH20 to a total volume of 10 pl. This was then
combined with an RT-PCR mixture (2 pl 10x RT Buffer, 0.8 pl 25x dNTP Mix 100 mM,
2 ul 10x RT Random primers, 1 ul Multiscribe reverse transcriptase, 4.2 pl nuclease-
free water). cDNA synthesis was performed using a 2720 Thermal Cycler (Applied

Biosystems™).The thermal cycling program used is described in Table 2.10.

Table 2.10. RT-PCR thermocycling programme.

Step 1 Step 2 Step 3 Step 4
Temperature |25 37 85 4
(°C)
Time (mins) 10 120 5 0

2.9.3 Quantitative real-time PCR

0.5 pl of cDNA from each sample was added to 9.5 pl of PCR reagent mixture (5 pl of
mastermix, 0.5 pl of GAPDH control probe (Hs99999905 m1), 0.5 ul of target probe,
3.5 pl of nuclease-free water). The Tagman target probes used were: a-SMA (ACTA2),
Hs00426835_g1; FAP, Hs00990806_m1; and HGS, Hs00610371_m1l. The 10 pl
mixture was centrifuged for 1 min at 13,000 x g before undergoing the PCR reaction
using a Rotor-gene Q 5plex or 2plex machine (QIAGEN). The thermal cycling program

is described in Table 2.11.
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Table 2.11. qPCR thermocycling schedule.

Step 1 Step 2 Step 3 Step 4
(Repeated for 40
cycles)
Temperature 50 95 95 60 95 60
(°C)
Time 2 min 10 min 15secs | 1 min | 0.15secs | 0.15 secs

2.10 Preparation of plasmid DNA

2.10.1 Bacterial transformation

The plasmids used in this work were CD63-GFP (SBI System Bioscience) and
mCherry-Tsgl01 as a gift from James Hurley (Addgene plasmid #21505) first

described in (Lee et al., 2008).

The pCT-CD63-GFP plasmid DNA is a Human Immunodeficiency Virus (HIV) lentiviral
vector that contains a C-terminal copGFP reporter under the control of a CMV
promoter and a puromycin selectable marker under the control of an EF1 alpha
promoter. mCherry is cloned at the N-terminus of TSG101 under a CMV promotor and
a neomycin selectable marker under the control of an SV40 promotor. The details of

each plasmid are displayed in figure 2.2.
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Figure 2.2 Plasmid constructs (A) CD63-GFP provided by SBI System Bioscience (B) TSG101-
mCherry taken from Addgene.( https://www.addgene.org/21505/).
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5-alpha Competent Escherichia coli cells (New England BioLabs) were thawed on ice
for 10 min and 1 ng of plasmid DNA added. The mixture was then placed on ice for 30
min and heat shocked at 42°C for 30 s. The mixture was returned to ice for 5 min. 950
pl of RT Super Optimal broth with Catabolite repression (SOC) medium was added to
the mixture and incubated at 37°C for 60 min with shaking. Following this, cells were
diluted to 1:2, 1:5 and 1:10 and spread onto either kanamycin (50 pug/mL) or ampicillin

(100 pg/mL) selection plates. Plates were incubated overnight at 37°C.

2.10.2 Plasmid DNA midiprep

Single colonies from transformation plates (Section 2.10.1) were picked and spread
onto fresh agar plates with appropriate selection antibiotic and grown overnight at
37°C. Following this, 5 mL of Luria Broth (LB) plus appropriate antibiotic was
inoculated with a single colony and grown at 37°C for 16 h in a shaking incubator.
Cells were harvested by centrifugation at 6000 x g for 15 min at 4°C. Plasmid DNA
was purified using the QIAGEN Plasmid Midiprep kit according to the manufacturer’'s
instructions. DNA concentration was determined using a NanoDrop® ND-1000 UV-

Vis Spectrophotometer.

2.11 Generation of stable cell line

2.11.1 FUGENE® HD transfection optimisation

H357 cells were seeded at a density of 2.5 x 10% in glass bottom Nunc™ Lab-Tek™

chambers and allowed to adhere overnight. For successful transfection of DNA into
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cultured cells, the ratio of FUGENE transfection reagent:DNA required optimisation.
The ratios chosen were 1:2, 1:3 and 1:4, as this in line with the manufacturer's
recommended range. 2 ug/100 pl of DNA in total was used for each transfection
condition, diluted in low serum Opti-MEM® medium (Invitrogen). We performed both
single and co-transfections with TSG101-mCherry and CD63-GFP plasmids, meaning
that 1 pg/100 pl of each plasmid DNA was used in the co-transfection conditions.
FUGENE was added to the diluted DNA mixture at the correct ratio and incubated for
15 mins at RT to allow DNA complexes to form. 10 ul of the this mixture was then
added to each well in a dropwise manner. Fluorescent positive cells were visualised
using a ZOE fluorescent cell imager microscope (BioRad) and quantified using

ImageJ.

2.11.2 Lipofectamine 2000 transfection

H357 cells were seeded at a density of 3 x 10° per well in 6 well cell culture plates.
Initial optimisation included using volumes of 6, 9, 12 and 15 pl Lipofectamine 2000
with the same quantity of DNA (2500 ng). Cells were co-transfected meaning 1250 ng
of Tsgl01-mCherry and CD63-GFP plasmids were used, diluted in Opti-MEM®
medium to a final volume of 150 ul. DNA mixture was added to Lipofectamine diluted
in Opti-MEM® medium to a final volume of 300 ul and incubated at RT for 5 min. The
DNA-lipid complex was then added directly into each well. Fluorescent positive cells
were visualised using a ZOE fluorescent cell imager microscope (BioRad) and

quantified using ImageJ.

For larger scale transfection we moved forward with 9 pl Lipofectamine per condition

in 6 well plates. After 24 h each 6 well was split into a culture flask (25cm?), and after
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another 24 h antibiotic selection media containing 400 pg/mL G418 and/or 2.5 pg/mL
puromycin (Gibco) were added. Selection media was changed every 3 days until

surviving colonies expanded.

2.11.3 Fluorescence-activated cell sorting (FACS)

Surviving colonies (Section 2.11.2) were then trypsinised and resuspended in Green’s
media at a maximum concentration of 1 x 107 cells/mL. Single H357 cells were seeded
into 96 well plates, using a BD FACSMelody™ Cell Sorter (BD Biosciences). Those
transfected with CD63-GFP were sorted using a 488 nm laser, and those transfected

with TSG101-mCherry were sorted using 587nm excitation.
2.12 Statistical analysis

Statistical analysis was carried out using GraphPad Prism (Version 8.0), with data

presented as mean * standard deviation (SD).

Shapiro-Wilk normality test was conducted to determine normal distribution and data
sets normally distributed were analysed using ordinary one-way ANOVA with
Dunnett’'s multiple comparisons to correct for variance with multiple comparisons or
Student’s t-test. Data sets not normally distributed were analysed by non-parametric
Kruskal-Wallis test with Benjamini, Krieger and Yekutieli (BKY) correction for multiple
comparisons or Wilcoxon signed rank test. Experimental repeats denoted as “N”

1N 1]

refers to biological repeats and “n” denotes technical repeats.
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3 Investigating chemical modulators of extracellular
vesicle release

3.1 Introduction

Extracellular vesicles are key mediators of cell-cell communication between multiple
cell types in the TME. Cancer-derived EVs have been demonstrated to be critical
messengers in contributing to stromal reprogramming, immune evasion,
neovascularisation and metastasis making them a favourable drug target (Cho et al.,
2011; Lundholm et al., 2014; Conigliaro et al., 2015; Chen et al., 2021). Inhibiting EV
release and uptake is a useful tool to investigate their functional role within the TME

and is a potential novel therapeutic strategy (Richards et al., 2017).

As outlined previously, there are multiple modes of biogenesis for subpopulations of
EVs (Chapter 1.2.1), making the development a single small molecule that can
completely inhibit EV production or uptake unlikely. However, success has been
attained by targeting the broad categories; inward budding of MVBs, exosome release
by regulation of calcium or acidification, MV release and EV uptake (Catalano et al.,
2020). The mechanism of action of the small molecules used to alter EV release in

this chapter are highlighted in figure 3.1.

The most abundant membrane lipid, sphingomyelin, is hydrolysed into ceramide and
phosphorylcholine by membrane neutral sphyingomyelinases (hSMase) (Clarke et al.,
2006). These ceramides are an important component of large lipid raft domains that
are involved in exosome shedding (Trajkovic et al., 2008). The cell permeable

GW4869 is a non-competitive inhibitor of nSMase 1 and 2 and has been shown to
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Figure 3.1 Summary of small molecule targets for modulation of EV biogenesis. Red arrows
indicate inhibition and green arrows with plus sign indicate stimulation.

significantly reduce exosome release via inhibiting ceramide-dependent budding of
ILVs into the lumen of MVBs (Trajkovic et al., 2008). nSMase associate with the
plasma membrane, however, they also function in other organelles and have been
shown to be involved in generation of Golgi apparatus derived vesicles, where both
nSMAse 1 and 2 localise (Deng et al., 2016). GW4869 has been shown to significantly
reduce the production of small vesicles in multiple cell types in vitro and has been
used to demonstrate the role of EVs in cancer progression (Richards et al., 2016;
Matsumoto et al., 2017; Gurunathan et al., 2021) For example, treatment of CAFs with
GW4869 reduced their ability to confer gemcitabine resistance to colorectal cancer

stem cells (Richards et al., 2016).

Another mechanism by which EV release can be altered is by calcium homeostasis
due to intracellular Ca?* modulating lipid translocases that maintain membrane

phospholipid asymmetry (Hugel et al., 2005). When intracellular calcium is increased,
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this asymmetry is disrupted and calpain is activated which cleaves cytoskeletal
components. This disruption of the cytoskeletal-membrane attachment causes
outward budding, forming plasma membrane EVs (Taylor et al., 2020). Dimethyl
amiloride (DMA) is a derivative of amiloride, a drug clinically approved to treat high
blood pressure because of its ability to block H*/Na* and Na*/Ca?* channels. DMA has
therefore been implicated in EV reduction due to its interference with Ca?* levels
(Savina et al., 2003; Chalmin et al., 2010). Chalmin et al completed a comprehensive
assessment of DMA, showing that upon treatment, exosome secretion was reduced
in CT26 (mouse colon carcinoma), EL4 (mouse lymphoma) and H23 (human lung
adenocarcinoma) as well as in the bloodstream of tumour bearing mice (Chalmin et
al., 2010). Savina et al used DMA to demonstrate that exosome release is regulated
by a calcium-dependent mechanism, whereby exosome and large MV formation was
blocked in a human erythroleukemia cell line following DMA treatment (Savina et al.,
2003). Pharmacological inhibition of endocytic pathways has demonstrated that DMA
inhibits micropinocytosis and could therefore reduce internalisation and sorting into

early and late endosomes, therefore reducing EV formation (Plummer et al., 2012).

An as alternative to EV inhibiting compounds, we also aimed to test the proposed EV
stimulating drug Bafilomycin Al (BafAl). BafAl is a macrolide antibiotic that potently
inhibits the vacuolar ATPase (V-ATPase) proton pump (Shacka et al., 2006). Most
widely used as an autophagy inhibitor, BafAl blocks V-ATPase to prevent endosomal
and lysosomal acidification and therefore fusion of lysosomes and autophagosomes
(Shacka et al., 2006). The exact mechanisms are unclear, however it has been shown
that BafAl stimulates exosome release from MVBs, independently from endosomal

pH neutralisation (Bebelman et al., 2023). This could be in part due to increased MVB-
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plasma membrane fusion, as observed in HEK293 cells using live fluorescent imaging

of CD63 tagged with a pH-sensitive reporter (Bebelman et al., 2023).
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3.2 Results

3.2.1 Cell viability and particle release in response to GW4869

We first sought to determine the effect of GW4869 on cell viability for cells grown in
monolayer. This would allow us to empirically determine an effective concentration,
that does not affect cell viability, for future experiments. FNB6 (an immortalised normal
oral keratinocyte cell line) and H357 (an OSCC cell line) were selected to represent
normal and cancerous epithelial cells, respectively. Primary patient derived NOF and
CAF cells were used to represent the normal and cancer associated underlying

stroma, respectively.

FNBG6 cells challenged with GW4869 demonstrated less sensitivity than H357; at 24 h
cell survival was not significantly reduced at doses lower than 100 uM (46.9%) (p <
0.0001). At 48 h, unlike H357, there was no significant change in survival at the 10 uM
dose, however the 50 uM and 100 pM concentrations further reduced survival to
57.7% and 25.1% (p < 0.05 and p < 0.001, respectively) (Figure 3.2B). ICso0 values
calculated from two repeats however show that a higher dose was needed to have the
same cytotoxic effect at 24 h, with ICso = 265.45 pM (SD * 33.05) at 24 h and reducing

to 43.25 uM (SD + 10.62) at 48 h.

There was a similar trend in H357 cells treated with GW4869 for 24 h remained
statistically unchanged compared to the untreated control from 0.01 — 10 uM, however
there was significant decrease to 77.2% survival at the 50 uM dose (p < 0.05) and a
decrease to 52.1% at the 100 uM concentration (p < 0.0001) (Figure 3.2C). There was
a greater cytotoxic effect at 48 h with the 10 uM causing a significant (p < 0.05)

reduction in survival. The 50 uM and 100 uM doses were reduced to 56.9% and 25.4%
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survival at this timepoint (p < 0.001 and p < 0.0001, respectively) (Figure 3.2C). At 24
h cells displayed an ICso value of 48.78 uM (SD * 3.22), increasing to 80 uM (SD +

13.47) at 48 h (based on two repeats).

Due to the low solubility of GW4869 in DMSO, the volume of DMSO used to solubilise
higher concentrations of the drug could likely result in toxic effects in cells alone. To
assess whether the change in survival was due to the GW4869 or DMSO, cells were
treated with GW4869 (dissolved in DMSO) or an equivalent volume of DMSO only;
0.1% (10 uM drug), 0.5% (50 uM drug) and 1% (100 uM drug). At both 24 h and 48 h
there is no significant difference in cell survival for either FNB6 or H357 cells treated
with GW4869 and DMSO vehicle compared to DMSO alone, for all concentrations

(Figure 3.2B and D, respectively).

