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Summary

Ovarian cancer is characterised by metastasis to the adipocyte-rich omentum and the
development of resistance to chemotherapy. Adipocytes within the omentum may play
an important role in promoting ovarian cancer growth and metastasis. The ovarian
cancer metastatic microenvironment is highly inflamed, and an inflammatory
environment is associated with aggressive disease and poor outcomes. In vitro models
which incorporate multiple elements of the tumour microenvironment can be used to
explore interactions between cancer cells and non-malignant cells within the
metastatic niche and understand the contribution of inflammatory signalling to cancer

progression.
Methodology

Three-dimensional models were generated incorporating ovarian tumour spheroids
and adipocytes or adipose-derived signalling factors. The role of adipocytes on ovarian
cancer growth, invasion and response to therapy was explored. The impact of
inflammation of adipocytes on the response of ovarian cancer cell lines was explored

in co-culture systems.
Results

Adipose-derived factors and adipocyte co-culture promoted ovarian cancer growth.
Adipose-derived exosomes induced an invasive, chemoresistant phenotype in ovarian
cancer cells through microRNA transfer. Inflammation of adipocytes induced a pro-
cancer phenotype, inducing the release of fatty acids which are sequestered by
proliferating cancer cells. Adipocyte-derived interleukin-6 signalling activates signal
transducer and activator of transcription-3 (STAT3), regulating ovarian cancer

response to cisplatin therapy.
Conclusions

Adipocytes play an important role in the progression of epithelial ovarian cancer.
Adipocyte-derived signalling drives clinically important aspects of ovarian cancer
activity including tumour growth, metastasis, and response to therapy. Adipocyte-
derived signalling may be a target for therapy to overcome chemoresistance in

advanced stage ovarian cancer.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 Ovarian Cancer

Ovarian cancer is the deadliest gynaecological malignancy, contributing
approximately 314 new cases and 207 deaths per 100,000 people every year globally
(1). Ovarian cancer is the 5" most common cause of cancer death in women in the
USA, leading to around 12,810 deaths in 2021 (2) and predicted to have caused
26,500 deaths in the EU and 4,000 deaths in the United Kingdom in 2022 (3). Once
considered a single disease, ovarian cancer is now understood to comprise a
heterogenous range of subtypes with distinct origins, molecular characteristics, clinical
presentations, treatment and prognosis (4). Epithelial ovarian cancer (EOC) accounts
for ~90% of cases and the majority of deaths and is the focus of this study. Non-
epithelial ovarian cancers include subtypes such as germ cell tumors, sex cord-stromal
tumors, and small cell ovarian cancer. Germ cell tumors primarily affect younger
women and are often curable, with high survival rates, especially when diagnosed at
an early stage (5). Sex cord-stromal tumors are rare and their prognosis varies
depending on the specific subtype and stage at diagnosis (6). Small cell ovarian
cancer is an aggressive subtype that accounts for a small percentage of cases and is

often diagnosed at an advanced stage, leading to a challenging treatment landscape

(7).
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1.2 Epithelial Ovarian Cancer

Epithelial ovarian cancers are classified based on their epithelial site of origin or
predominant epithelial cell type, and comprise multiple subtypes including serous,
endometrioid, clear cell, and mucinous ovarian cancers (4, 8). High grade serous
ovarian carcinoma (HGSOC) is most commonly diagnosed and accounts for 70-80%
of all ovarian cancer deaths (9, 10) and is therefore the most commonly studied
malignancy. Conversely, low-grade serous ovarian carcinoma (LGSOC) is less
common and is characterized by slow growth and improved outcomes. Over the past
decade, a model which characterises EOC based on manner of carcinogenesis,
originally proposed by Kurman and Shih in 2004, has been widely accepted (11, 12).
Within this classification system, type | tumours, including LGSOC, endometrioid, clear
cell and mucinous, develop in a step-wise progression from epithelial neoplasms and
are relatively slow growing, leading to earlier diagnosis and improved outcomes (13).
Type | neoplasms are relatively genomically stable, in contrast to Type Il tumours in
which TP53 mutations are common (~80% of tumours), leading to genetic instability
and rapid evolution (13). Rapid development of Type Il ovarian cancers, predominantly
HGSOC, can result in late diagnosis of disease and these cancers are responsible for

the majority of ovarian cancer deaths (9).

Late diagnosis is a major contributing factor in high mortality rates observed for EOC,
alongside common development of resistance to therapy. EOC is commonly staged
according to the FIGO (International Federation of Gynecology and Obstetrics) system
which classifies cancer based on tumour size and extent of spread to lymph nodes
and distant organs (14). HGSOC is most commonly diagnosed at FIGO stage 111 (51%)

and stage IV (29%) (10), indicating metastasis of sites outside the pelvis. Given the 5-
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year survival rates for patients diagnosed at stages I-IV are 89%, 71%, 41%, and 20%
respectively (10), the contribution of late-stage diagnoses to overall ovarian cancer

mortality is clear.

1.3 Ovarian Cancer Diagnosis and Treatment

There are currently no effective screening strategies for detection of ovarian cancer.
Carbohydrate antigen 125 (CA125) was identified in 1981 as a potential marker for
ovarian cancer (15), however, CA125 screening has poor predictive power and a high
rate of false positive can generate anxiety and distress, as well as unnecessary follow-
up testing, in patients (16). CA125 screening in the general population has been
shown to have no impact on overall ovarian cancer mortality (17), though can be useful
in testing patients presenting with symptoms to detect more aggressive forms of EOC.
(18). Testing for multiple biomarkers, including Human Epididymis Protein 4 (HE4) and
mesothelin alongside CA125, in combination has been proposed to improve accuracy

and limit false positives (19, 20).

Ovarian cancer patients present in the clinic with a range of non-specific symptoms
including abdominal bloating and distension, nausea, change in bowel and urinary
function, back pain, fatigue and weight loss (21). Following diagnosis, treatment for
advanced stage ovarian cancer typically consists of surgery combined with
chemotherapy (8). Cytoreductive or debulking surgery consists of removal of as much
tumour as is possible as well as surrounding tissues and in many cases a bilateral
salpingo-oophorectomy (removal of ovaries and fallopian tubes) and hysterectomy

(removal of uterus). Stage | EOC is typically initially treated by debulking surgery alone
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(22). Chemotherapy normally consists of at least 6 rounds of treatment with
combination of platinum-based drug (cisplatin or carboplatin) and taxane (paclitaxel or
decotaxel), ordinarily delivered after surgery but in some cases 3 doses are
administered prior to surgery, for example to reduce tumour burden prior to surgery in
cases of advanced stage disease, or for patients who are not healthy enough for
optimal debulking surgery (22). Intraperitoneal (IP) administration of chemotherapy, or
IP in combination with intravenous (IV) has been shown to be more effective than IV

alone (23, 24, 25).

More targeted approaches can be effective in some circumstances. In patients with
BRCA1/BRCA2 mutations, where DNA repair mechanisms are impaired, poly-
adenosine diphosphate ribose polymerase (PARP) inhibitors have been shown to
improve outcomes by inducing synthetic lethality through targeting of alternate
mechanisms of DNA repair (26). Clinical trials indicate that PARP inhibitors, including
olaparib, niraparib and rucaparib, are most effective as maintenance therapy to extend
remission in patients sensitive to platinum therapy (27, 28, 29, 30). Anti-angiogenic
drugs, in particular bevacuzimab which targets vascular endothelial growth factor
(VEGF) signalling, have been approved for use alongside standard chemotherapy
(31). Bevacuzimab, as well as anti-angiogenic tyrosine kinase inhibitor pazopanib, has
modest impact on patient survival and seems to be most effective in BRCA-negative

patients with high risk disease (32).

While PARP inhibitors and anti-angiogenic drugs have been approved for use in
ovarian cancer patients in the last 10 years, they have not had a drastic impact on
patient survival (3). Similarly, liposomal doxorubicin (doxil) has been shown to reduce
off site toxicity and side effects, however patients receiving doxil face similar rates of
disease relapse (33). As such, despite the development of new drugs, standard care

4
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for patients with advanced stage epithelial ovarian cancer has not significantly
changed over the past ~40 years. Given the poor 5-year survival rates for patients with
stage Il and IV epithelial ovarian cancer, new treatment options for patients are

urgently needed.

1.4 Ovarian Cancer Risk

Several factors have been identified which may impact the risk of ovarian cancer
development. The most significant genetic risk factor is germline mutations of BRCA1
and BRCA2, commonly associated with breast cancer risk. Either BRCA1 or BRCA2
are mutated in up to 13-17% of ovarian cancer patients, increasing to over 25% in
patients with HGSOC (34, 35, 36). Both BRCA1 and BRCAZ2 encode proteins with
roles in DNA damage repair (BReast CAncer gene 1 and 2), enabling the accumulation
of mutations necessary for malignant transformation. Germline mutations of other
genes related to DNA damage repair are related to ovarian cancer patients, including
RAD51C and RAD51D, as well as PALB2 and BARD1 which encode proteins in the
Fanconi anaemia— BRCA pathway (37). Women with germline mutations in both

BRCA1 and BRCA2 may undergo risk-reducing salpingo-oophorectomies.

The most significant risk factor for ovarian cancer is age, and the probability of
developing ovarian cancer increases every decade of a woman’s life until 70, where
risk peaks at 1 in 283 (0.4%) in the US (10). Age-related risk is common in many
cancers, as somatic mutations accumulate over time. However, ovarian cancer risk
has also been associated with other age-related aspects of female reproductive health

(38, 39). The number of ovulation cycles of a woman’s lifetime is correlated with higher
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ovarian cancer risk, while use of the contraceptive pill and pregnancy, which interrupt
ovulation, can reduce risk (40, 41). This has led to the development of the ‘incessant
ovulation’ hypothesis which posits that each ovulation event can cause minor damage
to the ovarian surface epithelium, resulting in repeated damage and repair, increasing
the likelihood of mutation and transformation. Alternatively, the ‘gonadotropin
hypothesis’ attributes the impact of reproductive factors on ovarian cancer risk to
levels of gonadotropins (42). Hormone replacement therapy (HRT) has been shown
to increase ovarian cancer risk, potentially through increased estrogen-induced

proliferation in the ovaries (43, 44).