72



24h 48h

A 150 150 -
ns ns
® T
E 100- l—l—-—w\ % 100-
s ] *
4 n
8 50 by 8 50—
= = sk
O 0 T T T T T 1 0 T T T T T 1
m 0.01 0.1 1 10 100 1000 001 01 1 10 100 1000
prd GW4869 (uM) GW4869 (uM)
L
150 150
ns ns ns . GW4869 ns ns ns m GW4869
_ B DMSO only _ 1 mm DMSO only
© @
> _ 2z ]
s 100 s 100
3 3
w w
3 3
© 50 O 50
= =
0- 0-
10uM 50uM  100pM 10uM 50uM  100uM
150 150
ns
_ —_— _ ns
[ T _—
2 i 2 i
S 100 ﬁ S 100 "
= 3 ok
I ]
5 . =
O 504 O 504
< = [
L‘I\.) e 1 I 1 1 1 1 0 1 1 T 1 1 1
0.01 041 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
(8P
T GW4869 (uM) GW4869 (uM)
- 150~
1507 ns ns ns = GW4869 ns ns s N GW4869
— I—l mm DMSO only - |—| W DMSO only
©
Z 100 % 100 H
3 3
] K]
8 50 L:), 50
< R
0- 0-
10uM  50pM  100pM

100M  50pM  100pM

Figure 3.2 Cell survival of FNB6 and H357 cells in response to treatment with GW4869. Cells were
seeded at a density of 5000 cells/well in 96-well plates, treated with (A,C) 0.01, 0.1, 1, 10, 50 and 100
MM GW4869 (DMSO vehicle) and cultured for 24 and 48 h. (B,D) 10, 50 and 100 pM GW4869 and
equivalent DMSO vehicle control % were directly compared. Cell viability was assessed using an MTT
assay. Data is presented as mean + SD (N=3, n=3). Statistics performed by one-way ANOVA and
Dunnets multiple comparisons test. ns, non-significant, *p < 0.05, **p < 0.01, **p < 0.001, ****p <

0.0001.
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The survival of NOF cells treated with GW4869 for 24 h was reduced significantly at
all doses except 0.1 uM (Figure 3.3A). The curve shows small changes in cell survival,
with the lowest dose of 0.01 uM GW4869 significantly reducing cell survival to 86.3%
(p < 0.05) and treatment with the highest dose of 100 pM causing a significant
reduction to 76% survival (p < 0.001) (Figure 3.3A). A 48 h duration of treatment
caused a more pronounced reduction in cell survival to 71.4%, 66.2% and 57.1% for
10, 50 and 100 uM, respectively ( p <0.05, p <0.05 and p < 0.01, respectively). There
was no significant decrease in cell survival for concentrations below 10 yM (Figure

3.3A).

There was no significant difference in cell survival between NOF treated with GW4869
and DMSO only at 24 h (Figure 3.3B). However, at 48 h, there was significantly more
cell survival in the DMSO only control at the 50 uM equivalent (0.5%) compared to the

GW4869 treatment, showing a 31.6% reduction (p < 0.05) (Figure 3.3B)

A similar trend is seen in CAF cells, whereby at 24 h 0.01 uM GW4869 caused a
reduction to 79% cell survival (p < 0.0001) and this was reduced to 61.2% survival with
100 uM treatment (Figure 3.3C). Again, at 48 h the reduction is more prominent with
a decrease to 47.7% survival at 100 uM (p < 0.001), however the two lowest doses
were not significantly different from the untreated control (Figure 3.3C). In contrast to
the NOF cells, CAF cell survival was reduced significantly by GW4869 treatment
compared to DMSO only for all concentrations at both 24 h and 48 h timepoints (Figure

3.3D).
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We intended to confirm the inhibition of EV release from cancer cells cultured in 2D
monolayer. Therefore, we aimed to determine particle release from H357 cells
following drug treatment. Cell culture medium usually contains FBS, which is a source
of contaminating bovine EVs. Therefore, we used the ultrafiltration method developed
by Kornilov et al. (2018) to deplete FBS of EVs. Nanopatrticle tracking analysis (NTA)
revealed that the concentration of EV-sized particles in FBS was reduced by nearly
200-fold (Figure 3.4). To assess optimal storage conditions, we measured EV-
depleted FBS that had undergone one freeze-thaw cycle, which showed ~5.5-fold
higher particle concentration than fresh EV-depleted FBS. Medium supplemented with
10% FBS showed around 13-fold fewer particles than pure FBS, however particle
number was below the detection range for medium supplemented with EV depleted

FBS (Figure 3.4), confirming we could move forward with this depletion method.
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Figure 3.4 Analysis of particle number in EV-depleted fetal bovine serum (FBS). FBS was subject
to 3,000 x g centrifugation in a 100 kDa MWCO column for 1 h. Flow through was then collected and
measured on the same day (DEP FBS), or frozen at -20°C and thawed prior to measurement (F-T
DEP FBS). FBS and EV DEP FBS was added to media at a final volume of 10%. NTA was performed

using a ZetaView®. ND = not detected. Data presented as + SEM for 6 technical repeats. p < 0.01.
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For GW4869 treatment we selected the doses 5 uM and 10 uM as they showed no
significant reduction in cell survival at 24 h compared to the untreated control and had
low DMSO final concentrations. Treatment with either 5 uM or 10 pM GW4869 failed
to significantly reduce particle release from H357 cells (Figure 3.5A). NTA revealed a
similar size distribution of particles released from cells treated with 5 uM and 10 pM
GW4859 as well as the untreated control (Figure 3.5A). There was no significant
difference in mean particle size after GW4869 treatment, being 176.8 nm (SD + 55.95)

and 178.9 nm (SD + 54.27) for 5 uM and 10 pM doses, respectively (Table 3.1).

Table 3.1 Mean size of particles analysed from GW4869 treated H357 cells.

Untreated 5 uM 10 uM
Mean size (nm) 177.6 176.8 178.9
+SD 55.95 54.27 59.13

We also determined that there was no significant difference in particle release between
cells treated with 5 uM and 10 yM GW4869 and equivalent DMSO concentrations,
0.05% and 0.1%, respectively (Figure 3.5B). Again, we saw no significant difference
in mean particle size between GW4869 treatment and equivalent DMSO controls

(Table 3.2).

Table 3.2 Mean size of particles analysed from GW4869 and equivalent DMSO control treated
H357 cells.

5uM 5uM DMSO 10uM 10uM DMSO
Mean size (nm) 185.6 204.7 192.3 184.4
+SD 59.67 65.05 59.80 55.22
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Figure 3.5 Nanoparticle tracking analysis of particle release from H357 cells following GW4869
treatment. Cells were seeded at a density of 2x10° cells per well in a 6 well plate and incubated for 24 h
before treatment with (A) 5 and 10 uM GW4869 and (B) equivalent vehicle control in EV depleted FBS
supplemented media for 24h. NTA was carried out by injecting 2 ml of conditioned media into ZetaView
measuring 11 positions across the cell. Data is presented as mean + SD for (A) N=4, n=3 and (B) N=3,
n=3. Statistics performed by one-way ANOVA and Dunnett’s multiple comparisons . ns, non-significant.
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3.2.2 Cell viability and particle release in response to DMA

In an attempt to characterise an alternative small molecule inhibitor that should
significantly reduce particle release from H357 cells, we tested DMA in a similar
manner to GW4869. To identify a non-toxic dose we again measured cell survival in
response to increasing drug concentrations (Figure 3.6A). DMA concentrations of 0.1
— 50 uM at 24 h did not significantly reduce survival compared to the untreated control.
Only the highest dose of 100 uM significantly reduced survival to 43.7% (p < 0.001).
There was a comparable trend at 48 h where 0.1 — 10 uM did not significantly alter
survival, however 50 pM and 100 pM show a significant (p < 0.001) reduction to 32.9%
and 14.8%, respectively. Furthermore, 1Cso values were similar at both treatment
times, displaying values of 49.44 uyM (SD + 3.52) at 24 h and 42.51 pM (SD + 3.03) at

48 h.

Particle release was again assessed by NTA of conditioned media (Figure 3.5B). DMA
at non-toxic concentrations of 1, 10 and 50 uM failed to significantly reduce particle
release in H357 cells and moreover, there was no significant difference between the
highest drug dose and equivalent DMSO vehicle control (Figure 3.6B). The size
distribution profile of particles released from DMA treated cells was similar with mean
sizes ranging from 187.7 - 202.3 nm, however there was no significant differences in

mean particle size between treatment groups and the control (Figure 3.6B).

NTA is useful for an overall particle release quantification, however in order to give a
better indication of change in EV release we looked specifically at the protein
abundance of the EV marker TSG101 in nanoparticle preparations from H357 cells
treated with DMA (Figure 3.6C). We removed the 50 pM dose due to a marked

decrease in survival, which is significantly reduced at 48 h. Neither 1 uM or 10 pM

78



DMA significantly reduced TSG101 protein abundance, suggesting it has no effect on
EV release. Furthermore, there was no statistical difference between 10 uM DMA and

the equivalent DMSO dose (0.1%) (Figure 3.6C).
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Figure 3.6 H357 cell survival, particle release and EV marker abundance in response to dimethyl
amiloride (DMA) in DMSO vehicle. (A) H357 were treated with DMA and cultured for 24 and 48 h prior
to MTT assay. (B) Cells were treated with 1, 10 and 50 uM DMA and equivalent DMSO vehicle control
% in EV depleted FBS supplemented media for 24 h. NTA was carried out by injecting 2 ml of
conditioned media into the ZetaView measuring 11 positions per sample. (C) TSG101 protein
abundance was determined following treatment of cells with 1 and 10 uM DMA and equivalent DMSO
vehicle control. Conditioned media from each group was subject to differential and ultra-centrifugation
to collect an EV pellet that was lysed using RIPA buffer prior to western blot. Protein bands were
quantified using ImageJ. Data is presented as mean = SD for N=3, n=3. Statistics performed by one-
way ANOVA with Dunnet’s multiple comparisons, Student’s t-test and Wilcoxon test. ns, non-significant,
***n < 0.001.
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Table 3.3 Mean size of particles in conditioned media from DMA in DMSO vehicle treated H357
cells.

Untreated 1 UM 10 uM 50 uM 50 yM DMSO
Mean size (nm) 194.1 190.9 200.7 202.3 187.7
+SD 62.74 64.95 60.71 81.82 63.92

We theorised that DMSO may be causing a confounding effect on the mechanism of
action of DMA and therefore tested DMA dissolved in PBS vehicle (Figure 3.7A). DMA
in PBS vehicle caused no significant reduction in cell survival until reaching doses of
50 and 100 uM (p < 0.01, p < 0.001). In order to confirm that the PBS vehicle did not
have an inhibitory effect on cells, we compared untreated cells to those treated with
PBS at the equivalent volume as the highest drug concentration (Figure 3.7A). H357
displayed a significant reduction in cell survival at doses of 50 uM and higher, with an
ICs0 value averaged from two repeats of 79.32 uM (SD + 24.33). However, there was
no significant reduction in cell survival after 24 h when treated with PBS compared to

the untreated control (Figure 3.7A).

Quantifying particle release by NTA from cells treated with DMA in PBS vehicle, we
saw no significant reduction in release between untreated cells and those treated with
both 1 uM and 10 uM DMA (Figure 3.7B). DMA treatment did not significantly alter the
mean size of particles released from H357 cells compared to the untreated control
(Table 3.4). Moreover, there was no significant difference between 10 uM treatment
and equivalent PBS vehicle only control (Figure 3.7C). Similarly, the abundance of

TSG101 protein was not reduced following either 1 uM or 10 uM treatment. However,
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no statistical analysis could be performed as this experiment was not repeated. The
lack of EV protein detected in the untreated and PBS treated cells indicates that either
this method of EV isolation produces inconsistent EV concentrations or protein

contaminants

Table 3.4 Mean size of particles in conditioned media from DMA in PBS vehicle treated H357
cells.

Untreated 1 uM 10 uM 10 uM PBS
Mean size (nm) 138.0 139.8 141.6 143.4
+SD 56.87 53.54 56.55 52.38
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Figure 3.7 H357 cell survival, particle release and EV marker expression in response to dimethyl
amiloride (DMA) in PBS vehicle. H357 were treated with increasing doses of DMA (A) or highest dose
equivalent % PBS vehicle (B) and cultured for 24 h prior to MTT assay. (C) Cells were treated with 1,
10 and 50 pM DMA and equivalent PBS vehicle control % in EV depleted FBS supplemented media for
24 h. NTA was carried out by injecting 2 ml of conditioned media into the ZetaView measuring 11
positions per sample. (C) TSG101 protein expression was determined following treatment of cells with
1 and 10 uM DMA and equivalent PBS vehicle control. Conditioned media from each group was subject
to differential and ultra-centrifugation to collect an EV pellet that was lysed using RIPA buffer prior to
western blot. Data is presented as mean = SD for N=3 (n=3) except for (C) where N=1 (n=1). Statistics
performed by one-way ANOVA wijth Dunnets multiple comparisons test and Wilcoxon test. ns, non-
significant, **p < 0.01, ****p < 0.001.
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3.2.3 Cell viability and particle release in response to

Bafilomycin Al

H357 cells treated with increasing doses (100,000 nM — 0.0001 nM) of Bafilomycin
(BafAl) for 24 h showed no significant decrease in cell survival (Figure 3.8). However,
the I1Cso was determined to be 53 nM. At 48 h incubation with BafAl1 we observed a
more pronounced decrease in survival following doses higher than 10 nM (Figure 3.8).
10,000 1,000 and 100 nM doses showed a reduction to 48%, 45.3% and 49.2%,
respectively (p > 0.001, p <0.01, p <0.001, respectively) (Figure 3.8). The increased

incubation time was associated with an increased sensitivity to BafAl treatment, with

an ICso of 12 nM.
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Figure 3.8 Dose response of H357s treated with BafAl. H357 cells were treated with increasing
doses of BafAl and incubated for 24 and 48 h prior to MTT assay. Data is presented as mean + SD
for N=3, n=3. Statistics performed by one-way ANOVA with Dunnet’s multiple comparisons. ns, non-
significant, **p < 0.01, ****p < 0.001.
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NTA revealed no significant difference in particle release from H357 cells treated with
5, 50, or 100 nM BafAl (Figure 3.9A). There was no significant difference in particle
release from cells treated with 100 nM BafA1l and an equivalent DMSO vehicle control
(0.1%). Mean particle diameter remained similar across all treatments, with no
significant difference between BafAl treated, vehicle control and untreated control

(Figure 3.9B)(Table 3.5).
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Figure 3.9 Particle release from H357 cells treated with BafAl. H357 cells were treated with 5, 50
and 100 nM BafAl in EV depleted media and incubated for 24 h. NTA was performed by ZetaView
across 11 positions. Data is presented as mean + SD for N=3, n=3. Statistics performed by one-way
ANOVA with Dunnet’s multiple comparisons and Student’s t-test . ns, non-significant.

Table 3.5 Mean particle size in conditioned media from BafA1l treated H357 cells.

Untreated 5nM 50 nM 100 nM DMSO only
Mean size 227.4 228.9 215.4 225.2 235.1
(nm)
+SD 79.48 90.18 87.52 82.12 88.61
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3.3 Discussion

3.3.1 Cell viability and particle release in response to GW4869

Concentrations of GW4869 greater than 50 puM at 24 hours caused significant
reduction in survival of H357 cells. These concentrations are similar to doses
previously used in cancer cell lines, where 20 uM GW4869 significantly reduced cell
survival compared to vehicle control in a prostate cancer cell line at 24 and 48 hours
(Panigrahi et al., 2018). In the same study, 10 and 20 uM GW4869 also reduced
clonogenicity of the same cell line over a longer period of 7-8 days (Panigrahi et al.,

2018).

FNBG6 cell survival was significantly reduced by doses =100 uM and 50 uM at 24 and
48 hours, respectively. This indicates that FNB6 may be slightly less sensitive to
GW4869 than H357 cells. This could be due to H357 having a faster growth rate
(previous data in shown in Hunt Lab), which may make them more vulnerable to drug
inhibitors (Malhotra et al., 2003). Of note, nSMase, inhibited by GW4869, has been
linked to the regulation of apoptosis in response to a range of stimuli in breast cancer
cells and hepatoma cells (Ogretmen et al., 2004). Testai et al showed that nNSMAse is
activated by caspase 8 and signals downstream via caspase 3 in neuronal tumour cell
lines (Testai et al., 2004). It could be argued that nSMase inhibition by GW4869 would

reduce apoptotic signalling and lead to increased survival in H357 cells.