1.5 Obesity and Adiposity as Risk Factors for Ovarian Cancer

Obesity is a risk factor for a number of cancers, in particular hormone-related cancers
such as endometrial cancer and postmenopausal breast cancer (45, 46). A 2007 meta-
analysis of 28 studies found 24 that reported a positive correlation between obesity
and ovarian cancer risk and found that this correlation was consistent across subtypes
(47). The same group performed a follow-up analysis in 2013 which sought to evaluate
the risk of obesity on the prevalence of ovarian cancer subtypes and found that high
(>30) body mass index (BMI) was associated with increased risk of endometrioid,
mucinous and LGSOC, but not HGSOC (48). They found that the association was
strongest amongst pre-menopausal women, while a report from the European
Prospective Investigation in Cancer and Nutrition (EPIC) cohort found the association
was strongest in post-menopausal women. As such, the role of obesity and increased
BMI in risk of ovarian cancer is still not clear. Importantly, meta-analyses have found

a negative correlation between obesity and ovarian cancer survival, including in
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patients with HGSOC (49, 50), indicating that obesity and adiposity may play a role in

disease progression and metastasis as well as carcinogenesis.

1.6 Ovarian Cancer Development

Due to its prevalence and impact, HGSOC has been the focus of the majority of
research into epithelial ovarian cancer origin and carcinogenesis. Multiple sites of
origin have been proposed for HGSOC, most prominently the ovaries and fallopian
tubes. As noted above, the incessant ovulation hypothesis suggests that damage and
repair at the ovarian surface epithelium results in accumulation of mutations leading
to carcinogenesis. However, no pre-cancerous ovarian lesions have been identified
as potential sites of ovarian cancer origin (8). Growing evidence suggests that the
fallopian tube epithelium represents the most common site of origin for HGSOC,
including the presence of pre-cancerous lesions known as serous tubal intraepithelial
carcinoma (STIC), identified in women with BRCA1 mutations undergoing risk-
reducing salpingo-oophorectomies (51). Transgenic deletion of HGSOC-associated
genes (Brcal and 2, Tp53, Pten) in the fallopian tube in mouse can induce the
development of HGSOC-like malignancies (52), while deletion of such genes in
ovarian surface epithelium results in histologically distinct neoplasm (53). It has been
suggested that incessant cyclical ovulation may generate a state of chronic
inflammation, leading to neoplastic transformation in neighbouring fallopian tube
epithelum (54). Given the heterogeneity apparent in EOC, it is likely multiple, distinct

sites of origin exist.

High levels of inter- and intra-tumoral heterogeneity have been demonstrated in

HGSOC, though TP53 is mutated in most tumours at all stages (55, 56, 57). HGSOC
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are characterized by their widespread genomic instability, including defective
homologous recombination, leading to a varied mutational landscape including
widespread copy number gain and loss (8, 58). Conversely, Type | cancers such as
LGSOC progress in a slower, step-wise fashion as tumorigenic mutations accumulate

(4, 8).

1.7 Ovarian Cancer Metastasis

1.7.1 Ovarian Cancer Metastasis Overview

Following transformation of epithelium in the ovaries or fallopian tubes, the
development of secondary metastases is a multistep process typically requiring: 1)
shedding of cells from the primary tumour; 2) intra-peritoneal dissemination of tumour
cells; 3) attachment at the peritoneal mesothelium and 4) invasion at a secondary site
within the peritoneal cavity (Figure 1.1) (8). Transformed ovarian epithelial cells rarely
disseminate through the vasculature and the peritoneal cavity is the primary region of
EOC metastasis. Detachment of transformed epithelial cells is associated with the
epithelial to mesenchymal transition (EMT), whereby cells shift to a motile, invasive,
mesenchymal-like phenotype (59). EMT is characterized by a ‘cadherin switch’
expression of the epithelial adhesion protein E-cadherin is decreased while expression
of mesenchymal-associated N-Cadherin is increased, alongside other mesenchymal-
associated membrane proteins such as vimentin and fibronectin (60). EMT is
regulated by a suite of transcription factors, most notably Snail, Slug, Twist and Zeb1/2
(61, 62). Notably, EMT is also associated with resistance to chemotherapy in EOC

(61).
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Figure 1.1 Epithelial Ovarian Cancer Metastasis. Metastasis of EOC cells within the peritoneum

requires 1) shedding of cells from the primary tumour via EMT, 2) dissemination of tumour cells within
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flow within the inflamed ascites, 3) attachments of tumour cells at a secondary site within the peritoneal

mesothelium and 4) invasion through the mesothelial membrane via matrix remodelling. Created with

BioRender.com.
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Following EMT, EOC cells disseminate through the peritoneum as single cells or
clusters of cells (endogenous tumour spheroids) (63, 64). Although it is as yet unclear
whether cells more commonly detach from a primary ovarian tumour as a multi-cell
aggregate, or if detached single cells aggregate in ascites fluid, a survival advantage
for clusters of cells over single cells has been reported (65), while the formation of
endogenous spheroids in ascites is associated with poor disease prognosis (66, 67).
Disseminating tumour aggregates may also incorporate non-malignant cell types,

including mesothelial cells, fibroblasts and macrophages (66, 68, 69)

Disseminating EOC cells within the peritoneal cavity is associated with the
development of ascites, accumulation of fluid in the abdominal cavity caused by
imbalance in fluid production and reabsorption and characterized by a highly inflamed
environment (70). Ascites is associated with poor prognosis, and the inflammatory
microenvironment within the peritoneal cavity promotes cancer cell proliferation and
metastasis (71, 72). The inflammatory nature of the ascites microenvironment is
discussed in detail below. Tumour cells within the peritoneal cavity are also subject to
specific physical conditions which can have a significant impact on their activity and
viability. In particular, fluid flow within malignant ascites exerts shear and tensile stress
on tumour cell aggregates, as well as directing colonizing cells along routes to distant

metastatic targets (73, 74, 75).

Endogenous tumour spheroids represent discrete metastatic units capable of seeding
secondary metastases in the peritoneal cavity (63, 66). As hypothesised by Steven
Paget in 1899, the “seed” of ascites tumour spheroids, as well as individual tumour

spheroids, will preferentially colonize vulnerable microenvironments within the

10



Chapter 1 Introduction

peritoneal cavity, the “soil” of intraperitoneal metastasis (76, 77). These common sites
of colonization include the peritoneum and peritoneal organs, notably the omentum,
which are lined by a mesothelial monolayer on top of a basement membrane and
stromal tissue (8). The generation of a secondary tumour requires 1) adherence of
tumour cells to the mesothelial cell layer; 2) invasion through the submesothelial basal
membrane and 3) extensive remodelling of extracellular matrix components and tissue
architecture. Vascular cell adhesion molecule-1 (VCAM-1), present on mesothelial
cells, binds B1-integrin on ovarian cancer cells, enabling attachment (78, 79). The
submesothelial matrix is rich in collagens type | and Ill, as well as fibronectin and
laminin, and ovarian cancer activity in the submesothelial layer increases collagen
production in cancer-associated fibroblasts (80, 81). Matrix components exert
physical forces and induce transcriptional changes in cancer cells through integrin-
mediated binding, while cancer cells remodel extracellular matrix (ECM) through

proteolytic matrix metalloprotease (MMP) activity (82).

1.7.2 Inflammation in the Peritoneal Metastatic Microenvironment

Ascites is an inflammatory condition and the malignant ascites associated with ovarian
cancer development is characterized by abundance of inflammatory cytokines (83,
84). Inflammatory cytokines, alongside other inflammatory mediators such as reactive
oxygen species (ROS), are secreted by disseminating tumour cells, inducing the
recruitment of immune components such as tumours associated macrophages
(TAMSs), natural killer (NK) cells, dendritic cells and T regulatory cells, which in turn
further contribute to peritoneal inflammation through inflammatory signalling (Figure

1.2) (85). EOC cells produce macrophage colony-stimulating factor (M-CSF),

11
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attracting macrophages and other monocytes to the tumour microenvironment (TME),
while bi-directional tumour necrosis factor- a (TNFa) signalling promotes macrophage
infiltration and the generation of an inflamed microenvironment (86, 87, 88). Depletion
of macrophages in peritoneum can inhibit metastasis in mouse, and immune cells in

the omentum are a source of pro-cancer chemoattractant signalling (89, 90, 91).

Inflammatory mediators act on EOC cells, inducing proliferation and metastasis (92,
93, 94), as well as other components of TME such as cancer associated fibroblasts
(CAFs) to induce matrix remodelling and aid invasion (Figure 1.2) (95). Cells in the
TME promote tumour metastasis by disrupting signalling pathways, such as
Phosphoinositide 3-kinase/Protein kinase B (PI3/Akt) and Ras/Extracellular signal-
regulated kinase (Ras/ERK), which govern migration and invasion. Downstream
signalling, including Rho family GTPases, extracellular proteases, integrins, matrix-
associated proteins like focal adhesion kinases (FAK), and transcription factors like
ETS2 and AP-1, are influenced by these pathways (85, 96). Fibroblasts within the TME
can be reprogrammed via tumour- and immune derived signalling (notably interleukin-
6 and TNFa) to a cancer activated fibroblast (CAF) phenotype, inducing ECM
remodelling via veriscan (VCAN) regulated MMP expression (95, 97). CAFs can also
suppress anti-tumour immunity via CXCL12 expression (98). Potential roles for

inflammatory mediators are discussed below.
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Figure 1.2 The Inflammatory Tumour Microenvironment in Ovarian Cancer Metastasis. Signalling
between tumour cells and non-malignant cells within the TME generates an inflammatory environment
via accumulation of pro-inflammatory cytokines and other inflammatory mediators. An inflammatory
environment promotes EOC metastasis via 1) recruitment of immune cells, 2) induction of pro-tumour
metabolism, 3) remodelling ECM to enable invasion and 4) activation of CAFs. An inflammatory TME
induces increased DNA damage, angiogenesis, tumour cell proliferation and metastasis in cancer cells.
Created with BioRender.com.

1.7.2.1 Interluekin-6

The role of interleukin-6 (IL-6) has been the most thoroughly explored of inflammatory
cytokines acting in the EOC inflammatory tumour microenvironment (TME). Ovarian
cancer cells and TAMs have been shown to produce IL-6 (99) and IL-6 concentration
is high in ascites and has been proposed as a prognostic factor for EOC (71, 100, 101,

102). IL-6 signalling acts through binding its receptor IL-6R, initiating a signalling

13
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cascade whereby two heterotrimers consisting of IL-6, IL-6R, and gp130 combine to
create a hexameric complex. Within this complex, members of the cytoplasmic Janus
kinase (JAK) family of tyrosine kinases bind to gp130, initiating the phosphorylation of
downstream targets including signal transducers and activator of transcription (STAT)
transcription factors. Once phosphorylated, activated STATs migrate to the nucleus,

where they induce widespread gene transcription (83, 103).

In mouse, blocking of IL-6 signalling reduced ascites formation, indicating a role for IL-
6 in the initiation of acute inflammation (102). Paracrine signalling of tumour-derived
IL-6 can enhance EOC proliferation and induce MMP secretion (104, 105), promoting
adhesion and invasion through JAK/STAT signalling (106). Importantly, IL-6 can also
suppress anti-cancer immune response by downregulation of interleukin-2 (IL-2),
while TAMs can secrete IL-6, inducing STAT3 activation in IL-6 EOC cell proliferation
(94). Adipocytes have been identified as a source of IL-6 in the TME and adipocyte-

derived IL-6 signalling can promote EOC proliferation and invasion (107, 108).

1.7.2.2 Interluekin-8

Similarly to IL-6, Interleukin-8 (IL-8) has been shown to be abundant in ascites of EOC
patients and is associated with poor prognosis (109). IL-8 binds multiple membrane
protein, most prominently G protein-coupled receptors CXCR1 and CXCR2 and in vitro
IL-8 treatment can stimulate EOC growth by upregulation of cyclins B2 and D1 via Akt
phosphorylation (110), however in vivo IL-8 may indirectly inhibit tumour growth

through the recruitment of neutrophils (86, 111). In metastasis, IL-8 has been shown
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to promote peritoneal invasion through transforming growth factor beta-activated

kinase 1/ nuclear factor-kappa B (TAK1/NFkB) signalling via CXCR2 binding (112).

1.7.2.3 Tumour Necrosis Factor-a

TNFa plays an important role in promoting inflammation and regulating immune
response to ovarian cancer. TNFa is secreted by inflammatory macrophages, though
TNFa release by tumour cells has been reported (113, 114). EOC-derived TNFa can
promote TAM recruitment and inflammatory macrophages are abundant in ascites
fluid (87). Macrophages are typically polarised to either M1, pro-inflammatory
phenotype or M2, anti-inflammatory phenotype (115). The anti-inflammatory capacity
of M2 macrophages in the EOC metastatic environment may be important in inhibiting
anti-cancer immunity and increased presence of M2 macrophages is related to
increased survival (116). However, M1 macrophages have been demonstrated to play
an important role in the development of an inflamed ascites and peritoneal TME and
have been shown to promote metastasis through TNFa-mediated NF-kB activation
(89, 117). In a positive feedback loop, EOC cells secrete further TNFa, increasing local
inflammation as well as stimulating transforming growth factor-a (TGFa) in cancer
associated fibroblasts, promoting metastasis through epidermal growth factor receptor

(EGFR) signalling (118).

1.7.2.4 Reactive Oxygen Species
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Reactive oxygen species (ROS) include oxygen ions and peroxides and are naturally
produced in cells during various cellular processes, including metabolism and immune
responses. Uncontrolled ROS production can lead to oxidative stress, which can
contribute to inflammation and disease, including cancer. ROS may play an important
role in generation of an inflamed microenvironment in response to tissue damage,
leading to initial transformation as per the incessant ovulation hypothesis (85). In
relation to EOC metastasis, ROS leads to activation of lysyl oxidase, which is inversely
correlated with E-Cadherin expression, suggesting a role for ROS in EOC

dissemination (119).

1.7.3 Exosome Signalling in the EOC Metastasis

Research into signalling within the TME has focussed on cytokine signalling between
tumour and various non-malignant cell types within the peritoneal metastatic
environment. Extracellular vesicles, in particular exosomes, have been also implicated
in the generation of metastatic microenvironments in a number of malignancies (120).
Exosomes are 30-150nm vesicles and can carry of cargo proteins, lipids, metabolites,
RNA and DNA, enabling signalling at a distance through a diverse range of
mechanisms and pathways (Figure 1.3). Exosome biogenesis is via the endocytic
pathway through invagination of endosomal membrane which leads to generation of
multivesicular bodies (MVBs). Formation of exosomes relies on coordination of
endosomal sorting complexes required for transport (ESCRTS), tetraspanins, Rab
GTPases and lipid modifying enzymes, all of which can interact with cargo to enable
loading into putative exosomes. MVBs fuse with the plasma membrane, resulting in

the release of exosomes, along with their cargo, into extracellular space (121). In most
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cases, exosomes are taken up through caveolin- or clathrin mediated endocytosis
(122). Exosome signalling to specific target cells is regulated by a diverse range of
exosomal membrane proteins, including tetraspanins and integrins, lipid composition
of exosomes and surface receptors at the target site (122). Exosomes typically
express marker surface proteins including CD9, CD63, CD81, CD82 which aid in cell

penetration (123).
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Figure 1.3 Exosome Signalling. Exosomes are generated via endocytosis following budding of
multivesicular bodies from the endosomal membrane. Exosome signalling to specific target cells is
achieved through the incorporation of specific membrane proteins as well as through lipid composition
of the exosome membrane. Exosomes can carry a range of cargo including genomic elements, proteins,

and signalling molecules such as cytokines and growth factors. Created with BioRender.com.

Due to their relative stability and capacity for specific receptor-regulated transport,
exosomes have been implicated in signalling at distance, including in the generation
of the pre-metastatic niche in a number of malignancies (120). For example, in
pancreatic cancer, tumour-derived exosomes induce expression of fibronectin in
hepatic stellate cells in the liver, generating a fibrotic microenvironment more

amenable to metastasis (124). Blockade of exosome synthesis and release by
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inhibition of Rab GTPases can also decrease lung metastasis in breast cancer and

bone metastasis in melanoma in mouse models (125, 126).

In ovarian cancer, in vitro models have demonstrated the capacity for EOC-derived
exosomes to induce CD44 expression in mesothelial cells, resulting in increased MMP
expression which can act to destabilize the mesothelial ECM and enable EOC invasion
(127). A separate study similarly demonstrated that EOC-derived exosomes can
induce ECM reconstruction through MMP expression, however this work showed
direct transfer of MMP1 mRNA as exosome cargo (128). Elsewhere, EOC exosomes
have been shown to generate a pro-cancer environment through activation of
fibroblasts to cancer associated fibroblasts and differentiation of adipose-derived stem

cells to a tumour-associated myofibroblast phenotype (129, 130).

Exosome-derived microRNAs (miRNAs) have an impact on ovarian cancer
development and progression, as well as resistance to therapy (131). One study found
miR-99a-5p is relatively abundant in EOC patient serum, and EOC cell line-derived
exosomes and exosomal miR-99a-5p can promote vimentin and fibronectin
expression in peritoneal mesothelial cells (as seen previously) to generate a pro-
metastatic environment. EOC exosome-derived miRNAs have been implicated in pro-
cancer immune regulation in two studies from the same group, specifically via miR-

940 regulated macrophage M2 polarization (132, 133).

1.7.4 Omental Metastatic Niche

The omentum is invaded in the majority of cases of metastatic EOC, with omental

metastases present in >60% of cases and >80% of HGSOC (107, 134, 135). The
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omentum is a large, soft pad of visceral adipose tissue, approximately 20 x 15 x 2cm,
covering the abdominal cavity and connected to the spleen, stomach, pancreas and
colon. The omentum has functions in energy storage, insulation, angiogenesis and
metabolism, as well as diverse immune regulatory capacity including tissue repair and
regeneration (136). Alongside abundant adipocytes, the omentum is composed of
fibroblasts, multipotent stem cells and a mesothelial lining, as well as immune
component. The omentum has been referred to as ‘the policeman of the abdomen’
due to its healing capacity (137), and so called ‘milky spots’ of the omentum are
aggregates of B cells, T cells, macrophages and dendritic cells which act to promote

wound healing and protect against infection (136).