There was no significant difference in cell survival between GW4869 treated H357 and
equivalent dose DMSO controls, suggesting that the DMSO vehicle was responsible
for the inhibitory effect on cells. In the OSCC cell line SCC7, 2.5 uM GW4869 was
shown to significantly reduce both cell proliferation and migration compared to

untreated controls after 24 hours (Li et al., 2023). However, the authors did not indicate
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the vehicle used to dissolve the drug or if the untreated control was a vehicle only
treatment. This could have a significant impact on the conclusions drawn, due to
DMSO having been shown to significantly reduce proliferation, migration and colony
formation in cancer cells through stimulating tumour suppressor protein HLJ1
(Hajighasemi et al., 2017).Furthermore, Matsumoto et al showed that 5 pg/ml GW4869
treatment for 24 hours significantly reduced the survival of B16BL6 melanoma cells
compared to untreated and DMSO-treated cells (Matsumoto et al., 2017).
Interestingly, the 5 pg/ml dose equates to 6.8 pM GW4869, at which we saw no
reduction in survival for both FNB6 and H375. Moreover, the authors stated that there
was no significant difference in cell survival between 5% DMSO (vehicle) and
untreated cells (Matsumoto et al.,, 2017). However, this contrasts many studies
showing that this dose of DMSO is toxic to cells, therefore the reason for this
inconsistency is unclear (Trivedi et al., 1990; Galvao et al., 2014; Hajighasemi et al.,

2017).

In comparison to the two cell lines, primary fibroblasts show generally less sensitivity
to GW4869 with minimal reduction in percentage survival compared to H357 and
FNBG6. This seems to be consistent with previous findings that treatment of muscle-
derived fibroblasts showed no significant change in survival when treated with a range
of 0-20 uM GW4869 (Zanotti et al., 2018). This could be attributed to differences in
ceramide to sphingomyelin ratios in lipid metabolism. It has been reported that
ceramide family proportions between dermal keratinocytes and fibroblasts are distinct,
with fibroblasts having a higher abundance of ceramides with sphingosine base and
non-hydroxy fatty acid (CER[NS]) and alpha-hydroxy—phytoceramides (CER[AP]),

sub-classes of ceramides, than keratinocytes (Luczaj et al., 2020).
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Interestingly, we also see differences between fibroblasts and the cell lines when we
compare equivalent doses of DMSO to the GW4869: for the cell lines there is no
significant difference in cell survival compared to DMSO controls. However, there is
significantly decreased survival in the drug treatment groups of NOFs treated with 50
MM for 48 hours and all treatment conditions for CAFs. Fibroblasts may have reduced
sensitivity to DMSO compared to the cell lines, as it has been shown that low
concentrations of DMSO can promote fibroblast proliferation in a Akt/mTOR mediated

manner (Guo et al., 2020).

We selected the highest doses of GW4869 that did not cause a significant reduction
in H357 cell survival, to determine if the drug could inhibit EV release. Our data showed
that there was no significant decrease in particle release in treated cells compared to
vehicle control, which is in contrast with a large body of literature (Riches et al., 2014;

Menck et al., 2017; Peng et al., 2022).

The reason for this discrepancy may lie in differences in EV isolation methods, as this
can influence the populations of EV separated (Théry et al., 2018). Here, we measured
all particles released from cells into conditioned medium meaning a broad range of EV
populations and other nanoparticles were likely present. This could account for the
lack of difference in particle count between the drug treated and controls, as it has
previously been reported that GW4869 has a contrasting effect on different EV
populations (Menck et al., 2017). Menck et al analysed EV population size changes in
response to GW4869 treatment from cell conditioned medium pelleted at 14,000 x g
and 100,000 x g; with the aim to differentiate effects on “microvesicles” and
“exosome” populations. Interestingly, GW4869 increased the number of larger EVs
(100-200nm) in the 14,000 x g pellet, but reduced smaller EVs (<100nm) in 100,00 x

g pellets, indicating that GW4869 has different effects on secretion of different sized

88



EV population (Menck et al., 2017). We saw no significant difference in mean patrticle
size between treatment groups. However, our NTA data collection parameters were
set to detect small particles (~100 nm), which means that larger particles were

discounted.

3.3.2 Cell viability and particle release in response to DMA

Our data indicated that GW4869 treatment did not inhibit EV release in the cell lines
tested. Therefore, we sought to characterise another small molecule inhibitor of EV
release and focused on H357 cells only. H357 cells demonstrated an ICso of 49.44 uM
and 42.51 uM, at 24 and 48 hours, respectively. An ICso of 106 uM has been reported
in HUVEC cells, indicating that H357s may be more sensitive to DMA (Park et al.,
2009). However, Rojas et al demonstrated in myeloma cell lines that DMA significantly
decreased viability at the lowest tested concentration of 100 uM, which is consistent
with our data at 48 hours (Rojas et al., 2017). However, another study has shown that
5 pg/ml DMA significantly reduces survival of a paclitaxel-resistant prostate cancer cell

line (Kumar et al., 2022).

We selected DMA doses (1 uM, 10 uM and 50 pM) that caused no significant decrease
in cell survival for further testing, but we observed no significant reduction in particle
release from H357 cells compared to the untreated or DMSO vehicle controls. This is
in contrast to data from Chalmin et al, showing that that in a mouse lymphoma cell
line, DMA significantly reduced acetylcholinesterase (AChE) activity, which is a
proposed generic marker for small EVs ((Chalmin et al., 2010). Although no DMA dose
was stated for 2D cell treatment, this effect was mirrored in a lymphoma mouse model

by treatment with 1 pmol/kg DMA daily for one week.
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DMA dissolved in PBS also failed to inhibit particle release. The highly cited Savina
et al study demonstrating that DMA blocks “exosome” and “gigantic Ca?*-filled MVB”
formation utilises stimulation by ionophore treatment prior to EV quantification and
may not be comparable to our untreated condition. This stimulation treatment causes
swelling of endosomes and lysosomes and may therefore effect EV subtype formation.
Furthermore, the decrease in “exosomes” that they observed may overlap with other

EV populations, due to the exosome quantification and characterisation methods.

Both Chalmin et al and Savina et al utilise AChE activity for EV quantification, however
this is an indirect measure and has previously been shown not to correlate with particle
number (Liao et al., 2019). The MISEV 2018 guidelines (Théry et al., 2018)
recommended further characterisation by protein markers, however the use of Hsc70
as a marker by Savina et al is also not exosome specific due to its promiscuous
incorporation into EVs. Therefore, it is difficult to pinpoint which populations may be
inhibited by DMA treatment. Indeed, we saw no reduction in TSG101 protein levels,
possibly indicating that affected EV populations are produced via ESCRT-independent
mechanisms. However, this contrasts data from Liu et al showing that TSG101 levels
are attenuated in kidney proximal tubular cells following DMA treatment (Liu et al.,
2020). This could be attributed to the higher dose of 388 uM DMA used, indicating that
our doses were not in the range to have an inhibitory effect. However, there is no
indication of vehicle control used making it difficult to confirm the reduction in TSG101

is due to DMA alone.
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3.3.3 Cell viability and particle release in response to BafAl

BafAl treatment caused no adverse effects on cell survival at 24 hours for all doses
up to the highest dose of 10 uM. However, doses of 0.1 uM and higher caused a
significant decrease in cell survival at 48 hours. This is similar to previous data, where
in human neuroblastoma and embryonic kidney cells there was no significant
decrease in survival following 24 hours treatment with 200 nM and 100 nM BafAl,
respectively (Alvarez-Erviti et al., 2011; Joshi et al., 2020). However, a more prolonged
exposure of 72 hours at a dose of 200 nM saw a marked decrease in survival (Alvarez-
Erviti et al., 2011). Moreover, Yan et al tested up to 100 nM doses of BafAl in a range
of cell lines and found that there was no difference in survival for treatment at 24 hours,
matching our findings (Yan et al., 2016). However, a dose of 5 nM reduced survival

for 48 and 72 hours treatments (Yan et al., 2016).

In contrast to previous reports (Guo et al., 2017; Cashikar et al., 2019; Wang et al.,
2022), we observed no increase in particle release in BafAl treated cells. In
agreement with these reports, Bebelman et al noted a 30% increase in particles
released from HEK293 cells treated for 16 hours with 100 nM BafAl (Bebelman et al.,
2023). Moreover, this increase rose to 800% after 24 hours of treatment (Bebelman et
al., 2023). In hindsight, it might have been better to quantify EV marker positive
particles rather than relying on NTA to determine drug efficacy. This would have
allowed discrimination between EVs and other nanoparticles present in conditioned
medium samples. Indeed, Cashikar et al found increased levels of CD9, CD63, flotillin
2 and syntenin in HEK293 cells treated with 200 nM BafAl (Cashikar et al., 2019). Of
note, Hikita et al showed that a cell panel released more particles upon BafAl
treatment, however the same cells showed reduced particle release when cultured in

hypoxia (Hikita et al., 2018). It would be interesting to see the effect on particle release
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on cells cultured in hypoxia and treated with BafAl to determine how alterations in

culture conditions can vary particle release.

We might have expected an altered nanoparticle size profile due to BafAl treatment
causing increase of small EV/exosome release (Bebelman et al., 2023), however we
observed no significant difference from treated or untreated H357 cells. Wang et al
similarly observed no difference in particle size determined by NTA of BafAl treated
neuroblastoma cells compared to untreated (Wang et al., 2022). In contrast, work
from another group showed that 100 Nm BafAl treatment for 16 hours caused release
of smaller EVs, as measured by NTA and electron microscopy (Mathieu et al., 2021).
This effect was seen in pellets isolated from conditioned media by centrifugation at
200,000 x g, however there were no differences in size seen in the 10,000 x g pellet,
indicating enrichment for smaller EV populations is necessary to examine specific size

changes (Mathieu et al., 2021).

3.3.4 Conclusion

In summary, we have identified doses of GW4869, DMA and BafA1l that significantly
decrease cell survival. Quantification of particle release in H357 cell conditioned
medium and TSG101 marker abundance in EV pellets treated with either GW4859
and DMA revealed no significant reduction compared to the DMSO vehicle control.
Particle release from H357 cells was not significantly increased when treated with EV

stimulator, BafAl.
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4 Development and characterisation of genetically altered
OSCC cell lines for the study of EV biogenesis and
uptake

4.1 Introduction

Genetic targeting is a useful alternative for inhibiting EV biogenesis components that
currently do not have small molecule inhibitors. RNA interfering tools have been widely
utilised to dissect mechanisms of EV biogenesis. In a landmark study, Stuffers et al
was able to demonstrate ESCRT independent MVB formation through siRNA
depletion of ESCRT subunits HGS, TSG101, Vps22 and Vps24 (Stuffers et al., 2009).
Another study showed the role of GTPases in exosome production and ILV budding,
using siRNA targeting ARF6 and its effector PLD2 (Ghossoub et al., 2014). However,
it has also been reported that the use of transient transfection reagents can cause
artefacts in downstream EV characterisation experiments (McConnell et al., 2022).
This can be overcome by utilising techniques such as CRISPR/Ca9 genome editing.
A study that created an MMP3 knockout (KO) in a murine metastatic tumour cell line
showed that there was reduced EV protein release from these cells as well as reduced
CD9 and CD63 abundance in EV fractions (Taha et al.,, 2020). MMP3-KO cell
tumouroid formation and proliferation was reduced compared to the MMP3+

tumouroids and this effect was rescued by treatment with EVs (Taha et al., 2020).

Due to the lack of success of GW4869 and DMA to significantly reduce particle release
in H357 cells (Chapter 3), in this chapter we utilised an alternate tool to perturb EV
release. Here, we validate a CRISPR/cas9 edited H357 derivative cell line targeting
HGS (termed H3572HCS) a master regulator of ESCRT-dependent EV biogenesis, for

gene and protein silencing as well as the effect on EV release.
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Cell-to-cell communication via EVs is a critical aspect of cancer progression, making
it essential to understand how EVs interact with recipient cells (El Andaloussi et al.,
2013). Various techniques exist to monitor EV uptake, biodistribution, and release.
Among these, fluorescence-based detection is widely used. To stain EVs after
isolation, lipophilic fluorescent dyes such as DiR, DiO, DID, CFSE, PKH-26, and PKH-
67 are commonly employed (Chuo et al., 2018). For example, DiR staining has been
successfully used to label EVs in conditioned media from different cell types and
demonstrating patterns of biodistribution and accumulation in vivo (Wiklander et al.,
2015) Moreover, DiD labelled EVs have been shown to be detectable up to 24 hours
post injection in mice (Grange et al., 2014). However, a significant drawback is their
non-specific binding nature, as their lipophilic nature means all lipid-containing
particles, vesicles, and cellular membranes are susceptible to labelling. This can lead
to background noise in cellular assays and false positive signals, particularly because
these stains may form micelles or aggregates in certain buffers, resembling the

physiological properties of EVs (Takov et al., 2017).

A more specific method of EV visualisation is to label EVs by cloning specific EV
markers into reporter vectors that are tagged with a fluorescent protein. Transfection
of these vectors produces cells which release fluorescently tagged EVs. A number of
studies have utilised the fusion of tetraspanin CD63 and GFP to study EV
communication between cells (Maida et al., 2016; Sadovska et al., 2018; Levy et al.,
2020). Koumangoye et al used this approach to tag breast cancer tumour cell
exosomes and demonstrate that disruption of lipid rafts inhibited the internalisation of
exosomes as well as annexin-mediated uptake (Koumangoye et al., 2011). Another
study used a CD63-GFP producing prostate cancer cell line, cultured in a 3D

heterotypic spheroid model with peripheral blood mononuclear cells (PBMCs). This
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co-culture method showed different interactions with EVs, dependent on cell type. For
example, EVs were mostly found on the surface of B-cells rather than internalised and
CD3+ T-cells interacted with EVs at a greater capacity compared to CD8+ T-cells

(Sadovska et al., 2018).

Here, we aimed to develop an OSCC cell line producing dual fluorescence labelled
EVs to demonstrate cancer-derived EV association with stromal fibroblasts. H357 cells
were transfected to stably express CD63-GFP (to label the EV membrane), as well as

TSG101-mCherry (to label luminal EV cargo).
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4.2 Results

4.2.1 Validation of HGS CRISPR/cas9 knockout

The H3572HCS cell line was recently created by another member of our research group
(Jiang., 2023) and so we first sought to validate the cell line before conducting further
experiments. Comparing HGS mRNA transcript levels between H357 wildtype (WT)
and the H357216S cell line there was a significant reduction in relative expression (p <
0.01), with the H3572HCS cell line displaying a 4.6-fold lower transcript expression than

H357WT (Figure 4.1A). To confirm knockdown at the protein level we quantified protein
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Figure 4.1 Validation of HGS knockout in H357 cells by transcript and protein quantification.
Cells were grown to 80% confluency and RNA or protein extracted using an appropriate lysis buffer. (A)
HGS cDNA was produced by RT-PCR and transcript levels quantified by gPCR (B) HGS protein levels
were measured by western blot and densitometry was conducted using ImageJ. Data is expressed
relative to GAPDH endogenous control. Data is presented as mean + SD for N=3, n=3. Statistics
performed by Student t-test. **p < 0.01, ***p > 0.001.
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abundance by western blot. HGS protein levels were significantly lower (p < 0.001) in
the H3572HCGS cell line compared to H357WT, with no protein band detectable (Figure

4.1B).

Table 4.1 Average diameter of particles released into conditioned media from H357“T or
H357AHES cells.

H357WT H3574AHGS
Mean diameter (nm) 153.3 150.4
+SD 51.87 48.75

To investigate whether knockout of HGS in these cells influenced EV release, we
measured particles in conditioned media from the H3572HCS cell line (Figure 4.2).
There were 1,120 fewer particles released per H3572HCS cell compared to H357AWT,
equating to a significantly (p < 0.01) reduced amount. The size profiles of particles
analysed from both cell lines were very similar, with no significant difference in mean
particle diameter (Figure 4.2A)(Table 4.1). We then enriched EVs present in
conditioned media by ultracentrifugation and compared the EV marker TSG101 in the
cell lysate and in EV preparations from both cell lines. There was no significant
difference in TSG101 levels in cell lysate from either cell line, however there was a

3.7-fold reduction (p < 0.05) in H3572HCS EV pellets compared to H357WT (Figure 4.2B.
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Figure 4.2 Evaluating functional EV knockdown in H3572HGS  (A) Particle release and size was
quantified using NTA in conditioned media from WT and AHGS H357 cells (B) Representative blot of
TSG101 protein level in cell lysate (CL) and EV preparations. Densitometry was conducted using ImageJ,
and data is expressed as TSG101 band intensity relative to H357WT. Data is presented as mean + SD for
N=3, n=3. Statistics performed by Student t-test. *p < 0.05.
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4.2.1.1 H357AHGS |n 3D co-culture models

3D models are a useful tool to study interactions between multiple cell types in a more
physiologically relevant system. In this system, modelling the oral mucosa, we cultured
fibroblasts in a collagen matrix with keratinocytes seeded on top at an air to liquid
interface (ALI). We hypothesised that the loss of HGS in H357 cells would interfere
with EV mediated communication between the OSCC cells and fibroblasts. Models
using H357"T show a distinct epithelial layer when in combination with either NOFs or
CAFs, however this epithelial layer is not present when H3572HGS are incorporated
(Figure 4.3A). Furthermore, it may be suggested that the models incorporating
H357AHGS cells display diminished viability compared to those with wildtype cells,
however there is insufficient data to draw statistical conclusions. To determine whether
the difference in model structure was due to EV knockdown interfering with
intercellular communication, we looked at the ability of H3572HCS to form epithelial only
layers (Figure 4.3C). H357W"T form multi-cell layers, whereas H3572HCS only formed

layers of 1-2 cell thickness.
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Figure 4.3 3D models of the oral mucosa using H3572HGS, (A) Representative images of 3D models
generated using NOFs and CAFs seeded in collagen, in combination with H357WT and H3572HGS
seeded on top and cultured at an air to liquid interface (ALI) for 10 days. (B) The viability of cells in the
3D collagen models was measured indirectly using PrestoBlue® where relative fluorescence units
(RFU) is equivalent to viability. (C) Epithelial layers generated by seeding H357WT and H357AHGS
into transwell inserts and culturing for 48h submered in media and then a further 48h at ALI. 3D and

epithelial models were stained using H&E. Data represented as +SEM for N=2, n=3.
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4.2.2 Development of H357¢P83-CFP cell line

4.2.2.1 Transfection reagent optimisation

Achieving successful transfection depends on various factors, including the
transfection reagent, cell confluency, cell viability, quantity of nucleic acid, and the
presence or absence of serum (Chong et al., 2021). To increase the likelihood and
guantity of cells effectively incorporating plasmid DNA into their genome, it is essential
to optimise the conditions for high transfection efficiency and minimal cell toxicity

(Chong et al., 2021).

FUGENE ®, a non-liposomal transfection reagent, was used in the first instance;
comparing different ratios of FUGENE (pl) to plasmid DNA (ug), as recommended by
the manufacturer. We compared transfection efficiencies of CD63 and TSG101
fluorescent protein fused constructs used in single transfection or simultaneously (dual
transfection) (Figure 4.4). After 24h incubation, transfection efficiency was determined
by fluorescence microscopy. Overall transfection efficiency was low, with the highest
TSG101-mCherry efficiency (2.9%) observed using a 2:1 ratio FUGENE:DNA (Figure
4.4B). There was a trend showing a larger proportion of fluorescent cells using a single
TSG101-mCherry transfection, compared to CD63-GFP and dual transfection, across
all ratios. Furthermore, transfecting both plasmid DNAs reduced the positive
population compared to single transfected conditions. There was no significant
difference in fluorescent positive populations for all FUGENE ratios using either single

construct or dual transfection methods (Figure 4.4B).
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Figure 4.4 Transfection optimisation using FUGENE in H357 cells. Cells were seeded into glass
bottom wells and transfected with either CD63-GFP, TSG101-mCherry, or both plasmid DNA in
complex with FUGENE® at different ratios. After 24h cells were imaged using a Zoe™ Fluorescent
Imaging System. (A) Representative images of single and dual transfections (B) Quantification of
positive fluorescence analysed using ImageJ. Data is presented as mean + SEM for N=1, n=3. Statistics
performed by Dunnett’'s multiple comparisons t-test. ns, non-significant.
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Figure 4.5 Dual transfection optimisation using Lipofectamine 2000 in H357 cells. Cells were
seeded into glass bottom wells and incubated with CD63-GFP and TSG101-mCherry plasmid DNA in
complex with 6, 9, 12, or 15 pl lipofectamine. After 24h cells were imaged using a Zoe™ Fluorescent
Imaging System. (A) Representative images of single and dual transfections. Quantification of (B)
Positive fluorescence for GFP, mCherry or both and (C) total fluorescence in each lipofectamine volume
was analysed using ImageJ. Data is presented as mean + SEM for N=1, n=3. Statistics performed by
Dunnett’'s multiple comparisons t-test. ns, non-significant, *p < 0.05, **p< 0.01, ***p<0.001.
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Due to the low transfection efficiency of FUGENE, we sought to optimise another type
of transfection reagent, Lipofectamine 2000, which encapsulates nucleic acids in
liposomes to be taken into the cell by endocytosis. Lipofectamine optimisation

methods are based on transfection reagent volume rather than ratios with DNA.

We observed greater levels of transfection with Lipofectamine at all volumes used,
compared to FUGENE. Volumes of 9, 12 and 15 ul showed a significantly higher
percentage of red fluorescent compared to dual fluorescent cells (Figure 4.5B). Only
the 9 ul volume showed a significantly higher percentage of green fluorescent cells
compared to dual fluorescent (Figure 4.5B). When comparing the total proportion of
fluorescent cells, cells transfected with 9 pl Lipofectamine showed the highest
percentage (11.7%), which was significantly higher (p < 0.05) than cells transfected

with 6 pl Lipofectamine (7.2%) (Figure 4.5C).

4.2.2.2 Isolating and expanding stable clones.

Moving forward with the 9 pl lipofectamine transfection conditions, we used single and
dual plasmid transfection methods followed by antibiotic selection. Following this,
colonies of surviving cells were cultured and sorted into single cells by FACS. Although
the proportion of positive cells was low (Table 4.2), we were able to sort single cells

from CD63-GFP and TSG101-mCherry transfected populations.
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Table 4.2 Percentage of fluorescently positive cells in polyclonal H357 populations.

Positive
% Parent % Total
CD63-GFP 0.2 0.08
TSG101-mCherry 0.37 0.09
Dual transfected 0 0

Monoclonal populations were expanded from single cells positive for CD63-GFP,
however there were no surviving TSG101-mCherry positive colonies. Fluorescence
microscopy of stable clones showed punctate green fluorescence, indicating
expression of CD63-GFP in internal compartments (Figure 12). Interestingly, some

cells (Figure 4.6i) showed brighter GFP signal than others (Figure 4.6ii).

100pm

Figure 4.6 Imaging of CD63-GFP expressing H357 cells. Representative images of an expanded
clone of H357 cells expressing CD63-GFP (green) and counterstained nuclei with DAPI (blue) at first
expansion. Arrows in magnified images (i) and (i), indicate examples of punctate fluorescence. Images
were taken using a Leica Thunder fluorescent microscope. N=1.



4.2.2.3 Validation of H357¢D63-GFP

We further sought to confirm cellular GFP-CD63 protein expression after multiple
passages by western blotting (Figure 4.7). Western blotting confirmed the presence of
GFP in H357¢P63-GFP whole cell lysates and importantly, the absence in wildtype cells
(Figure 4.7A). To determine if there was co-localisation of endogenous CD63 with

GFP-CD63 in our H357€P63-GFP c¢|| line, cells were fixed and labelled with an anti-
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Figure 4.7 Validating GFP expression in H357¢P83-GFP whole cells. (A) Representative western blot
indicating GFP protein expression. Densitometry was performed using ImageJ and data is expressed
as band density relative to endogenous control, N=2, n=1 (B) Images of H357 cells fixed and stained
with DAPI only (a and c) or DAPI and an anti-CD63 antibody (b and d), DAPI stained nuclei depicted
in blue, CD63 in red and CD63-GFP in green. Images were taken using a Nikon Al Confocal
microscope, N=1. Data presented as + SEM **p<0.01.
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CD63 antibody (Figure 4.7B). We observe incomplete co-localisation of endogenous

CD63 with CD63-GFP in the stable cell line (Figure 4.7B).

4.2.2.4 Characterisation of H357CPe3-GFP

To determine if expression of CD63-GFP in H357 cells alters proliferation, we
examined H357CP83-GFP cell growth compared to H357WT and observed no significant
difference between cell lines at any time point (Figure 4.8A). There was also no
significant difference in doubling time between H357CP63-GFP and H357WT (Figure

4.8B).

ESCRT-independent EV biogenesis has previously been shown to be driven in a
CD63-dependent manner (van Niel et al., 2011). We therefore hypothesised that
H357CP63-GFP might release increased numbers of EVs due to overexpression of CD63-
GFP (via a constitutive cytomegalovirus promoter). NTA indicated no significant

difference in particle secretion from H357¢P63-GFPcompared to H357WT
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Figure 4.8 Growth analysis of H357¢P53CFP_(A) 50,000 cells were seeded per well in a 6 well plate and
counted using a haemocytometer every 24h for up to 96h. (B) Time taken for each cell line to double in
number. Data is presented as mean + SD for N=3, n=3. Statistics performed by Student t-test. Ns, no
significance.
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(Figure 4.9A). The largest proportion of particles (4.6%) released from H357WVT had a
diameter of 135 nm, compared to 3.9% of the population of H357C¢P83-GFP The particles
released from H357CP63-GFP showed a slight shift to smaller diameters (Figure 4.9B).

However, there is no difference in mean average diameter (Table 4.3).

Table 4.3 Table 8. Comparison of mean diameter of particles in conditioned media from H357WT
and H357CPe3-GFP,

H357WT H357CDe3-GFP
Mean diameter (nm) 139.7 127.0
+SD 49.62 34.67
A B
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Figure 4.9 Nanoparticle tracking analysis of H357CP®3-CFP secreted particles. 2x105 cells were seeded
per well in 6 well plates and after 24h media was changed to EV-depleted FBS supplemented media. (A)
Particle release and size was quantified from 24h conditioned media from WT and AHGS H357 cells using
NTA (ZetaView®). Data is presented as mean = SD for N=3, n=3. Statistics performed by Student t-test.
Ns, no significance.
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4.3 Discussion

4.3.1 HGS CRISPR/Cas9 knockout in H357 cell line

We predicted that knockout of HGS would result in reduced EV release, due to its
assembly in ESCRT-0 machinery and initiating the ESCRT pathway responsible for
EV biogenesis. We have demonstrated clear transcript and protein knockdown in
H3572HGS cells, which resulted in significantly reduced particle release in comparison
to the wildtype. This observation is aligned with previous reports of reduced EV release
following HGS knockdown (Tamai et al., 2010; Hoshino et al., 2013; Colombo, Moita,
Van Niel, Kowal, Vigneron, Benaroch, Manel, Luis F. Moita, et al., 2013). Moreover, in
our work, the EV specific marker TSG101 was significantly reduced in EV pellets from
H3572HGS cells. This is concurrent with other investigations utilising sShRNA depletion
of HGS, whereby TSG101 protein abundance was shown to be reduced in “exosome”
fractions from dendritic and breast cancer cells (Tamai et al., 2010; Hoshino et al.,
2013) Further supporting evidence comes from Columbo et al who confirmed
reduction of exosomes from HGS depleted HelLa cells by demonstrating reduced MHC
Il and CD63 protein levels in exosome fractions (Colombo, Moita, Van Niel, Kowal,
Vigneron, Benaroch, Manel, Luis F. Moita, et al., 2013). HGS knockdown in endothelial
cells has been shown to impair trafficking from early endosomes to lysosomes as well
as recycling of endosomes to the plasma membrane, it therefore would be reasonable

to assume that EV formation and release would also be altered (Yu et al., 2021).

Due to a major component of the ESCRT-dependent pathway being impaired, it can
be hypothesised that other mechanisms of EV biogenesis may be upregulated to
compensate. Indeed, it has been shown that knockdown of classical exosome marker

TSG101 did not induce decreased EV release in HRAS-overexpressing epithelial
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mammary cells, however the decrease in exosomal markers CD81, Alix and syntenin-
1 was compensated via an increase in clathrin and Cav2-enriched EVs (Kilinc et al.,
2021). This indicates that depletion of markers involved in EV biogenesis can induce
EV release from alternate pathways (Kilinc et al., 2021). It follows that we might see a
shift in EV sizes present in conditioned medium from H3572HCS compared to wildtype
cells. However, we saw no significant differences in particle size. This is in contrast to
previous data showing that there was an increased proportion of smaller vesicles (<50
nm) in cells treated with shRNA against HGS (Colombo, Moita, Van Niel, Kowal,
Vigneron, Benaroch, Manel, Moita, et al., 2013). This may be accounted for by
differences in isolation and quantification methods, as NTA does not detect particles
below 70 nm. The same trend was also seen in a colorectal cancer HGS knockout cell
line using both electron micrographs and NTA, however interestingly, mean diameters
measured by NTA were around double those measured by TEM (Sun et al., 2016)
Bachurski et al observed substantially larger EV diameters when quantifying using
NTA compared to TEM (Bachurski et al., 2019). This is due to dehydration during the
TEM preparation process leading to shrinkage of up to 21%, meaning TEM may not
be the most accurate method for assessment of EV size (Bachurski et al., 2019).
Methods to quantify smaller diameters may be useful to distinguish further

discrepancies in EV populations.

We observed a lack of epithelial layer in oral mucosa models incorporating H3574H¢S
as well as thin epithelial-only layers compared to H357WT. This observation poses
guestions relating to the role of HGS in epithelial cell-cell adhesion, especially as other
regulators of endocytosis have been to show be responsible for recycling of the
adherens junctions (AJs) component E-cadherin and maintaining cell-cell junction

integrity (Yamamura et al., 2008; Desclozeaux et al., 2008). Depletion of ESCRT
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subunits, including HGS, in fibroblasts causes accumulation of integrins with activated
Src at enlarged early endosomes which reduced focal adhesion (FA) turnover (Lobert
et al.,, 2012). The formation and turnover of FAs is key for cellular adhesion to the
ECM, which may explain why H3572HCS cells did not adhere to the underlying collagen

matrix.