Adipose tissue in the omentum is metabolically active and can have systemic effects
on metabolism and inflammation through secretion of hormones and cytokines (136).
The omentum is thought to contribute significantly to metabolic dysfunction in obesity,
and contributes to increased serum triacylglycerides (TAG) and fatty acid levels (138,
139, 140), as well as increased levels of leptin and resistin leading to obesity-
associated insulin resistance (141). Obesity can generate a state of chronic, low grade
inflammation in adipose tissue, and abundant macrophages in omentum adipose
tissue may contribute to inflammation via secretion of pro-inflammatory mediators
(142). Adipose tissue is remodelled and dysregulated during metastatic invasion of the
omentum (80), which may further promote inflammation by inhibition of normal

immune and metabolic regulatory function.

The omentum represents a major source of energy for metastasizing tumour cells,
largely in the form in lipids such as free fatty acids secreted from omental adipocytes.
A number of studies have highlighted the importance of bi-directional changes in

metabolism in omental adipocytes and EOC cells in ovarian cancer metastasis (107,
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143, 144, 145, 146). Changes in metabolism in cancer cells and cancer-associated

adipocytes, and how these drive ovarian cancer progression, are now discussed.

1.8 Metabolism in Adipocytes and Tumour Cells in Ovarian Cancer Progression

1.8.1 Cancer Metabolism Overview

The first prominent report of altered metabolism in cancer cells came from Otto
Warburg in the 1920s, who recognised a preference for anaerobic metabolism of
glucose to lactate, even in the presence of oxygen, termed ‘aerobic glycolysis’ (147).
This preference for glycolysis is in contrast to most healthy cells, where oxidative
phosphorylation in the mitochondria generates adenosine triphosphate (ATP) in the
presence of oxygen, a considerably more efficient process for energy generation.
Changes in cellular metabolism are now recognised as a ‘hallmark of cancer’ (148)
and cancer-specific metabolism is a potential target for therapy (149). Given the
enormous diversity in how cancers develop and spread, the spectrum of cancer-
specific metabolic alterations is wide. Broadly, cancer metabolism is reprogrammed to
enable survival in hypoxic and stressful conditions and to promote rapid growth and

proliferation (150).

1.8.2 Glucose Metabolism in Cancer

Glucose is a major source of cellular energy, and the rate of glucose metabolism

(glycolytic flux) is closely regulated systemically by glucagon and insulin. In oxidative
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phosphorylation, glucose is metabolized to pyruvate via glycolysis, which is then
imported to the mitochondria via mitochondrial pyruvate carriers. The classical
example of metabolic reprogramming is the Warburg effect, as detailed above,
whereby glucose metabolism in normoxic conditions is dysregulated. Glycolytic flux is
regulated, via hypoxia inducible factor-1 (HIF-1) by the phosphatidylinositol 3-kinase
— Protein Kinase B — mammalian target of rapamycin (P13K/AKT/mTOR) pathway,
which in normal cells is activated in response to growth factor signalling (151).
However, mutations in components of the P13K/AKT/mTOR pathway, common in
cancers, lead to dysregulation of energy metabolism allowing unrestrained growth in
the absence of extracellular signalling (152). Dysregulation and mutation of the
P13K/Akt/mTOR pathway is common in ovarian cancer and inhibitors of the pathway
have shown significant anti-cancer effects preclinically (153, 154). Solid tumours often
generate hypoxic conditions due to rapid cell proliferation and hypoxia-associated HIF-
1, a regulator of glycolytic flux downstream of P13K/AKT/mTOR, is a target for anti-

cancer therapy in EOC (119, 155).

1.8.3 Fatty Acid Metabolism in Cancer

Energy homeostasis is regulated by control of glucose, amino acid and lipid
metabolism and cancer cells upregulate anabolic metabolism, i.e. synthesis and
utilization of proteins, lipids and nucleotides (150). Lipid metabolism, also regulated in
part by P13K/AKT/mTOR, is the focus of research into cancer-specific metabolism in
ovarian cancer (156, 157). Lipids, primarily free fatty acids, are taken up via fatty acid
chaperone proteins such as Fatty Acid Binding protein 4 (FABP4) and CD36. Fatty

acids are stored in lipids droplets, most commonly as triacylglycerides, or transported
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to the mitochondria for oxidation (Figure 1.4) (158). B-oxidation of fatty acids is a rich
source of cellular energy: oxidation of one 16-carbon fatty acid molecule can generate
129 ATP molecules compared to 38 generated by mitochondrial metabolism of one
glucose molecule. For fatty acid B oxidation, fatty acids are converted to Acyl-CoA by
Acyl-CoA synthetase. In order for Acyl-CoA to enter the nucleus, it is converted to
Acyl-carnitine by carnitine palmitoyltransferase | (CPT1), before being reconverted to
Acyl-CoA in the mitochondria by CPT2. Acyl-CoA can then enter the citric acid cycle
for energy production via a series of oxidation steps (159). Fatty acids are also
synthesised de novo from Acyl-CoA through fatty acid synthase (FASN), via an
intermediate step of malonyl-CoA catalysed by acetyl-CoA carboxylase (ACC) (149).
(Figure 1.4) Alongside their role as a source of cellular ATP, fatty acids also form the
building blocks of multiple lipid species, including phospholipid components of the cell

membrane.
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Figure 1.4 Fatty Acid Metabolism in Adipocytes and Cancer Cells. Adipocyte-derived fatty acids
are a source of energy in many tumours. De novo fatty acid synthesis occurs via first carboxylation of
acetyl-CoA to malonyl Co-A by acetyl-CoA carboxylase (ACC). Formation of fatty acids from malonyl
CoA is catalysed by fatty acid synthase (FASN). In adipocytes, and during dysregulated lipid
metabolism in cancer, fatty acids and other lipid species are converted to triacylglycerides (TAGs) for
storage in lipid droplets. Fatty acids are released from storage as TAGs via sequential lipolysis to
diacylglycerides (DAG)s and monoacylglycerides (MAGS) by adipose triglyceride lipase (ATGL) and
hormone sensitive lipase (HSL). Free fatty acids (FFAs) can be released from adipocytes passively

before uptake into cancer cells via fatty acid chaperone proteins CD36 and fatty acid binding protein 4
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(FABP4). Energy is generated from fatty acids in cancer cells via B oxidation in the mitochondria. In
order for transfer into the mitochondria, FFAs are converted into acyl-CoA by acyl-CoA synthetase
(ACC) and then into acyl-carnitine by carnitine palmitoyltransferase |1 (CPT1). Following entry into
mitochondria, CPT2 catalyses conversion back to acyl-CoA, which can then enter the citric acid cycle

and enable adenosine triphosphate (ATP) production. Created with BioRender.com
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Cancer is characterized by lipid remodelling: widescale alterations in fatty acid uptake,
de novo fatty acids synthesis, rates of 3 oxidation and synthesis of other lipid species
(159). Fatty acid uptake is often upregulated and expression of fatty acid chaperone
proteins, including FABP4, CD36 and the fatty acid transport protein (FATP) family, is
increased (159, 160). In ovarian cancer, knockdown of CD36 and FABP4 can reduce
metastasis and increase survival in mouse and uptake of fatty acids from adipocytes
results in increased CPT1 activation and acyl-CoA activation (107, 143). Increased
uptake of fatty acids also results in the accumulation of lipid droplets in cancer cells,
providing a source of energy during metabolic stress such as hypoxia, as regulated by
HIF-1 (161). Fatty acid uptake is increased under hypoxic conditions, and increases
in FABP4, a target of HIF-1a, may be indicative of a fatty acid scavenging phenotype

in ovarian cancer (162).

Alongside increased uptake of fatty acids, de novo fatty acid synthesis, normally only
apparent in adipocytes and hepatocytes, is often increased in cancer cells and FASN
is associated with aggressiveness and poor prognosis in EOC (163, 164). FASN can
be considered an oncogene and inhibition of FASN in ovarian tumours can reduce
tumour growth through perturbation of upregulated P13K/AKT/mTOR signalling (165,
166). Stearoyl-CoA desaturase-1 (SCD1) converts mono-unsaturated fatty acids into
saturated fatty acids, altering the composition of fatty acids. In ovarian cancer, SCD1
expression is elevated, particularly in cancer stem cells, while inhibiting SCD1 has
been shown to suppress the growth of ovarian cancer stem cells in mouse models
(167). SCD-1 is a target of the transcription factor NF-kB which is known to play a role
in inflammation-mediated metastasis and is upregulate by TNFa and IL-8 (112, 117).

Increased fatty acid synthesis and diversification of lipid synthesis machinery provides
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metabolic flexibility in cancer cells that enables them to proliferate and spread under

stressful conditions (159).

1.8.4 Adipocyte Metabolism in Cancer

The primary function of adipose tissue is energy storage, though there are important
role for adipocytes and adipose tissue in temperature regulation, immunity and
systemic endocrine regulation. Alongside adipocyte, adipose tissue incorporates
populations of stem cells and pre-adipocytes, immune cells (including macrophages,
T cells, B cells and NK cells), fibroblasts, endothelial cells and pericytes (168). There
also exists significant diversity among adipocytes: white adipocytes function primarily
in energy storage while brown adipocytes are thermogenic and regulate body
temperature (169, 170). Beige adipocytes also play a role in thermogenesis but have
distinct gene expression profiles from brown adipocytes: they lack basal expression of
mitochondrial uncoupling protein 1 (UCP1), a source of heat generation in
mitochondria-rich brown fat, but can upregulate UCP1 in response to extracellular
signalling (171). Within these adipocyte phenotypes there is significant differences in
gene expression profiles between different tissues and organs (172). Omental
adipocytes, for example, is composed primarily of white adipocytes expressing higher
levels of proteins involved in lipid metabolism compared to subcutaneous adipocytes

(173).