Moreover, ESCRT components have been linked to the maintenance of epithelial cell
and fibroblast polarity by regulating recycling of cytoskeletal and cell junctional
molecules (Dukes et al 2011). Silencing of TSG101 in a human colorectal cancer cell
line caused disruptions in apicobasal polarity of epithelial only layers as well as
reduced transepithelial resistance, indicating a disturbance to the diffusion barrier
(Dukes et al., 2011). The same study demonstrated that TSG101 knockdown
interfered with cell polarity using a 3D model of epithelial cysts (Dukes et al., 2011).
Yu et al generated HGS KO mice to study endothelial cell polarity and found that this
lead to impaired apicobasal polarity and brain vessel collapse (Yu et al).Taken
together this evidence suggests that ESCRT machinery plays a role in regulating cell

adhesion and polarity meaning this could be disrupted in our H3572HCS cell line.

Due to ESCRT machinery involvement with trafficking of growth factors, another
explanation is that proliferation may have been attenuated due to HGS KO. A previous
study has shown that depletion of HGS in HelLa cells via siRNA, lead to decreased
proliferation and colony formation compared to non-depleted cells (Toyoshima et al).
The authors conclude that HGS KD upregulates E-cadherin which pools beta-catenin
in the cytoplasm reducing its nuclear signalling and suppressing cell growth. Further
validation of alterations in proliferation and adhesion markers would be pertinent to

distinguish these effects. As E-cadherin is known to play a critical role in cell adhesion
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and epithelial polarity, as well as proliferation, it would be a potential candidate to

investigate further.

4.3.2 Generation of a fluorescently labelled EV secreting OSCC
cell line

We were able to successfully transfect H357 cells with CD63-GFP and expand
colonies with stable expression. Interestingly, there was variation in GFP brightness
between cells in monoclonal populations. This could be due to differences in cell
division, as protein expression fluctuates dependent on cell cycle stage (Cooper,
2000). Furthermore, fluorescent proteins that are practical for neutral pH imaging are
known to lose fluorescence in acidic conditions, meaning there may be loss of signal
in internal compartments (Shinoda et al., 2018). This is especially relevant as CD63 is

enriched in endosomes, lysosomes and intraluminal vesicles (Pols et al., 2009).

We did not see co-localisation of endogenous CD63 and expressed CD63-GFP in
H357 cells. This could be due to the anti-CD63 antibody recognising an epitope that
is altered in CD63 due to fusion with GFP on the C-terminus, however the endogenous
CDG63 is still labelled. Moreover, CD63 is a highly glycosylated protein, meaning some

forms may go undetected using this single antibody labelling technique.

Multiple studies have shown that CD63 knockout leads to a significantly lower number
of particles secreted from cells compared to controls (Hurwitz et al., 2016b; Gauthier
et al., 2017). However, our observations are more complementary to data produced

by Corso et al who observed that CD63-GFP transiently transfected cells had similar
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EV protein composition and size distribution (50-140 nm) compared to untransfected

cell EVs despite non-physiological levels of CD63 (Corso et al., 2019).

Interestingly, the H357¢P63-GFP cell line showed a shift towards releasing smaller
particles compared to the wildtype. One study found that knockout of CD63 reduced
the secretion of small EVs (<150 nm) from HEK293 cells but had no effect on large
EVs (>150 nm), suggesting that CD63 primarily plays a role in small EV or exosome
biogenesis (Hurwitz et al., 2016). This is supported by the knowledge that CD63 forms
a complex with syntenin and Alix which recruits ESCRT to the endosomal membrane
and promotes ILV formation, which are then released as exosomes (Baietti et al.,

2012).

Furthermore, we observed no significant difference in doubling time of H357CD63-GFP
compared to the wildtype. There is conflicting evidence surrounding the contribution
of CD63 to cancer progression with both overexpression and knockdown causing
reduced proliferation in in hepatocellular carcinoma and breast cancer cells,
respectively, indicating that its effect may be context dependent (Tominaga et al.,
2014; S. Yu et al., 2021). In HNSCC cell lines, overexpression of CD63 led to an
increased proportion of cells in S phase of the cell cycle, thereby blocking cell cycle
progression and diminishing proliferation (Huang et al., 2023). This mechanism was
found to be related to CD63 interaction with keratin 1 (KRT1), both of which were
under-expressed in HNSCC tumour tissue compared to normal tissue (Huang et al.,

2023).
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4.3.3 Conclusion

Validation of H3572HCS showed a significant reduction in HGS transcript and protein
level. Moreover, H3572HCS released significantly fewer particles and had significantly
reduced TSG101 marker abundance in EV pellets. 3D OSCC models generated with
H3572HCS failed to form full epithelial layers, however further validation and
experimental repeats are required. We identified optimal transfection conditions for
stable expression of CD63-GFP in H357 cells. FACS sorting to generate single
colonies generated H357¢P83-GFP cells showing green fluorescent punctate. GFP
protein could be identified in cell lysate by western blot. H357CP53-GFP cells did not
show significant differences in proliferation or particle release compared to the

wildtype.
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5 Oral cancer derived EVs promote an activated
phenotype in normal oral fibroblasts in a TGF-
dependent manner.

5.1 Introduction

Transforming growth factor- (TGF-) signalling acts as a key regulator of numerous
cellular processes including growth, differentiation and migration (Pickup et al., 2013).
Its role in cancer is conflicting and highly context-dependent, having been shown to
function as a tumour suppressor in early stages of oncogenesis and a tumour promotor

in later stages (Meulmeester et al., 2011).

TGF-B is a member of a superfamily of regulatory cytokines including, bone
morphogenetic proteins (BMPs), activins and growth and differentiation factors
(Kubiczkova et al., 2012). There are three isoforms of TGF-B in humans; TGF-$31,
TGF-B2 and TGF-3, which function through the same receptor signalling pathways.
TGF-B is secreted as part of an inactive latent complex that consists of an N-terminal
latency-associated peptide and a C-terminal mature TGF-f monomer. Subsequent
binding to the latent TGF-B-binding protein (LTBP) leads to formation of the large
latency complex (LLC) which can be released into the extracellular matrix (Kubiczkova
et al., 2012). TGF-B is activated by a variety of factors including integrins, proteases,
matrix metalloproteases and acidic environments (Meulmeester et al., 2011). Active
TGF-B signals through TGF-B type | and type Il receptors (TGF-BRI and TGF-BRaII,
respectively). Binding of TGF-B with TGF-BII causes formation of a complex with TGF-
BRI and its subsequent phosphorylation (Huang et al., 2012). Canonical signalling
involves mothers against decapentaplegic homolog (SMAD) proteins, of which there

are eight categorised into three subtypes (Guo et al., 2023). Following receptor
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phosphorylation, receptor-regulated Smad (R-Smad) proteins are recruited and
associate with Smad4 to form hetero-trimers. This complex translocates to the nucleus
where it binds to Smad-binding elements to regulate TGF-B responsive genes in
collaboration with cofactors such as zinc finger and forkhead. Non-canonical signalling
includes activation of PI3K/Akt, MAPK and Ras homolog gene family A (Meng et al.,

2016).

There is increasing evidence to suggest that TGF-B1 promotes OSCC progression via
induction of EMT, matrix remodelling, proliferation and modulation of the extracellular
microenvironment (Lu et al., 2004; Qiao et al., 2010; Richter et al., 2011) Increased
levels of TGF-B1 have been observed in HNSCCs compared to normal control human
tissues, and overexpression of TGF-B1 in transgenic mice was shown to result in
enhanced proliferation of head and neck epithelia as well as inflammation and
angiogenesis (Lu et al., 2004). TGF-f has also been implicated in EMT in OSCC via
Snail and Slug, causing upregulation of matrix metalloprotease 9 (MMP-9) levels (Sun
et al., 2008; Joseph et al., 2009). siRNA against Snail in an OSCC cell line attenuated
MMP-9 expression and Matrigel invasion mediated by TGF-1, indicating a potential
role in OSCC matrix remodelling to allow dissemination from the primary site (Sun et
al., 2008). Furthermore, TGFB stimulated OSCC cells have been shown to display
greater adhesion to type I-1V collagens which is believed to play a role in metastasis

by allowing cancer invasion into the basement membrane (Richter et al., 2011).

TGF-B is well documented in facilitating fibroblast activation and generating CAFs
which can reciprocally enhance tumour progression (Wu et al., 2021). For example,
the secretion of IL-1a from OSCC cells has been shown to increase CAF
proliferation as well as enhance CCL7, CXCL1 and IL-8 cytokine secretion (Bae et

al., 2014). These CAF derived cytokines increased the proliferation of OSCC cells,
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thus demonstrating a positive feedback loop (Bae et al., 2014). CAFs have also been
implicated in multiple cancer promoting mechanisms; remodelling the ECM to
promote migration, EMT plasticity to enhance invasion, maintaining a metastatic
niche, and inducing glycogen metabolism in cancer cells amongst others (Yoshida,

2020).

There is growing evidence for the role of EV-associated TGF- in CAF differentiation
and tumour progression (Webber et al., 2010; Gu et al., 2012; Goulet et al., 2018).
The aim of this chapter was to determine if TGF-f released by OSCC is associated

with EVs and to determine their role in NOF to CAF phenotypic switch.

5.2 Results

5.2.1 Co-culture of OSCC cells and NOFs

We first sought to determine the influence of OSCC cells on surrounding NOFs
compared to normal oral keratinocytes, and if this communication was EV-dependent.
We utilised a transwell co-culture system (Figure 2.1 and Figure 5.1), whereby NOF
“acceptor” cells were seeded into a tissue culture well and “donor” oral cell lines;

FNB6, H357"T and H3572HCS seeded in transwell inserts, were cultured on top.
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Figure 5.1 Schematic of transwell co-culture method.



The transcript expression of three common CAF markers were assayed by gPCR to
determine if co-culture of NOF with oral keratinocytes led to their activation to a CAF-
like phenotype. We chose two of the most highly cited CAF markers; a-smooth muscle
actin (a-SMA), which is widely considered to be the most reliable, and fibroblast
activation protein (FAP) which can also be expressed by epithelial cells undergoing
EMT (Nurmik et al., 2020). In order to expand our selection we also chose a more
novel marker, Collagen Type Xl Alpha | chain (COL11A1), which has previously been

shown to be highly specific to CAFs (Vazquez-Villa et al., 2015).

ACTAZ2, encoding for a-SMA protein, levels were not significantly increased in the
positive control at both 24 and 48h (Figure 5.2A). NOFs co-cultured with FNB6, H357,
H3574HGS was also showed no significant difference compared to untreated cells at 24

and 48h (Figure 5.2A).

Similarly, both FAP and COLL11A1 transcript levels were not significantly altered upon
TGF-B1 treatment at both 24 and 48h. There was also no significant change in FAP
and COLL11A1 transcript levels in NOFs co-cultured with any of the keratinocyte cell

lines (Figure 5.2.B and C).

A CAF phenotype is often characterised by stress fibre formation, therefore we imaged
a-SMA fibre formation by immunofluorescence microscopy in NOFs using the same
co-culture method (Figure 5.2 and 5.3). Compared to the untreated control, there was
significantly higher positive fluorescent area in the positive control (p < 0.05), however
no difference when NOF were co-cultured with any of the keratinocytes for 48h (Figure
5.3). However, at 72h co-culture we observed a significant increase in positive
fluorescent area for both TGF-B1 treated NOF (p < 0.01) and those co-cultured with

H357 WT (p < 0.05) (Figure 5.4). Co-culture with H357 induced a 10% increase of
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fluorescent area, whereas TGF-B1 treatment increased this to 22%. No significant
change was observed in NOFs co-cultured with FNB6 and H3572H6S compared to the

untreated control.
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Figure 5.2 Cancer associated fibroblast marker transcript levels in normal oral fibroblasts co-
cultured with oral keratinocytes. RNA was isolated from primary NOFs co-cultured with FNB6, H357
or H3574HGS for 24 or 48h, and converted to cDNA by RT-PCR. Transcript levels of CAF markers (A)
ACTA2 (B) FAP and (C) COLL11A1 were measured using gPCR. Positive control refers to NOF treated
with 5 ng/mL TGF-B1. Data was normalised to the housekeeping gene B2M and expressed as relative
to untreated control. Data is presented as mean + SD for N=3, n=3. Statistics performed by Kruskall-
Wallis with BKY multiple comparisons. ns, non-significant.
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Figure 5.3 a-SMA stress fibre formation in NOFs co-cultured with keratinocytes for 48h. (A)
Representative images were taken using a Leica THUNDER fluorescent microscope. Green staining
indicates a-SMA and blue stains for DAPI (B) Fluorescence area percentage was measured using
ImageJ. Positive controls refers to NOF treated with 5 ng/mL TGF-31. Data is presented as mean + SD
for N=3, n=3. Statistics performed by Kruskall-Wallis test with BKY multiple comparison. ns, non-
significant, **p<0.01 ***p<0.001 ****p<0.0001.
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Figure 5.4 a-SMA stress fibre formation in NOFs co-cultured with keratinocytes for 72h. (A)
Representative images were taken using a Leica THUNDER fluorescent microscope. Green staining
indicates a-SMA and blue stains for DAPI (B) Fluorescence area percentage. Positive control refers to
NOF treated with 5 ng/mL TGF-B1. Data is presented as mean = SD for N=3, n=3. Statistics performed
by Kruskall-Wallis test with BKY multiple comparison. ns, non-significant, *p<0.05 **p<0.01.
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5.2.2 Isolation and characterisation of cell line EVs

The reduced ability of H3572HCS to induce stress fibre formation in contrast to the
wildtype suggested that EVs may play a role in NOF activation. We also hypothesised
that H357WT EVs were enriched with TGF-B, leading to the enhanced activation of
NOF in the co-culture model. To investigate this we first compared the number of EV
sized particles in conditioned media from FNB6, H357 and H3572HCS cell lines, which
would be useful for EV treatment experiments (Figure 5.5). H357"T cells released 3.1
fold (p < 0.001) more particles per cell than both FNB6 and H3572"CS (Figure 5.5).
FNB6 and H35724HCS released a similar number of particles into conditioned medium

(598.3 and 658.3 particles per cell, respectively).
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Figure 5.5 Characterisation of particles released from FNB6, H357WT and H3572H¢S, Particle
concentration in 24 h conditioned media was measured via NTA using a ZetaView instrument. Data is

presented as mean = SD for N=3, n=3. Statistics performed by one-way ANOVA with Dunnett’'s multiple
comparison. ***p<0.001.

Following this, we aimed to test if an enrichment of EVs was correlated with an
enrichment in TGF-B1. EVs were enriched by SEC and a small amount of each

preparation was used to calculate total protein concentration by BCA assay. The
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remaining volume was used to calculate TGF-B1 concentration by sandwich ELISA.
Each sample was analysed in acidified and non-acidified conditions, which allowed
the determination of total TGF-B1 (latent and active) and active TGF-1, respectively.

Unfractionated conditioned media was analysed in the same way.

EV preparations for all cell lines showed higher levels of TGF-1 compared to
conditioned media (Figure 5.6). FNB6 EV preparations showed 4.7-fold (p < 0.01)
more total TGF-B1 than in conditioned media, however differences in active TGF-1
cannot be quantified as the levels in CM were undetectable with ELISA. H357 EV
preparations had a 37.3-fold and 66.5-fold increase in total and active TGF-f1,
respectively (p < 0.01, p < 0.01). H3574HCS also showed significantly higher total TGF-
B in EV preparations compared to conditioned media with a 6.3-fold increase (p <
0.05), and there was a 9.6-fold increase in active TGF-$1 compared to the conditioned

media, however this was not statistically significant.

H357 EV preparations showed 5.8-fold (p < 0.001) and 2.9-fold (p < 0.05) more total
TGF-B1 protein than those from FNB6 and H3572HCS respectively (Figure 5.6). There
was no significant difference in active TGF-B1 levels between FNB6, H357 and

H3572HGS EV preparations.
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Figure 5.6 TGF-B1 protein levels in oral cell line conditioned media and EVs. Cells were cultured
in serum free medium for 24h before medium was collected and subject to differential centrifugation.
Conditioned media samples were taken post cell debris removal. EVs were isolated by SEC, pelleted
by ultracentrifugation and re-suspended in PBS. Samples were activated by HCI addition prior to NaCl
neutralisation. TGF-B1 levels were quantified by sandwich ELISA (R&D) and protein was quantified by
BCA assay. Data represents + SD for N=3, n=3. Statistics performed by one-way ANOVA and student’s
t-test. *p<0.05, **p<0.0001.

Having confirmed that enrichment of EVs led to an enrichment of TGF-1, we next
attempted to determine if the TGF-B1 was actually associated with EV-sized particles.
Again, we enriched EVs by size exclusion chromatography prior to conducting Nano-
Flow Cytometry. EV preparations were labelled with a cocktail of red-fluorescent
antibodies against tetraspanins (CD63, CD81 and CD9) and a green-fluorescent
antibody against TGF-B1. This dual labelling approach allowed detection of TGF-31
on the surface of EVs and colocalisation with tetrapsanins positive EV populations

(Figure 5.7).

The proportion of tetraspanin positive EVs was highest in FNB6 EV preparations, with
23.3% of the population showing positive staining (Figure 5.7). H3572HCS had the

second largest tetraspanin positive population (19.9%) and H357"T showed the least
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positive staining (16.3%). FNB6 preparations also had the largest proportion of TGF-
B positive EVs at 8.2%, followed by H357"T and then H3572HCS showing 6% and 2.1%,
respectively. The percentage population that were both tetraspanin and TGF-$3
positive was low. The proportion showing dual positivity was 1.3% in FNB6 EV
preparations, 1.2% in H357 and 0.8% in H3572HCS_ This preliminary data is from one
biological repeat and therefore we cannot conduct statistical analysis to draw firm
conclusions. However, it does indicate that TGF-B1 is associated with EV-sized

particles, a small proportion of which are also positive for tetraspanins.
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Figure 5.7 EV characterisation using Nano-Flow Cytometry. EVs were enriched from cell
conditioned media using SEC, prior to staining with an anti-tetraspanin antibody cocktail including CD9,
CD81 and CD63 conjugated to APC (red). Anti-TGF-beta antibody conjugated to AlexaFluor 488
(green). Analysis was conducted using a NanoAnalyzer U30 instrument. (A) Scatter plots were
generated by the nFCM Professional Suite v2.0 software (B) Percentage positivity for tetraspanins
and/or TGF-B in EV preparations from FNB6, H357 and H3572HGS, N=1.
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5.2.3 EV association with NOFs

EVs have been shown to exert their effects via cell uptake and association with the
recipient cell surface (Kwok et al., 2021). We therefore examined if OSCC EVs
interacted with NOFs, using EVs derived from our H357CP83GFP cell line, by
fluorescence microscopy. H357¢P%3-GFP EVs were enriched by SEC and analysed by
NTA to determine size and concentration (Figure 4.9). EVs were incubated with NOFs
at increasing time points (Figure 5.8). Green fluorescence accumulated over time
(Figure 5.8A) and there was significantly more colocalisation with the early endosome
marker EEA1 at 1 and 6 hours incubation compared to 30 minutes (Figure 5.8B).

However, there was no significant difference at 4 hours.
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Figure 5.8 Association of H357CP83-CFP EVs with NOFs. H357CP83-GFP EVs were isolated by SEC,
counted by NTA and diluted at a concentration of 50x conditioned media. EVs were incubated with
NOFs for 0.5, 1, 4 and 6h. Cells were fixed and stained with primary EEA1, then secondary Alexa 568-
conjugated secondary antibody (red). Cell nuclei were stained with DAPI (blue). Images were taken
using a Leica THUNDER fluorescent microscope. (B) Co-localisation between EVs and EEA1 was
quantified using Imaged to determine Pearson’s R value. Data is represented as + SD for N=3, n=3.
Statistics performed by one-way ANOVA with Dunnett’s multiple comparison. ns, non-significant,
**p<0.01.
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5.2.4 OSCC derived EVs drive a CAF-like phenotype in NOFs.

After showing that OSCC derived EVs associate with NOFs, we next investigated
whether OSCC-derived EVs play a role in the NOF-CAF switch. We again looked at
transcript levels of three CAF markers; a-SMA, FAP and COL11A1 in NOFs incubated
with EVs for 24 and 48h. TGF-31 treatment induced a 5.3 and 5.1-fold increase in a-
SMA (p < 0.05 and p < 0.01) at 24h and 72h, respectively. Although there was a2.2
and 2.7- fold increase in FAP at 24h and 48h respectively, this was not significantly
different to the untreated. COL11A1 transcript levels increased 1.7 (p < 0.001) and
2.9-fold (ns) at 24 and 48h, respectively. However, NOFs incubated with FNB6, H357
or H3572HGS EVs displayed no significant change in a-SMA, FAP or COL11A1

transcript expression at either time point(Figure 5.9).

In contrast to transcript expression, when looking specifically at stress fibre formation,
we observed significantly (p < 0.05 and p < 0.01) higher overall a-SMA staining in
NOFs treated with 10x and 50x dose of H357 EVs at 48h compared to the untreated
control (Figure 5.10). Treatment of NOF with FNB6 and H3572HCS EVs did not induce
any significant change in a-SMA fibre formation at 48h (Figure 5.7). There were

insufficient FNB6 EVs to allow treatment of NOF with the highest (50x) dose.

NOFs treated with 50x H357 EVs for 72h show significantly (p < 0.05) increased a-
SMA staining, rising to 14.4% from 8.2% at 48h (Figure 5.11). For NOFs treated with
H357 EVs we observed a dose dependent trend, although doses of H357 1x and 10x
were not significantly different from the untreated. Similarly to 48h, FNB6 and
H3574HGS EVs did not induce significant change in a-SMA stress fibre formation in

NOFs.
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Figure 5.9 Cancer associated fibroblast markers transcript levels in normal oral fibroblasts
treated with EVs. RNA was isolated from primary NOFs co-cultured with FNB6, H357 or H3574HGS -
derived EVs for 24 or 48h. Doses were calculated based on the average number of secreted
particles/cell in conditioned medium from each cell line. Transcript levels of (A) ACTA2 (B) FAP and (C)
COLL11A1 were measured using gPCR. Positive control refers to NOF treated with 5 ng/mL TGF-f31.
Data is expressed as fold change relative to the housekeeping gene B2M. Data is presented as mean
+ SD for N=3, n=3. Statistics performed by Kruskall-Wallis test with BKY multiple comparison. ns, non-

significant.
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Figure 5.10 a-SMA stress fibre formation in normal oral fibroblasts treated with EVs for 48h. NOFs
were seeded onto glass-coverslips and cultured without serum for 24h before incubation with FNB6, H357
or H3572HGS-derived EVs for 48h. Doses were calculated based on the average number of secreted
particles/cell in conditioned medium from each cell line (A) Representative images where green staining
indicates a-SMA and DAPI stains nuclei blue (B) Fluorescence area percentage was calculated using
ImageJ from 3 random areas per well at a lower objective . Positive control refers to NOF treated with 5
ng/mL TGF-B1. Images were taken using a Leica THUNDER fluorescent microscope. Data is presented
as mean + SD for N=3, n=3. Statistics performed by Kruskall-Wallis test with BKY multiple comparison.
ns, non-significant, *p<0.05, **p<0.01.
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Figure 5.11 a-SMA stress fibre formation in normal oral fibroblasts treated with EVs for 72h.
NOFs were seeded on glass-coverslips and cultured without serum for 24h before incubation with
FNB6, H357 or H3572HGS_derived EVs for 72h. Doses were calculated based on the average number
of secreted particles/cell in conditioned medium from each cell line (A) Representative images where
green staining indicates a-SMA and DAPI stains nuclei blue (B)Fluorescence area percentage was
calculated using ImageJ from 3 random areas per well at a lower objective . Positive control refers to
NOF treated with 5 ng/mL TGF-B1. Images were taken using a Leica THUNDER fluorescent
microscope. Data is presented as mean + SD for N=3, n=3. Statistics performed withKruskall-Wallis
test using BKY multiple comparisons. ns, non-significant, *p<0.05, **p<0.01.
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Treatment of NOF with soluble TGF-B1 and H357 EVs (50x) both induced significantly
greater fluorescent area compared to the untreated control. To determine potential
differences in stress fibre conformation we quantified aspect ratio, the ratio of width to
height, for NOFs in each treatment group (Figure 5.12). At 48h, H357 EV treatment
there appears to be a larger population of cells with a greater aspect ratio compared
to the positive control, however with averages shown to be 4.3 and 4.5 respectively,
there is no significant difference. At 72h treatment both conditions show more cells
with a greater aspect ratio and there is no significant difference between treatment

groups.
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Figure 5.12 Aspect ratio of NOFs treated with H357 EVs. Aspect ratio was quantified using ImageJ
based on a-SMA staining. Each dot represents an individual cell. Data is presented as mean + SD for
N=3, n=3. Statistics performed by Student’s t-test. ns, non-significant.
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5.2.5 OSCC EVs increase a-SMA expression in NOFS in TGF-
dependent manner.
As we have shown significantly higher levels of TGF-B1 associated with H357 EVs
compared to FNB6 (by ELISA), we investigated whether the observed increase in a-
SMA stress fibre formation in NOFs upon H357 EV treatment was attenuated with

TGF-B blocking.

Compared to the untreated control, we observed significantly increased levels of a-
SMA staining with TGF-B1 (p < 0.01), TGF-B1 + IgG control and H357 EV (p < 0.05)
treated NOFs, showing 25.6%, 24.5% and 15% positive fluorescent area, respectively
(Figure 5.13). The addition of TGF-B neutralising antibody to TGF-B1 treatment
caused a 23.2% reduction in fluorescent area. Moreover, TGF-B blocking significantly
(p < 0.05) attenuated the increase in a-SMA fibres caused by H357 EV treatment by

10.5% fluorescent area.
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Figure 5.13 a-SMA fibre formation in OSCC EV treated NOFs with TGFB blocking. NOFs were
growth arrested for 24h before incubation with H357 EVs (50x conditioned media dose) or TGF-B1 in
the presence or absence of TGF-B1-neutralizing antibody (at 10 ug/mL) or IgG isotype-matched
antibody (at 10 pg/mL) for 72h. (A) Representative images where green staining indicates a-SMA and
DAPI stains nuclei blue (B) Fluorescence area percentage was measured using ImageJ. Images were
taken using a Leica THUNDER fluorescent microscope. Data is presented as mean + SD for N=3, n=3.
Statistics performed byKruskall-Wallis test with BKY multiple comparisons and Wilcox t-test. ns, non-
significant, *p<0.05, ****p<0.01.
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5.2.6 Functional effects of NOF treatment with OSCC-derived
EVs

The expression of a-SMA by myofibroblasts has been linked directly to wound
contraction (Jester et al., 1995). As we have demonstrated significant increase in a-
SMA stress fibres with 50x conditioned medium dose of H357 EVs, we next sought to
investigate the effect of this treatment on NOF contraction. NOFs were pre-incubated
with EVs for 24h prior to being mixed with collagen | and allowed to set to observe
collagen contraction over 72h. Compared to the untreated control, H357 EV treated
NOFs caused significantly increased collagen contraction over 48 and 72h (p <0.01),
with an overall reduction in area to 0.43 that of the untreated (Figure 5.14). This is
comparable to the positive control, which had an area 0.4 relative to the untreated at
72h.FNB6 EV treatment did not induce a significant change in area compared to the
untreated control at any time point and showed an area of 0.93 relative to the untreated
control at 72h. At 24h and 48h there was significantly (p < 0.05) greater contraction in

NOFs treated with H357 EVs than FNB6 EVs.

We next looked at the ability of EVs to induce wound healing in NOFs, as
myofibroblasts have been shown to generate the contractile forces required for wound
closure and healing (Garrett et al., 2004). After 24h incubation with TGF-B1, NOFs
displayed significantly (p < 0.01) more wound closure compared to the untreated
control (Figure 5.15). H357 EV treatment for 24h induced wound closure by 28.2%
which was significantly different to the untreated (p < 0.05). FNB6 EVs induced wound

closure by 13.1%, which was not significantly different to the untreated (Figure 5.15).
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Figure 5.14 Collagen contraction ability of NOFs cultured with oral cell derived EVs. NOFs were
cultured without serum for 24h prior to incubation for a further 24h with 50x the conditioned media dose
of H357 EVs, 10x the conditioned media dose for FNB6 EVs or 5 ng/mL TGF-B1. NOFs were seeded
into rat tail collagen (5 mg/mL), allowed to set and incubated at 37°C, 5% CO: for 24, 48 and 72h. Gel
area was calculated using Image J. Data represents + SD for N=3, n=3. Statistics performed by one-
way ANOVA with Dunnet’s multiple comparisons. ns, non-significant, *p<0.05..
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Figure 5.15 Wound healing assessment of NOFs treated with oral cell derived EVs. NOFs were
cultured without serum for 24h and incubated for 1h with Mitomycin C to inhibit proliferation. A scratch
was made across the well and cells were incubated for 24h with 50x the conditioned media dose of
H357 EVs, 10x the conditioned media dose for FNB6 EVs or 5ng/mL TGF-B1. Three positions across
random points of the scratch were imaged every 15 mins for 24h using a Leica THUNDER live imaging
platform. Wound area closure was calculated using Image J. Data represents + SD for N=3, n=3.
Statistics performed by one-way ANOVA with Dunnet’s multiple comparisons. ns, non-significant,
*p<0.05, **p<0.01.
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Accumulated distance (um)

Figure 5.16 Motility of NOF treated with oral cell derived EVs. (A) Accumulated distance (B) Euclidian
distance and (C) Velocity of NOFs treated with EVs during wound healing assay. 3 cells from either side of the
scratch (6 total) were tracked using Tracking Tool™ PRO software for each technical repeat. Data represents
+ SD for N=3, n=3. Statistics performed by one-way ANOVA with Dunnett's multiple comparison. ns, non-

We also tracked and quantified the differences in motility of NOFs treated with EVs
(Figure 5.16 and 5.17). NOFs treated with H357 EVs generated 200pm more
accumulated distance and 135.3um more Euclidian distance (distance between the
starting and final point) than FNB6 EV treated NOFs (Figure 5.16A and B).
Complimentary to the wound healing, compared to the untreated, accumulated and
Euclidian distance in the H357 EV treated NOFs was significantly different ( p < 0.01,
p < 0.001, respectively), However, there was no significant difference with FNB6 EV
treatment compared to the untreated (Figure 5.16A and B). TGF-B1 and H357 EV
treated NOFs moved similar distances, migrating 297 £ 41 ym and 299.5 £ 71.5 ym
in accumulated distance and 217.6 + 18.6 ym and 216.8 + 38.2 pym in Euclidian
distance, respectively. Moreover, both TGF-31 and H357 EV treated NOFs showed a
significantly higher rate of velocity compared to the untreated (p < 0.05, p < 0.01,

respectively), whereas there was no significant difference for FNB6 EV treatment.
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Figure 5.17 Representative rose plots depicting total path of EV treated NOFs. 3 cells from either
side of the scratch (6 total) were tracked using Tracking Tool™ PRO software for each technical repeat.
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5.3 Discussion

5.3.1 CAF marker transcript levels are not altered with oral cell
co-culture or EV treatment

In this chapter we first assessed changes in CAF marker gene expression in NOFs
co-cultured with FNB6, H357 and H3572HCS cells and EVs. We observed no significant
change in a-SMA, FAP or COL11A1 transcript levels for any treatment condition.
Shepard et al conducted a similar experiment, co-culturing normal keratinocytes
directly with human dermal fibroblasts for four days and demonstrated a 2.4-fold
increase in a-SMA gene expression in fibroblasts (Shephard et al., 2004). This effect
was shown to be dependent on fibroblast proximity to keratinocytes, as a-SMA levels
were similar to the untreated control when cells were separated via a transwell
(Shephard et al., 2004). Furthermore, we observed no change in CAF marker
transcript levels in our co-culture at 24 and 48 hour time points, however another study
used a similar transwell system to demonstrate increased FAP transcript levels in
normal human dermal fibroblasts co-cultured with primary and metastatic melanoma
cells for 72 hours (Mazurkiewicz et al., 2022). Thus, indicating that longer time points
may be necessary to observe significant change. Interestingly, an siRNA screen of
ESCRT components identified that downregulation of ESCRT machinery increased
the outputs of TGF- signalling by trapping receptors in internal compartments and
increased a-SMA expression in a mouse epithelial cell line (Miller et al., 2018).
Therefore, we might expect increased TGF-B signalling in H3572HCS cells and
enhanced TGF-B1 due to autocrine signalling in cancer cells, thus leading to greater

NOF activation (Ungefroren, 2021). However, we saw no significant increase,
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indicating that HGS KO may not affect TGF- secretion in our cell line, or that the

reduction in particle release is a greater effector of a-SMA.