Lipid droplets form the most recognisable aspect of adipocyte physiology and are
formed of mostly of triacylglycerides (TAGs) alongside cholesterol and a suite of

regulatory proteins. Lipid droplets are contained within a phospholipid monolayer
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containing lipid metabolism regulating proteins including perilipin (PLIN), adipose
triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) (174). White adipocytes
are unilocular, typically containing one large lipid droplet, while brown adipocytes are
multilocular. Fatty acids are released from lipid droplets via lipolysis, usually in
response to hormone signalling. ATGL and HSL are activated by protein kinase A
phosphorylation and catalyse hydrolysis of TAGs to diacylglycerides (DAGs) and
DAGs to free fatty acids and glycerol. Free fatty acids generated by lipolysis are

released from adipocytes into blood and surrounding tissues (Figure 1.4) (174, 175).

Lipid metabolism is regularly dysregulated in cancer and changes in adipocyte lipid
secretion impacts cancer-specific metabolism in tumours (108, 156, 157, 176). Direct
transfer of lipid from adipocytes to prostate cancer cells has been demonstrated in
vitro using Fourier transform infrared (177), linking adipocyte-derived lipids to prostate
cancer preference for generation of energy via 3 oxidation (178). Adipocytes in co-
culture with breast cancer cells increase fatty acid secretion and undergo ‘delipidation’
resulting in loss of adipocyte phenotype and activity, a phenomenon validated in
tumour-adjacent adipose tissue from breast cancer patients (179). Invasion of adipose
tissue is often accompanied by such changes in tissue composition: adipocytes
undergo delipidation and are replaced by tumour-supporting fibroblasts and cancer
cells (108). Analysis of omental tissue in ovarian cancer patients by
immunohistochemistry and flow cytometry revealed a decrease in adipocytes and
increase in SMA-expressing fibroblasts correlated with severity of disease (80). Breast
cancer cells can induce MMP-11 expression in adipocytes in co-culture, as well as
TGF-B and TNF-a secretion, resulting in dedifferentiation into a fibroblast-like

phenotype and potentiating invasion through matrix remodelling (180)
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1.8.5 Adipocytes in the Omental Metastatic Niche

Signalling pathways and mechanisms regulating omentum tropism in EOC were first
elucidated in work by Nieman and colleagues in 2011 (107). In the study, fluorescently
labelled EOC cells were injected intraperitoneally into mouse and were found to home
preferentially to the omentum. IL-6 and IL-8 were expressed in human primary omental
adipocytes, while inhibition of IL-6 and IL-8 signalling with inhibitory antibodies
significantly reduced omentum homing of EOC cells in mouse. Using co-culture
models incorporating human primary adipocytes and EOC cell lines, they
demonstrated an increase in lipids in EOC cells following co-culture, as well as an
increase in fatty acid B oxidation. FABP4 was upregulated in EOC cells following co-
culture and inhibition of FABP4 in mouse decreased tumour volume and number of
metastases. This study suggested a model in which omentum-derived cytokine
signalling induces EOC metastasis to the omentum, and omental adipocytes provide
energy for ovarian cancer growth through provision of free fatty acids (FFAS).
Importantly, this work centred omental adipocytes as important regulators of EOC
metastasis and demonstrated how targeting of adipocyte-tumour interactions could act

to inhibit metastasis.

In a follow up study, the same group demonstrated a role for another fatty acid
chaperon protein, CD36, in adipocyte-enhanced ovarian cancer cell growth (143).
Furthermore, co-culture with omental adipocytes significantly altered EOC cell
metabolism, shifting cells from reliance on glucose oxidation to uptake and metabolism
of fatty acids. Inhibition of CD36 with silencing RNA (siRNA) or inhibitory antibody
decreased tumour number and weight in mouse. More recently, they demonstrated

that inhibition of FABP4 expression can sensitize ovarian tumours to carboplatin
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treatment in mouse (144) and adipocytes promote metastasis by regulating synthesis
of glycerophospholipids which may be necessary for membrane alterations required
for attachment and invasion (145). Elsewhere, it has also been reported that
knockdown of siRNA-mediated knockdown of FABP4 in endothelial cells can prevent
tumour-associated angiogenesis, decreasing metastasis in mouse (181). Targeting
fatty acid oxidation by inhibiting CPT1, the enzyme responsible for fatty acid uptake
into mitochondria, with etomoxir reduced metastasis and disease progression in

mouse (182).

Multiple studies have demonstrated that adipocytes can promote ovarian cancer cell
proliferation (107, 143, 144, 183, 184) and several other regulatory mechanisms have
been proposed for the pro-cancer effects of omental adipocytes. Salt-inducible kinase
2 (SIK2) is an adenosine monophosphate (AMP)-activated protein kinase (AMPK) and
has roles in energy homeostasis and lipid metabolism (185). SIK2 was demonstrated
to be upregulated in omental metastases relative to primary ovarian lesions and SIK2
inhibition can prevent omental metastasis in mouse (146). Miranda and colleagues
propose SIK2 as a master-regulator of ovarian cancer response to adipocytes due its
capacity to activate, via phosphorylation, acetyl-CoA carboxylase and
phosphoinositide 3-kinases (PI3Ks) and therefore regulate fatty acid oxidation
(through CPT1 activation) and cancer cell proliferation (146). Metformin, which has
been shown to sensitize EOC cells to chemotherapy, may act by regulating AMPK
activity (184). Secreted protein acidic and rich in cysteine (SPARC), a non-structural
subunit of extracellular matrix, is overexpressed in a wide range of pathologies
including obesity, inflammation and cancer (186) and its role in adipocyte — EOC
interactions has been explored (183). Inhibition of SPARC in mice and cancer cells in

adipocyte co-culture increased EOC proliferation and omentum homing, suggesting

29



Chapter 1 Introduction

SPARC acts as a tumour suppressor and may play an anti-inflammatory role (187).
Notably, in adipocyte — EOC co-culture SPARC inhibited increased lipolysis and

decreased fatty acid release in adipocytes (183).

Alongside omental adipocytes, stem cell populations present in omentum may play a
role in facilitating EOC metastasis. Omental adipose-derived mesenchymal stem cells
(MSCs) support tumour growth by promoting vascularization through the increased
expression of growth factors like VEGF, fibroblast growth factor (FGF), and Stromal
cell-derived factor 1- a SDF1-a (188). Additionally, these MSCs help ovarian cancer
cells by enhancing glycolysis and reducing oxidative stress through the regulation of
nitric oxide levels in the omental metastatic niche (189). Adipose stem cells may also
promote omental metastasis through upregulation of MMPs in ovarian cancer cells
resulting in remodelling of the omental ECM required for attachment and invasion

(190).

1.8.5 Obesity and Cancer

Numerous cancers have been linked to obesity, including breast, endometrial,
colorectal, oesophageal, kidney, gallbladder, uterine, pancreatic, and liver cancer
(191, 192), as well as ovarian cancer, as discussed in Section 1.5. Obesity, broadly
defined as a BMI >30, is characterized by excess energy surplus, resulting in TAG
accumulation in lipid droplets, adipocyte hypertrophy and hyperplasia and ultimately
dysregulation of adipose tissue metabolism and function. Adipose tissue is an
important source of hormone signalling and dysregulation leads to systemic effects on

endocrine signalling via increased secretion of adipokines such as leptin. Expansion
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and hypertrophy of white adipose tissue results in cell death, immune infiltration and
the development of chronic low-grade inflammation (193). Immune cell infiltration is
drastically increased, and macrophage number can increase 10-20 fold in adipose
tissue in obese patients (194). Within this inflamed adipose environment fatty acid

secretion is increased, resulting in hyperlipemia of the blood (195).
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Figure 1.5 Obesity in Adipose Tissue. Excess of cellular energy for storage in adipocyte leads to
adipocyte enlargement (hypertrophy) and cell death via apoptosis. Adipocyte apoptosis and
hypertrophy results in recruitment of inflammatory macrophages and the release of inflammatory
cytokines, generating a state of chronic, low-grade inflammation. Adipose inflammation leads to
increased ECM deposition and ultimately tissue fibrosis, as well as increased secretion of lipids from

adipocytes, leading to hyperlipidaemia. Created with BioRender.com.

As noted previously, an inflamed environment promotes EOC and fatty metabolism is
upregulated in ovarian cancer cells, indicating potential roles for obesity in EOC

metastasis. In a high fat diet-induced obesity mouse model, pancreatic cancer cells
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displayed increased fatty acid B-oxidation and mice showed higher levels of TNF-a
and IL-6 (196). Obesity induced increases in tumour growth could be inhibited by
knockdown of TNF-a receptor, suggesting an inflammation-mediated mechanism.
Similarly in hepatocellular carcinoma, obese mice demonstrated increased tumour
burden which was precluded by genetic knockdown of TNFa and IL6 (197). Adipocyte-
derived leptin may also play an important role in obesity-associated cancer mortality
(192) and can activate the JAK/STAT pathway (198, 199). In ovarian cancer, leptin
receptor overexpression has been related to mortality (200), and leptin treatment in

vitro can inhibit apoptosis in EOC cells via PI3K/Akt activation (201).

1.9 Mechanisms of Chemoresistance in Ovarian Cancer

The development of resistance to chemotherapy in major obstacle to effective
treatment of EOC in the clinic. Conventional chemotherapy consists of platinum-based
drugs like cisplatin and taxanes such as paclitaxel (22). Cisplatin binds nuclear DNA,
inhibiting transcription through binding purine residues and leading to DNA damage
and ultimately apoptosis (202). Paclitaxel binds and stabilizes microtubules,
preventing formation and the mitotic spindle resulting in mitotic arrest and apoptosis
(203). Both of these drugs are not cancer cell specific and therefore have severe off

target effects.

As most patients respond to therapy at first before remission, ovarian cancer
therapeutic resistance can largely be considered acquired, and may therefore evolve
over the course of treatment from a small population of resistant stem cells (204). The

existence of bona fide cancer stem cells (CSCs) in ovarian cancer is debated, however
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markers for stemness have been described, including CD44 which is linked to
chemoresistance through its activation of STAT3 (205). In a xenograft mouse model,
small molecule inhibition of STAT3 can sensitize resistant ovarian tumours to cisplatin
therapy (206). Tumour heterogeneity may play a role in the generation of resistant
populations of cells as a diverse mutational background enables multiple routes to
survival during therapy-induced cytotoxicity. HGSOC, characterized by the
development of resistance following remission, often displays high intra-tumoral
heterogeneity (56, 58). Acquired resistance can occur through dysregulation of
apoptotic signalling or increased tolerance of DNA damage, inhibiting the pro-

apoptotic mechanisms of action of cisplatin and paclitaxel (207).

Populations of stem-like cells, as well as phenotypic heterogeneity, enable changes in
phenotype through populations of cells such as those apparent during EMT. EMT is
associated with chemoresistance in EOC (208, 209) and Notch-3-induced activation
of EMT in EOC cells acts to protect them from carboplatin therapy. Blocking endothelin
A receptor has been shown to regulate Snail activity, upregulated in post-EMT cells,
resulting in reversal of the cadherin switch and sensitization of cancer cells to therapy
in a xenograft model (210). In HGSOC, exosomes have been shown to transmit
platinum resistance through DNA methyltransferase | (DNMT1), impacting regulation

of DNA damage responses in tumour cells.

1.10 Models of Ovarian Cancer

Given the complex nature of EOC development and progression outlined above,
models which are able to recapitulate some aspects of ovarian cancer native

environment are able to provide insights into disease pathology and explore therapies
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which seek to overcome metastasis and resistance to therapy. Traditional homotypic
two dimensional (2D) monolayer cell cultures cannot recreate the complex three-
dimensional (3D) environment in which cancer cells exist in vivo, and do not
recapitulate the network of cell-cell signals and microenvironmental cues which guide
tumour cell activity and response (211, 212). Mouse models, including the gold-
standard patient-derived xenograft (PDX) models, remain time-consuming and
expensive, while evaluating the relevance of data from the murine tumour environment
to clinical outcomes remains challenging. In light of these experimental limitations,
complex, three-dimensional in vitro models of EOC which incorporate multiple cell
types, matrix components and physical stimuli have become more prominent, and the
development of such models has been identified as a priority for the progression of

EOC research (9).

1.10.1 Tumour Spheroids

The use of tumour spheroids in cancer research is widespread. Many cancer cell
populations will readily form three-dimensional aggregates or compact spheroids
when cultured on non-adhesive surfaces, for example agarose or polyHEMA coated
plates, or when grown in droplet suspension as per the hanging drop method. In
contrast to traditional two-dimensional monolayer culture, three-dimensional
spheroids can incorporate aspects of spatial architecture, biophysical environment,
phenotypic heterogeneity and mechanisms of chemoresistance which are apparent in
solid tumours (213). Spheroid models for ovarian cancer can be even more revealing
given the mechanism by which ovarian cancer can disseminate through the

peritoneum (63). Multi-cell aggregates, endogenous tumour spheroids, are abundant
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in the ascites and are hypothesised to represent discrete metastatic units capable of

initiating secondary metastases within the peritoneal cavity (64, 66).

A number of features of spheroid molecular physiology can have significant impact on
the ability of cancer cell populations to survive intraperitoneal dissemination and
adhesion, and to subsequently seed secondary metastases. In vitro, phenotypically
heterogeneous populations of cells develop naturally in spheroids, driven by gradients
of nutrient availability and hypoxia, and consequently viability and proliferative capacity
(Figure 1.6) (213). Such intra-tumoral heterogeneity is apparent in solid tumours, for
example mosaic expression of the cell surface marker E-cadherin is apparent in both
primary and secondary EOC tumours, as well as endogenous tumour spheroids (65,
214). Growing evidence suggests that endogenous ovarian ascites spheroids also
incorporate multiple, non-malignant cell types including mesothelial cells, fibroblasts
and macrophages and heterotypic spheroid cultures have been used to explore these

phenomena (66, 68, 69).
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Figure 1.6 Tumour Spheroids. Tumour spheroids generate heterotypic populations of cells including
proliferative regions of cells at the periphery and a quiescent core inside the proliferative zone.
Gradients of availability of oxygen and nutrients produce a necrotic core at the centre of the spheroid.
Created with BioRender.com.

1.10.2 In Vitro Models of Ovarian Cancer Metastasis

A wide range of tools and techniques have been utilised to generate biocompatible
matrices to recreate the ovarian cancer metastatic tumour microenvironment (82).
Cell-derived scaffolds, for example decellularized fibroblast-derived matrices offer a
complex protein environment and structural composition (215). Similarly, Matrigel, a
hydrogel derived from Engelbreth-Holm-Swarm mouse sarcoma cells, is comprised
largely of collagen IV, laminin and entactin and has been widely used to generate a
3D microenvironment for ovarian cancer (118, 216). Similarly, semi-synthetic matrices
have been developed, for example collagen-based hydrogels formed from purified

type | collagen derived from rat tail (217, 218), the biological and mechanical
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properties of which can be modified through modulation of collagen concentration and
the incorporation of other collagen types and glycosaminoglycans. Adhesion assays
to explore mechanisms of ovarian cancer adherence at the peritoneal mesothelium
have been developed using biocompatible matrices, for example quantification of
fluorescently labelled OC cell lines adhered to fibronectin or patient-derived ascites

spheroids adhered to fibronectin, laminin and collagen types | and IV (219, 220).

Due to the prevalence of the omentum as a site of intra-peritoneal metastasis, a
number of studies have sought to recreate specific aspects of the omental
microenvironment and ECM in vitro. An organotypic model of peritoneal invasion was
developed to replicate the omental metastatic niche, and incorporates primary,
fibroblasts and mesothelial cells isolated from omental tissue obtained during surgery,
alongside EOC(221). Fibroblasts are seeded in 3D collagen | gel, before the addition
of a mesothelial monolayer at the surface. Studies incorporating primary adipocytes
and EOC cells in simple transwell co-culture, alongside mouse models have revealed
how reciprocal metabolic alterations in malignant and stromal components can
enhance proliferation, migration and invasion of tumour cells detailed above (107,

146).

1.10.3 In Vitro Culture of Adipocytes

In vivo, mature adipocytes are generated from pre-adipocyte precursors, which are in
turn derived from a multipotent population of stem cells within adipose tissue (222).
Mature adipocytes have been generated from a number of precursor cells in culture,

as well as from direct isolation from adipose tissue. Due to the presence of lipids,
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adipocytes are buoyant and therefore float in cell culture. While this is a barrier to
generating adherent cell populations, it also allows for separation of adipocytes from
other cellular components of adipose tissue. Following digestion of tissue (e.g. with
collagenase), tissue digest can be centrifuged to separate out adipocytes from the
non-buoyant population of cells termed the stromal vascular fraction (SVF). The SVF
contains a heterogeneous population of fibroblasts, pre-adipocytes and other
adipocyte-derived stem cells, immune cells, pericytes and vascular smooth muscle

cells among others (223).

Early work using subcutaneous and inguinal fat demonstrated that cells of the SVF
could be differentiated using specific growth media containing insulin and
triiodothyronine, and additionally stimulated with corticosteroids (224, 225). The
composition and activity of adipose-derived cells within a population varies depending
on the source of tissue (226), and as such protocol have been developed to isolate
omental SVF and adipocytes using similar methodologies (227). Other studies use
primary adipocytes isolated from the adipocyte fraction of omental tissue digest (107,
146). The proliferative capacity of these mature adipocytes is weakened and this,
alongside reduced adherence due to cell buoyancy, can lead to poor cell yields. To
increase yield, researchers have utilised “ceiling culture”, whereby cells adhere to the

ceiling of a culture flask that is completely filled with media (228).

1.11 Research Aims

As described, numerous studies have reported an important role for adipocytes in

ovarian cancer progression. An inflammatory microenvironment promotes EOC
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development and metastasis, while adipocyte-derived signalling and metabolites
within the peritoneal metastatic TME drive secondary tumour growth at the omentum.
This study sought to develop in vitro models incorporating multiple aspects of the
ovarian tumour metastatic TME to explore pro-cancer signalling within an adipocyte-

rich niche.

The aims of the study were as follows:

Develop heterotypic, spheroid-based models incorporating ovarian cancer cells

and adipocytes.

e Explore the impact of adipocytes on ovarian cancer growth and response to
therapy.

e Explore signalling mechanisms regulating ovarian cancer — adipocyte
interactions.

e Explore the impact of inflammation on adipocytes and cancer cells to

recapitulate the inflammatory ovarian TME.
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Chapter 2. Materials and Methods

2.1 Introduction to Ovarian Cancer Cell Lines

In this work, three human cell lines were utilised to model different aspects of Epithelial
Ovarian Cancer (EOC). The SKOV-3 cell line was isolated from the ascites of a 64
year old Caucasian patient with ovarian adenocarcinoma in 1973 (229). In adherent
culture, SKOV-3 cells display epithelial morphology and serous histological properties
(230), although tumours generated by intraperitoneal injection in mice have been
shown to display a clear-cell adenocarcinoma pathology (231). Presence in the ascites
indicates metastatic disease and SKOV-3 cells have been shown to have high invasive
capacity, as well as omentum tropism, in mice (107, 232). As such, SKOV-3
represents a model for aggressive, metastatic disease. As the cell line was derived
from a patient receiving treatment prior to the introduction of taxane and platinum-
based chemotherapeutics, SKOV-3 has been demonstrated to be sensitive to such

treatments relative to other ovarian cancer cell lines (230).