Despite no change in transcript level, we observed a significant increase in a-SMA
stress fibre formation in NOFs co-cultured with H357 cells for 72 hours. Although,
Fozzatti et al demonstrated by western blotting an increase in a-SMA by ~4-fold after
co-culturing with 8505c¢ (thyroid carcinoma) cells for only 24 hours (Fozzatti et al.,
2019). Furthermore, fibroblasts treated with conditioned media from 8505c for 24
hours, showed increased a-SMA, platelet derived growth factor receptor (PDGFR)-3
and vimentin protein levels (Fozzatti et al., 2019). This may indicate cancer cells can
affect fibroblasts in a paracrine like manner. Similar results have been shown in the
context of oral cancer. Al-Magsoosi et al generated conditioned media from oral
cancer cell lines induced into cancer stem cells by adherence to fibronectin or cisplatin
resistance. Exposure of NOFs to this conditioned media for 48 hours increased the
transcript expression and protein abundance of a-SMA and interleukin (IL)-6 (Al-

Magsoosi et al., 2021).

Similar to the transwell system, EV treatment induced no change in CAF marker
transcript levels relative to the untreated control. Most investigations into the role of
cancer derived EVs in fibroblast activation have looked solely at CAF marker protein
level (Webber et al., 2010; Purushothaman et al., 2016; Yeon et al., 2018; Huang et
al., 2021). However, Gu et al looked at the ability of gastric cancer cell line derived
EVs to promote a CAF-like phenotype in human mesenchymal stem cells. After 36
hours treatment with 800 ug/mL EVs, MSCs displayed significantly higher levels of

FAP, IL-6 and a-SMA mRNA (Gu et al., 2012).
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One explanation for the lack of change in transcript expression, despite an increase in
stress fibre formation in both co-culture and EV treatment conditions could be due to
fibroblast heterogeneity in primary cultures. Distinct CAF populations in OSCC have
been grouped according to differential single cell gene expression into: mesenchymal
CAFs, inflammatory CAFs and cycling CAFs (Sun et al., 2023). Gene set enrichment
analysis showed that mesenchymal CAFs had enriched TGF- pathways, indicating
that some fibroblasts may upregulate a-SMA more strongly than others (Sun et al.,
2023). This single cell sequencing data may suggest that the increase in mRNA
expression for our chosen CAF markers is masked when mRNA levels are averaged

over the entire treatment population.

Moreover, there may be differences in EV uptake mechanisms. Single cell sequencing
of skin fibroblasts has identified six subpopulations of fibroblasts with distinct genetic
signatures (Vorstandlechner et al.,, 2020). Some of the most highly differentially
expressed mRNAs were ECM components including collagens, elastin, fibronectin
(FN) and fibrillin (Vorstandlechner et al., 2020). EV docking and entry into cells is
known to involve ECM components, for example, FN has been shown to bind to the
herparan sulfate proteoglycan on exosomal surfaces and facilitate their uptake into
cells (Purushothaman et al., 2016; Buzas et al., 2018). Therefore, differential secretion
of ECM molecules may cause differences in uptake and subsequently signal
transduction in certain fibroblast populations, meaning that only a subset of cells

respond significantly to EV treatment.

5.3.2 OSCC EVs associate with NOFs

Colocalisation analysis with early endosome marker EEA1, showed that CD63-GFP

labelled H357 EVs were taken up into NOFs as early as 30 minutes after treatment.
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We observed an increase in co-localisation after 1 hour, however a decrease at 4
hours before an increase again at 6 hours. This matches observations in breast cancer
cells, whereby CD63-GFP labelled exosomes were shown to colocalise with EEAL
after 30 minutes (Koumangoye et al., 2011). After 1 hour exosomes were in late
endosomes, as marked by CD71, for at least 2 hours. Following this, at 4 hours the
exosomes colocalised with recycling endosomes, as indicated by LAMP1 positivity
(Koumangoye et al., 2011). This may suggest that the decrease in EEA1 colocalisation
we see at 4 hours is due to EVs moving out of early endosomes and being recycled
and targeted to the lysosome, however late endosomal marker staining would be
necessary to confirm this. An increase in colocalisation again at 6 hours may be due
to more EVs being internalised and localising within early endosomes. The number of
EVs taken up by cells over time may be better investigated using flow cytometry to
confirm fluorescence intensity in recipient cells. This method has previously been used
to demonstrate that prostate cancer EV uptake increased over time up to 12 hours
(Lazaro-lbafiez et al., 2017). Colocalisation with EEA1 may suggest that CD63 positive
EVs are taken up by clathrin-mediated endocytosis, as shown in ovarian cancer cells,
however further investigation by blocking this uptake mechanism would be useful in

confirming this (Escrevente et al., 2011).

5.3.3 OSCC EVs increase a-SMA in a TGFf dependent manner

We showed that TGF-B1 is present in higher levels on the surface of OSCC-derived
EVs compared to normal oral keratinocytes. TGF-3 has been shown to exist bound on

the vesicle surface or within the soluble compartment, depending on the cancer of
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origin. Goulet et al utilised proteinase K digestion, which degrades only proteins
localised to the EV surface, to show that TGF-[3 levels in bladder cancer-derived EVs
were not reduced upon treatment, indicating localisation in the lumen (Goulet et al.,
2018). However, in both prostate and melanoma cancer derived-EVs TGFf3 has been
shown to be more greatly associated with the EV membrane (Webber et al., 2010;
Yeon et al., 2018). In contrast to our findings, another study investigating HNSCC-
derived EVs showed that TGF-B1 was primarily located in the EV lumen rather than
the surface, however it was not clear which form of TGF-B1 they were detecting.
Interestingly, we observed greater proportions of latent TGF- than its active form,

giving rise to questions about the conformation required for signalling.

Although preliminary data, in contrast to this, analysis of enriched SEC preparation by
Nano-Flow Cytometry showed similar proportions of TGF-B1 positive particles from
FNB6 and H357 cells. The anti-TGF-B1 antibody used detects both latent and active
form, whereas the ELISA detects only the active form, meaning it is necessary to
activate latent TGF-B1using HCI. It may be the case that the antibody detecting only
the active form is more specific, whereas the latent and active binding antibody may
not be able to detect latent TGF-31 held in a different configuration on the EV surface.
Nevertheless, NTA suggests that H357 release more particles than FNB6, meaning
that we can assume more EV associated TGF-31 is released by H357 cells. Moreover,
the colocalisation of TGF-B1 with tetraspanins was low, suggesting that TGF-1 may
be more enriched in different EV populations. As this analysis does not take into
account the number of TGF-B1 molecules per particle, there may be populations with
a high number of TGFB1 molecules compared to others. Furthermore, we cannot
distinguish between the three tetraspanins, meaning any preferred colocalisation of

highly TGF-31 associated EVs with one of the three tetraspanins cannot be identified.
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We were able to demonstrate that upregulation of a-SMA stress fibres in NOFs is
dependent on TGF-B1 associated OSCC-EVs. This has been shown in other cancer
types, for example, uptake of bladder cancer exosomes by normal fibroblasts has
been shown to increase their proliferation and upregulate the CAF markers a-SMA,
FAP and galectin (Goulet et al., 2018). Incubation of exosomes with a TGF-
neutralising antibody prior to culturing with NOFs attenuated the increase in CAF
markers (Goulet et al., 2018). The same findings were mirrored in prostate cancer
whereby these EVs express latent TGF-$ and initiate the SMAD3 signalling pathway
to promote a CAF phenotypic switch in normal fibroblasts (Webber et al., 2010).
Prostate cancer EVs also stimulated the formation of a hyaluronic acid pericellular coat
around fibroblasts, which is a marker of myofibroblast phenotype (Webber et al., 2010)
Huang et al had supporting findings in HNSCC, showing that TGF-B1 associated with
EVs initiated CAF conversion, however they observed no change in the canonical
TGFB-SMAD signalling pathway (Huang et al., 2021). Proteomic analysis of NOFs
treated with TGF-3 overexpressing EVs showed that fibronectin was upregulated and

its silencing in CAFs reduced a-SMA expression (Huang et al., 2021).

HNSCC-derived EVs have further been implicated in reprogramming the tumour
microenvironment via TGF-3. Ludwig et al demonstrated that HNSCC patient plasma-
derived exosomes associated with TGF-B at higher levels compared to healthy
controls and interestingly, the level of active TGF-B correlated with tumour size
(Ludwig et al., 2023). Furthermore, these EVs were able to reprogram macrophages
and endothelial cells into a pro-angiogenic phenotype, upregulating SMAD2 in the

latter (Ludwig et al., 2022, 2023).
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5.3.4 OSCC EVs increase NOF contraction and migratory abilities

We observed that NOFs treated with OSCC-EVs had increased contraction compared
to untreated controls. Remodelling of the TME by CAFs plays an important role in
altering matrix stiffness and contributing to the development of solid tumours. Zhang
et al demonstrated that HNSCC derived CAFs contracted collagen greater than NOFs,
and that this was due to lysyl oxidase (LOX) catalysing collagen crosslinking and
increasing matrix stiffness (Zhang et al.,, 2021b). Moreover, the collagen stiffness
created by these CAFs promoted invasion in OSCC cells by activating the FAK

phosphorylation pathway (Zhang et al., 2021).

Stiffness, as measured by increased collagen organisation, has been shown to
correlate with advanced disease and shorter recurrence-free survival time in OSCC
(Matte et al., 2019). One study looked at the role of stiffness and EVs in breast cancer
(BC) and showed that stiff tissues secreted higher levels of EVs compared to soft
adjacent tissue. EVs derived from BC cells grown on matrices modelling stiff tissues,
termed “stiff” EVs, had increased adhesion molecule presentation compared to soft
normal tissue derived EVs ("soft EVs”) (Sneider et al., 2023). The stiff EVs were able
to aid cancer cell dissemination in vivo. "Soft” EVs increased the expression of a-
SMA, COL1Al1 and VEGFA in lung fibroblasts compared to the stiff EVs and
upregulated signalling proteins linked to primary tumour growth. The authors theorised
that stiff EVs from the primary site promote migration towards secondary sites with
softer matrices, whereby cancer cells release soft EVs and transform the surrounding
stroma to promote tumour growth (Sneider et al., 2023). This implicates EV-delivered

TGF-B in potentially maintaining a stiff TME and contributing to metastasis.
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Furthermore, we observed that OSCC-EVs induced an increased migratory in
fibroblasts compared to the untreated. Multiple EV cargos and mechanisms have been
implicated in orchestrating this in other cancer types; annexin A2, MMP2, desmoyokin,
FAK-integrin and STAT3/YAP signalling pathways (Zhang et al., 2013; Silva et al.,
2016; McAtee et al., 2019; Chang et al., 2023). In HNSCC, Huang et al also showed
that treatment of fibroblasts with EVs derived from a TGF-3 overexpressing cancer
cell line caused even greater migration than the wildtype cell line derived EVs,

indicating a role for TGF-f3 in migration (Huang et al., 2021).

5.3.5 Conclusion

In this chapter we have demonstrated that co-culture of NOFs with OSCC cells causes
significantly enhanced a-SMA expression, an effect which could not be replicated
using H3572HCS indicating a possible EV dependent mechanism. Isolation of EVs from
FNB6, H357 and H3572HCS revealed that TGF-B1 was present on the surface of EVs
at greater levels than in the conditioned media and primarily in its latent form.
Moreover, H357 EVs associated with significantly higher levels of latent TGF-1
compared to FNB6 and H3572HCS, Treatment of NOFs with H357 EVs significantly
increased the a-SMA stress fibres, which was abrogated by pre-treatment of EVs with
a TGF-B blocking antibody, highlighting an EV-TGF-1 dependent mechanism for
fibroblast activation. Moreover, at 24 and 48h H357 EVs enhanced NOF contraction
greater than FNB6 EVs.Both migration and contraction of NOFs was signficantly

enhanced with treatment with H357 derived EVs compared to the untreated.
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6 Final discussion

6.1 TGF-B's Latent Form: A Fascinating Bond with EVs

The majority of TGF-f1 we found in the conditioned medium of cancer cells was
associated with EVs and in its latent form. This observation is in line with previous
studies (Webber et al., 2010; Shelke et al., 2019), and raises questions: How is TGF-

B1 is held in this conformation and why this is preferred?

Inactive TGF-B1 bound to LAP can associate with the extracellular matrix by binding
to heparan sulphate glycoproteins (HSPGs) (Rider et al., 2017). Indeed, a correlation
has been found between levels of TGF-B and betaglycan, also known as TGF-f3 type
[l (TGFBRIII), on cancer-derived EVs (Webber et al., 2010). Incubation of these EVs
with mesothelioma cells in a betaglycan-cleaving microenvironment reduced
exosomal associated TGF-f levels, thus implicating it in EV tethering (Webber et al.,
2010). Further work has looked more specifically at the role of the heparan sulphate
side chains of HSPGs in TGFB1-EV tethering (Webber et al., 2015; Shelke et al.,
2019). Shelke et al showed that treatment of EVs with heparinase-Il reduced inactive
TGF-B1 levels. EVs derived from mast cells treated with a proteoglycan synthesis
inhibitor had reduced latent TGF-B1 levels, whereas levels of the active form remained
the same (Shelke et al., 2019). When Webber et al. used the more specific heparinase
[1l, which cleaves heparan sulphates from the proteoglycan backbone, the levels of
EV-TGFB1 were unchanged, indicating that it binds to the betaglycan backbone and
not the side chains. However, treatment of these enzymatically digested EVs onto
fibroblasts could not induce increased a-SMA expression as the untreated ones,
indicating that these heparan sulphate side chains are still important for the signalling

of TGF-B in target cells (Webber et al., 2010).
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Glycoprotein A repetitions predominant (GARP) is a transmembrane cell surface
docking receptor for latent TGF-1, which has been studied predominantly for its ability
to enhance latent TGF-f activation in Treg cells. However, the distinct mechanisms
for this are unclear (Metelli et al., 2018). Recently, it has been shown that the latent
TGFB:GARP complex is tethered to small EVs produced by lymphocytes and becomes
activated (Burlingham et al., 2023). As integrins aV36 and aV38 have been implicated
in force-dependent activation of TGF-B from the GARP:TGFB complex, it was
proposed that EV bound GAP:TGFp is incorporated into the surface membrane of a
cell, followed by aVB8 integrin on an opposing cell binding to the LAP molecule
creating a pulling force that either releases free TGF-$1 or exposes TGF-31 loosely
bound to GARP:LAP to its receptor (Wang et al., 2012; Campbell et al., 2020;
Burlingham et al.,, 2023). Although there are currently no studies showing the
expression of GARP:TGF[3 on cancer derived EVs, it is known that GARP is widely
expressed in multiple cancer cell types, indicating the possibility of its tethering to their
EVs (Bouchard et al., 2021). However, Xing et al demonstrated that mesenchymal
stem cells (MSC) derived EVs express GARP, and its knockdown produced EVs that
had a reduced ability to promote proliferation, migration and invasion of mouse colon
cancer cells (Xing et al.,, 2020). This implicates EV associated GARP in pro-
tumorigenic signalling. In addition, aV36 integrin expression on colorectal cancer cells
has been implicated in fibroblast activation by activating TGF-f3, thus contributing to

the proposed GARP-integrin TGF activation mechanism.

Moreover, EV-associated LAP-TGFB has been shown to be taken up into the
endosomal compartment and have more sustained signalling effects compared to
unbound soluble TGF-B1. The increase in SMAD2 phosphorylation at 60 minutes

stimulation was abrogated by pretreatment of cells with an inhibitor of endo-lysomal
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acidification, indicating that TGF-B1 is activated in internal compartments (Shelke et

al., 2019).

Taken together, this data suggests that TGF-B1 is bound in latent form on EVs by
HSPGs and GARP. This could be a mechanism which allows sequestering of low
abundance bioactive molecules to facilitate their presentation at the cell surface,
allowing sustained signalling and a positive feedback loop between cells. This may be
an explanation as to why co-culture of the EV deficient cell line H3572HCS with
fibroblasts failed to induce a-SMA stress fibres, as there was a reduction of EVs
available to increase the presentation and concentration of TGF-1 at the cell surface.
Future work could look at these potential tethering mechanisms of latent TGF-1 on
OSCC-EVs to determine their role in EV-mediated TGFf signalling between cells in
the TME. Knockdown of certain tethering molecules would give an indication if EV-
bound TGF-B1 is the preferred mechanism of TGF signalling initiation by cancer cells

compared to unbound active TGF-31.

6.2 EV bound TGF-B1 as a therapeutic target?

In the context of cancer, TGF-B has dual tumour promotor and suppressor effects,
meaning there have been challenges in targeting this therapeutically. However, TGF-
B mediates most of its cancer promoting effects by tumour-stroma interactions,
therefore its use as a TME targeting strategy may be more appropriate. Specific
targeting of EV associated TGF-B1 which has both alternate conformation and

signalling kinetics makes it a possible alternate target.

Chen et al investigated EVs derived from cancer stem cells (CSCs) and observed,

amongst others, higher TGF B mRNA and protein cargo compared to OSCC cells
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(Chen et al.,, 2020). Treatment with ovatodiolide (OV), an anti-inflammatory, and
STAT3 knockdown was shown to reduce EV associated TGF-f levels. Functionally,
treatment of CSC cells with OV reduced the ability of their EVs to increase secreted
TGF-B from normal fibroblasts, an indicator of a CAF-like phenotype. Moreover, OV
abrogated the increased OSCC cell colony formation and migration induced by CSC
EV treatment, thus implicating it as a therapy to suppress both tumourigenesis and the

TME (Chen et al., 2020).

Radiation is reported to promote TGF-f activation via reactive oxygen species (ROS)
and this can contribute to resistance by creating an immunosuppressive environment.
In their irradiated BC model, Zhang et al showed increased EV-TGF-§ levels and
Tregs via expression and phosphorylation of protein kinase (PK)-C- ¢ (Zhang et al.,
2023). Inhibiting PKC- ¢ reduced EV-TGFB1 secretion and improved radiotherapy
efficacy by downregulating the radiation-activated superoxide-Zinc-PKC-(-TGF-1 EV
pathway. (Zhang et al., 2023). Indeed, it has been shown previously that PKCs may
regulate the secretion of EVs, meaning PKC- ¢ could be a potential drug target for
specific reduction of EVs that associate with TGF-B1 (Simon et al., 1996; Siddiqi et al.,

2008).

As discussed previously, molecules involved in binding latent TGF-B are another
potential target. 264RAD is a human monoclonal antibody (mAb) targeting avf36 and
av38 integrins (Eberlein et al., 2013). Preclinical data showed that 264RAD inhibited
cancer cell invasion and MMP-9 production, as well as activation of dermal skin
fibroblasts, shown by reduction of fibronectin and a-SMA levels in vivo (Eberlein et al.,
2013; Reader et al., 2019). Although this agent has not reached clinical trial stage,
other blocking antibodies and small molecules against avpB6 integrin are currently

under investigation for treatment against solid tumours (Brzozowska et al., 2022).
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As mentioned previously, latent TGF- is bound to Bglycan on the EV surface allowing
for sustained signalling. However, targeting this interaction for anti-tumour therapy
may be complex. It has been shown there is a loss of TGFBRIIl in BC and a negative
correlation between TGFBRIII expression and disease progression (Bandyopadhyay
et al., 1999). Restoring Bglycan expression in BC cells inhibited tumour invasiveness
and metastasis in vivo. This mechanism appears to be due to ectodomain shedding
of TGFBRIII producing soluble TGFBRIII which binds and sequesters TGF- to
decrease its signalling (Bandyopadhyay et al., 1999). It's possible that blocking the
interaction of latent TGFPB and Bglycan could make it more susceptible to cleavage

and release in the soluble form, thus increasing pro-cancer effects.

Targeting the GARP:TGFB1 complex has mainly been investigated in the context of
immune escape in cancer. The use of a mAb that blocks TGF-31 activation by GARP-
expressing Tregs, has been shown to be effective in reducing fibrosis and tumour
burden in Primary myelofibrosis (PMF) murine models (Lecomte et al., 2023).
Assessment of hallmark signatures from spleens of mAb treated PMF mouse models
found reduced TGF-B1 signalling in CD4+ T-cells and fibroblasts in treatment
responder groups (Lecomte et al., 2023). Moreover, in combination with cancer
immunotherapy, anti-PD-1, anti-GARP:TGF-1 mAb induced an immune-mediated
rejection of colon carcinoma tumours in vivo (de Streel et al., 2020). This antibody is
currently being tested in patients with locally advanced or metastatic solid tumours
(ClinicalTrials.gov: NCT03821935). This data supports GARP as a compelling TME
therapeutic target for both overcoming immune evasion and limiting pro-oncogenic
fibroblast activation. Further work investigating blockade of EV associated

GARP:TGF-B1 as a means to promote anti-tumour immunity would be pertinent.
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6.3 Exploring EV associated TGF-B as a potential biomarker

Recent studies have indicated EVs as favourable diagnostic/prognostic tools due to
their accessibility from minimally invasive patient bodily fluids, such as saliva (Zhang
et al., 2023). In OSCC, EVs carry substances that contribute to cancer progression
which could be used as disease predictors. There have been many EV cargos linked
to predicted poor prognosis of OSCC; HSP90a, HSP90B, CD63, Laminin-332, ApoAl,

CXCL7, PF4V1 and F13A1l to name a few (Zhang et al., 2023).

Akin to the complexity of its role in cancer, there is conflicting evidence for TGF-$ as
a cancer biomarker. There are studies indicating a link between increased TGF-31
expression and reduced mortality and improved survival rate in OSCC and soft tissue
sarcomas (Sorbye et al., 2012; Elahi et al., 2020). There is also data showing no link
between TGF-B1 and survival in HNSCC (Logullo et al., 2003). However, in non-small
cell lung cancer TGF-B1 expression in infiltrating lymphocytes was associated with
reduced postoperative survival time, thus highlighting the importance of the TME
(Sterlacci et al., 2012). Interestingly, latent transforming growth factor beta binding
protein 2 (LTBP2) expression in pancreatic cancer has been correlated with higher
tumour stage and poorer overall survival, indicating that the form of TGF- may be
important for disease prediction (Wang et al., 2017). Indeed, increased levels of TGF-
B1 associated with HNSCC plasma derived EVs can distinguish between heathy and
HNSCC patients and was related to increased tumour stage and tumour size (Huang
et al., 2021). In addition, the diagnostic efficacy of EV-bound TGF-B1 was greater than
that for total TGF-B1 in plasma (Huang et al., 2021), suggesting that EV associated
TGF-B1 is a more appropriate biomarker than the unbound form. However, there are
challenges in the use of EVs as biomarkers due to their heterogeneity, which is likely

to be context and cell type specific. Coupled with this, there are likely to be changes
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in cargo type and abundance during cancer progression from dysplasia through to

metastasis.

Therefore, the future of EV research lies in determining new methods of characterizing
the tissue/cellular source of circulating EVs to provide information about cellular
functional state or cancer stage. Much like the rise in single-cell transcriptomics and
proteomics, single EV evaluation could be the key to disseminating their heterogeneity
and pin-pointing oncogenic indicators. Attempts have been made to map EV RNA
sequencing profiles to their cell or tissue of origin, however predictions using
computational methods have failed to be validated by EV flow cytometry (Li et al.,
2020). Multiplexed analysis of single EV (MASEV) is a promising technique that
utilises a flow cell to attach pre-purified EVs (Spitzberg et al., 2023). Antibodies
labelled with fluorophores linked by cleavable biorthogonal linkers allow rapid
destaining, meaning individual vesicles can be repeatedly stained. Spitzberg et al used
this method to show that biomarker multiplexing permitted clear separation of EVs
from cell origins. Moreover, the use of CD63 as a positive EV marker resulted in the
loss of 80% of all oncogene-positive EVs detected from KRAS mutant cells, indicating
affinity purification could be detrimental to detecting EVs with diagnostic potential
(Spitzberg et al., 2023). These novel methods are in their infancy, however further
development to distinguish changes in EV signatures during cancer progression would

be especially important for disseminating context dependent alterations in TGF-31.

6.4 Limitations
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Attempts to perturb EV release using chemical inhibitors were unsuccessful, mainly
due to the inability to distinguish effects between drugs and DMSO vehicle control.
More work could have been done to study particle release from cells treated with our
drugs in alternate vehicles, as well as testing other putative EV inhibitors. Furthermore,
due to the lack of promise of GW4869 and DMA, the availability of H3572HCS and lack
of time we did not repeat certain western blots for EV markers which would have
improved conclusions drawn. Although TSG101 is a widely used EV marker, a greater
selection of markers would be necessary to more accurately determine EV

abundance.

Another limitation is that we did not investigate CAF marker transcript levels at the 72
hour timepoint, which may have allowed us to see changes in abundance. Two earlier
time-points of 24 and 48 hours were chosen due to the presumption that changes in
MRNA transcription would be detected at an earlier timepoint than changes in protein

synthesis.

Much of this project was affected by the COVID-19 pandemic, firstly by loss of access
to labs for 4 months (March-July 2020) due to national lockdown. Following this there
was partial laboratory reopening with restricted working hours for around one year.
Due to social distancing regulations, gaining training and access to equipment was
delayed; namely microscopes and histology equipment. In addition, there were
delivery delays for essential consumables such as specialised media, transwell
inserts, collagen and deep-well culture plates used for 3D model generation and
culture. This had an impact on the use of 3D models in this study and affected our

decision to work primarily in 2D.
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6.5 Future work

The next stages of this project would be to utilise 3D models to investigate the role of
EVs in crosstalk between OSCC and fibroblasts. Further optimisation of our 3D OSCC
models using H3572HCS would be necessary to examine the effects of perturbing EV
release in a more physiologically relevant model. Measuring CAF marker abundance
and model contraction would be good indicators of the ability of EVs to promote
fibroblast activation and determine if our 2D work can be recapitulated in 3D. The
development of these models using H357¢P83-GFP would also be useful to investigate
the distribution of EVs in the ECM and discern the level of dissemination from the

producing cell and possible sequestering on cell surfaces.

Further work should include closer investigation of the role of TGF-8, as summarised
in Figure 6.1. Firstly, determining how TGF-31 is tethered to OSCC derived EVs would
allow us to distinguish the roles of soluble TGF-B from EV delivered TGF-B. Blocking
tethering mechanisms and investigating if cancer derived EVs still induce fibroblast
activation would demonstrate that TGF-B1 conformation is important in the TME and
is a potential therapeutic target. Investigations may focus on GARP and membrane
associated proteoglycans as tethering candidates due to their previous associations
with TGF-1, as discussed previously. Secondly, it would be pertinent to examine EV-
TGF-B signalling in fibroblasts, to determine if this occurs through canonical SMAD
signalling or through non-canonical means (Figure 6.1). As it had been previously
shown that EV associated TGF- induce sustained SMAD signalling in MSCs (Shelke
et al., 2019), analysing this in OSCC-EV activated fibroblasts could provide an

explanation as to why TGF-f is preferentially bound to EVs in the TME.
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To gain a more rounded view of the role of EVs in the OSCC TME, future work should
include investigations into the reciprocal communication between activated fibroblasts
and OSCC (Figure 6.1). It would be interesting to examine potential changes in release
and TGF-B1 association of EVs from NOFs activated by OSCC EVs compared to
normal fibroblasts. Preliminary investigations would include incubation of activated
NOF EVs with OSCC cells, NOKs and NOFs to determine changes in proliferation,
migration and cancer-associated markers, as well as potentially upregulated signalling

pathways.

Although beyond the immediate scope of this project, but of high clinical relevance, is
the potential of EV-associated TGF-B1 to induce immunosuppression. There is
currently little evidence for this in OSCC, however previous work has indicated this
possibility due to increased immune tolerance behaviours of T-cells via TGF-3
tethered lymphocyte EVs (Burlingham et al., 2023). Indeed, it has been shown that
TGF-B associated HNSCC EVs were able to reprogram macrophages to a pro-
angiogenic phenotype (Ludwig et al., 2022); thus demonstrating the wide TME

modulating potential of TGF- associated EVs that warrant further investigation.
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Figure 6.1 Schematic summary of proposed future work. The next steps of this work may focus on the
tethering mechanisms of TGF-1 to EVs, if traditional activation is necessary, and how signalling is maintained
in recipient cells. Possible sequestering of EVs to cell surfaces or ECM components could be visualised with the
use of H357CD63-GFP EVs in 3D models of OSCC. In addition, multiple directions of EV-mediated crosstalk in
stromal cells could be further elucidated to gain a better understanding of possible therapeutic targets.
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