OVCAR-3 was derived from the ascites of a patient with progressive adenocarcinoma
in 1982 and similarly these cells display epithelial morphology and high-grade serous
histology (230, 233). In contrast to SKOV-3, OVCAR-3 was isolated from a patient
whose disease had demonstrated resistance to cisplatin and was developed
specifically to study chemoresistance in ovarian cancer. Analyses of EMT markers in
SKOV-3 and OVCAR-3 show relatively high expression of the mesenchymal-related

marker vimentin and the epithelial maker e-cadherin respectively (234, 235).
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Additionally, OVCAR-3 cells have relatively lower invasive capacity upon

intraperitoneal injection into mice, and lower migratory capacity in vitro (232, 236).

CAOQV-3 was isolated from a 54-year old ovarian cancer patient in 1976 and displays
invasive capacity lower than SKOV-3 but higher than OVCAR-3 (237). These three
cell lines were chosen as they represent a range of EOC phenotypes in respect to
their invasive capacity, aggressiveness and response to therapy. SKOV-3, OVCAR-3
and CAOV-3 cells were purchased from American Type Culture Collection (ATCC,

Cat. Nos. HTB-77, HTB-161 and HTB-75).

2.2 Culture of Ovarian Cancer Cell Lines

All cell lines were cultured in T75 plastic culture vessels as directed by supplier as
follows: SKOV-3 cells were cultured in McCoy’s 5A Medium supplemented with 10%
Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (P/S); OVCAR-3 cells were
cultured in RPMI 1640 supplemented with 20% FBS, 1% P/S and 0.01mg/ml bovine
insulin; CAOV-3 cells were cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% FBS, 1% P/S. All cells were maintained at 37°c and 5% CO?
in a humidified incubator and sub-cultured at 80-90% confluence as follows: cells were
washed with phosphate buffered saline (PBS) and incubated for 5 minutes at 37°c to
maintain pH and osmotic balance and to promote cell detachment. Cells were
detached via incubation with 2ml 0.25% trypsin, 1mM Ethylenediaminetetraacetic acid
(EDTA) (pH 8) in Hanks’ Balanced Salt Solution (HBSS) containing phenol red and
excluding CaClz, MgCl2 and MgSOa4 for ~5 minutes or until cells had completely

detached. Cell detachment from the plastic vessel was confirmed via visualisation with
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an inverted light microscope. Trypsin was neutralised using 4ml cell media and a pellet
generated from the cell suspension via centrifugation at 300 x g for 5 minutes at room
temperature. Supernatant was removed via aspiration or decanting, and the pellet re-
suspended in 5-10ml of media. For routine sub-culturing, this cell suspension was split
1:5-1:10in culture media in a T75 plastic culture vessel. Cell lines were cultured up
to 30" passage and phenotypic stability monitored through visualisation with an
inverted light microscope. Where necessary, cells were frozen in freeze media
comprising 90% FBS, 10% Dimethyl sulfoxide (DMSO) in cryogenic vials. Vials were
frozen at -80°c in iso-propanol to ensure gradual reduction in temperature before
transfer to liquid nitrogen. Cells were thawed via brief submersion in a 37°c water bath

before immediate transfer to fresh culture media.

Where necessary, cells were counted using TC10 Automated cell counter (Bio-Rad,
UK). Cells in suspension were mixed 1:1 with Trypan blue and inserted into Cell
Counting Slides (Bio-Rad, Cat. No. 1450015). Trypan blue is selectively taken up by
dead cells, and cell counter software can therefore determine the proportion of living
cells in a population. For seeding cells for quantitative assays, >90% living cells was

deemed acceptable.

2.3 Three-dimensional Spheroid Culture

Three-dimensional (3D) cell spheroids or multi-cell aggregates were generated
through two primary methods: the liquid overlay technique (LOT) and using ultra-low
attachment (ULA) plates. LOT generates a non-adhesive surface through coating of

culture plastic with agarose or agar. This prevents cells from adhering to a plastic
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surface, instead inducing cells in culture to adhere to each other, forming multi-cellular
spheroids (238). Here, 96-well plates were coated with 2% agarose prior to cell
seeding. Following preparation of 2% agarose in water, agarose gel was autoclaved
to ensure sterility in cell culture. Agarose forms a gel-like solid at room temperature,
so was heated until liquid, avoiding bubbling, in a microwave before decanting into a
50ml sterile reservoir. 50ul of agarose was pipetted into 96-well plates using a
multichannel pipette, and an even covering of the well confirmed by eye and with an
inverted light microscope. Plates were left under ultraviolet (UV) for at least 1 hour
following preparation to further ensure sterility and to allow agarose to cool and
solidify. For seeding of spheroids, the appropriate concentration of cells in suspension
(2 x 108 cells in 100ul of media for SKOV-3 and OVCAR-3 spheroids, 3 x 102 cells in
100ul of media for CAOV-3 spheroids) was prepared and pipetted directly on top of
the agarose coating. Speed of formation and structure of spheroid culture depends

upon the cell-type and culture conditions and was observed via light microscope.

ULA plates induce spheroid formation on the same basis: a non-adherent surface
promotes cell-cell adhesion and aggregation. ULA plates incorporating black opaque
sidewalls (Corning, Cat. No 3916) were utilised in all experiments involving
fluorescence, luminescence and absorption (confocal microscopy, cell viability
assays) as they minimize well-to-well cross talk and ensure lower inter-well

heterogeneity. For RNA and protein extraction 248 spheroids were collected.
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2.4 Adipose-Derived Stem Cell-Derived Adipocytes

Mature adipocytes were reliably generated from StemPro Human Adipocyte-Derived
Stem Cells (ADSCs), (ThermoFisher Cat No. R7788). ADSCs are multipotent stem
cells, isolated from adipose tissue collected during liposuction procedures, capable of
differentiation into mature cell types including osteoblasts, chondrocytes and
adipocytes. ADSCs were cultured as per distributor's recommendation in MesenPro
RS Media (Cat No. R7788-110) supplemented with 1% P/S (henceforth Stem Cell [SC]

Base Media) and sub-cultured at 80-90% confluence.

For adipocyte differentiation, ADSCs were seeded at 1 x 10% viable cells/cm? for
adherent culture and 2 x 102 viable cells/well for spheroid culture. After 48 hours of
expansion in Stem Cell Base Media, or when cells reached 80% confluency, media
was replaced with StemPro Adipogenesis Media (Cat. No. A100700) supplemented
with 1% P/S (henceforth Adipogenesis Media). Media was replaced every 3-4 days,
and differentiation allowed 14 days to proceed for all work presented in Chapter 2, and
21 days for all work presented in Chapters 3 and 4. Differentiation of ADSCs into
mature adipocytes was observed in the appearance of lipid droplets and the

expression of adipocyte specific markers, as described below.

2.5 Verification of Mature Adipocytes

Mature adipocytes are identifiable visually through their distinct morphology, most
significantly the present of multiple, large lipid droplets containing triacylglycerides and
other lipids alongside cholesterols and other components of lipid metabolism (168).
Differentiation of pre-adipocytes into mature adipocytes also coincides with increased
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expression of adipocyte-specific protein markers, and the secretion of adipocyte-
specific hormones (adipokines). The presence of mature adipocytes was therefore
confirmed through identification of lipid droplets and adipokine secretion, described
here, as well 45abelleh the expression of adipocyte-specific markers observed via

immunoblotting, as described in Section 2.8.

2.5.1 Oil Red O Staining

For staining of lipid droplets in 2D cell cultures Oil Red O staining was used, a fat-
soluble dye which stains neutral triglycerides and other lipids. Stock solution of 0.5%
Oil Red O (Abcam, Cat. No. Ab146295) in isopropanol was kept at room temperature
for up to 1 year. For staining assay, working solution of 3:2 stock solution: H20 was
diluted and maintained for no longer than 2 hours. Cells for staining were grown in 6-
well culture dishes and washed twice with PBS before fixing with 10% formalin for 30
minutes. Cells were then washed twice with water before incubation with 60%
isopropanol for 5 minutes. Cells were covered with Oil Red O working solution and
incubated for 10 minutes, before cells were washed with water until all excess stain
was removed. Staining was visualised with an inverted light microscope and images

acquired with Zen Blue software (Version.3.2)

2.5.2 BODIPY Staining and Confocal Microscopy

BODIPY lipid probes are lipophilic fluorophores which can be used for tracking of

lipids. In order to detect lipids in spheroid culture, BODIPY 493/503 (ThermoFisher,
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Cat. No D3922) was diluted in culture media from a stock concentration of 5nM before
addition to live spheroid cultures to a final concentration of 1:5000. Spheroids were
co-stained with DAPI (1:500) and incubated with both fluorophores for 45 minutes at
37°c. Fluorescence was visualised via confocal laser scanning microscopy (CLSM). In
CLSM, light of specific wavelength is focussed onto a very small area of sample in a
narrow depth of focus. Fluorophores present in the sample are excited and emit light
of a higher wavelength, which is again focussed to ensure light from the sample area
only is collected, before being captured by a digital camera. Therefore, for
fluorophores present in the sample, criteria for specific excitation and emission
wavelengths are set. The microscope will scan a specified region of the sample,
detecting light from multiple small sections, which are collected by software and an
image of the sample is produced. Furthermore, multiple cross sections of a sample at
different focal plains can be collected and collated together to produce a 3D image of
the sample in a 46abelles known as optical sectioning. In this work, z-stack images
were produced from at least 10 2D cross-sections at x20 magnification using A1 Nikon
Confocal Imaging System (Nikon Corporation, Tokyo, Japan) with NIS Elements AR
Software (Version 4.5) or with Zeiss LSM710 and Zen Black software (version 3.2).

DAPI was excited with 402nm laser and BODIPY with 495nm laser.

2.5.3 Adiponectin Enzyme-Linked Immunoassay

The adipocyte-specific hormone adiponectin (APN) is involved in the regulation of a
variety of metabolic processes, notably glucose regulation and fatty acid catabolism.
Therefore, to assess adipocyte activity, levels of APN in samples were quantified via

Enzyme-Linked Immunosorbant Assay (ELISA). In ELISA, the target antigen (here,
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APN) in a sample binds to protein-specific antibodies, inducing downstream colour
change which can be quantified. Human Adiponectin Platinum ELISA kit was
purchased from Thermofisher (Catalogue no. BMS2032) and performed as per
distributor’s instructions. Samples were diluted 1/100 to ensure APN levels fall within
the range of the assay, and a serial dilution of APN protein samples produced. The
ELISA kit contains 96-well plates coated with anti-APN antibody, to which samples
and standards were added, inducing binding of APN. A biotin-conjugated anti-APN
antibody was then added, which binds the captured human APN. Streptavidin-
horseradish peroxidase (HRP) was then added, which binds biotin conjugated anti-
APN antibody. Unbound protein, biotin-conjugated antibody and streptavidin-HRP
were washed off after every step. Samples were incubated with an HRP-reactive
substrate, which induces a colour change correlated with the amount of streptavidin-
HRP in the sample, and therefore correlated with APN volume. Absorbances at 450nm
were read using BMG Fluostar Omega Microplate spectrophotometer and a standard
curve was generated using BMG Labetch Mars data analysis software (version) from
protein standards via 5-parameter curve fit. APN concentration of samples could then

be calculated from the standard curve.

2.5.4 Expression of Adipocyte-Specific Genes

The expression of adipocyte-specific genes was assessed as a marker for mature
adipocyte phenotype. ADIPOQ encodes for adiponectin, as noted above a hormone
synthesised in adipocytes, while LEP encodes leptin, which is similarly produced by

mature adipocytes. LPL encodes lipoprotein lipase which metabolizes
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triacylglycerides in lipid droplets found in adipocytes. The expression of ADIPOQ, LEP

and LPL was assessed via real-time quantitative PCR, as detailed in Section 2.9.

2.5.5 Expression of Adipocyte-Specific Protein Markers

Changes in protein markers was assessed over the course of differentiation. As noted
above, adiponectin (APN) is a hormone abundantly secreted by adipocytes. Cellular
APN was measured by immunoblotting, along with levels of the transcription factor
Peroxisome proliferator-activated receptor gamma (PPARY), increased expression of
which is essential for adipocyte differentiation. Following heterodimerization with
retinoic X receptor (RXR), PPARYy induces the downstream expression in a range of
gene regulating lipid storage, glucose metabolism and adipogenesis. Protein was
extracted from differentiating ADSCs at intervals during adipogenesis, and

immunoblotting carried out as detailed in Section 2.8.

2.6 Transwell Co-Culture

To explore the interactions between EOC cell lines and adipocytes in vitro co-cultures
were generated using transwell inserts (Figure 2.1). Transwell inserts allow for the
establishment of monolayer adipocyte populations separate from cancer cell
populations but enable the exchange of signalling molecules and other biological
molecules. The two populations are then easily separated for analysis. Adipocytes
were differentiated on semi-permeable transwell inserts with 5.0um pores (Corning,

Cat No. CLS3387) before insertion on top of EOC cells in monolayer or spheroids
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populations. ADSCs were seeded at 1.4 x 102 cells/well in transwell inserts and
expanded in SC Base Media for 48 hours prior to replacement with Adipogenesis
Media or maintenance in SC Base Media for undifferentiated control. Cells were grown
in 80ul of media in the upper chamber of the plate while 100ul of media was placed
into the lower chamber to ensure submersion of the membrane in growth media.
Concurrently, spheroids comprising OVCAR-3 or SKOV-3 cells were generated in ULA
plates and grown for 24 hours. ADSCs formed monolayer culture in transwell inserts,
and after 21 days inserts containing either differentiated adipocytes or undifferentiated
ADSCs were removed placed into spheroid-containing ULA plates. Co-culture
proceeded for 72 hours before the cancer compartment and adipocyte compartment

were separated for analysis.

49



Chapter 2

Materials and Methods

3 weeks

D) Adipocyte
compartment

Adipocyte Differentiation

72 hours

Tumour
compartment

culture for 72 hours.

Spheroid
Formation

Co-culture

[Mature Adipocytes]

SO SO0 296 A4S AVS ASS AT 4

Transwell Insert
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Figure 2.1. Transwell Co-Culture of Adipocytes and EOC Cells. ADSCs were seeded onto
transwell inserts and differentiated for 3 weeks into mature adipocytes. Tumour spheroids were
generated for 24 hours prior to co-culture. Transwell inserts were added on top of spheroids for co-

24 hours

Low-attachment

The impact of adipocyte co-culture, alongside other treatments detailed below, on

EOC proliferation and population viability was assessed via a number of viability

assays.
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2.7.1 RealTime-Glo MT Cell Viability Assay

RealTime-Glo MT Cell Viability Assay (Promega, Cat. No. G9712). Measures the
metabolic activity of a population of cells by introduction of a prosubstrate (MT Cell
Viability Substrate), which is reduced by viable cells and can subsequently be utilized
by a luciferase enzyme (NanoLuc Luciferase) to produce a luminescent signal.
Reagents were added to each well at the outset, resulting in a final dilution of 1:1000
of both substrate and enzyme in primary ovarian media. Luminescence was measured
with a BMG Fluostar Omega Microplate spectrophotometer, maintained at 37°c, at 1
hour, 24 hours, 48 hours, 72 hours and 96 hours after seeding. Cell treatments were

run in triplicate for each cell line.

2.7.2 MTT Assay

The MTT assay measures the ability of viable cells to reduce MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide), a yellow tetrazolium salt, into
formazan crystals with a purple colour. The amount of formazan produced is directly
proportional to the metabolic activity and the number of viable cells and can be
measured through its absorbance. Absorbance was read at 24 hours after cell seeding
to ensure cells were proliferating and a blank containing media only was used in each
experiment. Absorbance at 435nm was read in a BMG Fluostar Omega Microplate

spectrophotometer.
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2.7.3 CellTiter-Glo 3D Cell Viability Assay

CellTiter-Glo 3D Cell Viability Assay (Promega, G9682) quantifies the level of ATP in
a population via ATP-dependent oxygenation of luciferin to luminescent oxyluciferin.
The reagent also includes a potent lytic agent to ensure the disruption of spheroid
structure and access of assay reagent to the whole cell population. For the end-point
assay, 100ul of media was removed from well and 100ul of CellTiter-Glo 3D Cell
Viability Assay reagent added for a final dilution of 1:1. Plates were shaken at 700rpm
for 5 minutes before incubation at room temperature for 25 minutes. Luminescence
was read in a BMG Fluostar Omega Microplate spectrophotometer as a measurement

of population viability.

2.7.4 Live/Dead Fluorescence Cell Viability Assay

For visualisation of spheroid population viability, staining of cancer spheroids with
stains for live and dead cells was performed. CalceinAM (Invitrogen, Cat No. C1430)
is a non-fluorescent dye which only becomes fluorescent upon permeation of live cells
due to the presence of intracellular esterases. Conversely, Ethidium Homodimer-1
(EthD1) (Invitrogen, Catalogue No. E1169), which fluoresces upon binding to nucleic
acids, is not cell permeable and therefore will only fluoresce in cells with damaged
membranes. Spheroids were incubated with CalceinAM (2uM) and EthD1 (3uM), as
well as Hoechst (33uM), diluted in appropriate cell media, for 3H at 37°c. Fluorescence
was imaged via confocal laser scanning microscopy, as detailed in Section 2.5.2 using

lasers at 402, 488 and 561nm. Z-stacks of 210 images were produced, and total
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fluorescence for each stain was calculated using ImageJ (version 1.52a). CalceinAM
and EthD1 fluorescence were both normalised to Hoechst, and a ratio of

CalceinAM:EthD1 calculated as a measure of spheroid population viability.

2.8 Immunoblotting

2.8.1 Protein Isolation

For two-dimensional (2D) monolayer culture, cells were grown to 80-90% confluency
in at least 2 wells of a six-well plate to ensure sufficient protein quantity. Cell were
washed with PBS before covering with 60ul Radioimmunoprecipitation (RIPA) lysis
buffer plus 10ul /ml protease inhibitor (Cat. Nos.). Cells were manually detached using
a cell scraper and kept on ice in a 1.5ml Eppendorf tube for two hours to allow
complete lysis of non-protein components. The protein lysate was then separated from
lysed components via centrifugation at 10,000 x g for 10 minutes and the protein-
containing supernatant removed by pipetting. Protein isolation was carried out at

below 4°c and lysate samples stored at -20°c.

For 3D cultures, at least 48 spheroids were generated by LOT and cultured for 96
hours to ensure sufficient protein quantity. Spheroids were isolated from wells with a
1ml pipette and transferred to a 15ml falcon tube before centrifugation at 300 x g for
10 minutes. Supernatant was removed by decanting and the spheroid-containing
pellet washed with PBS before re-centrifugation. PBS was replaced with 80pl lysis
buffer as described above. Due to multiple, compact cell-cell adhesions present in
spheroids, a freeze-thaw cycle was implemented to disrupt adhesions and rupture

cells. Spheroids were placed on dry ice for 30 seconds, followed by 30 seconds
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submersion in a 37°c water bath and finally agitation by vortexing. This cycle was
repeated at least 3 times or until spheroids were no longer visible by eye. Lysis then

proceeded as for 2D cell culture above.

2.8.2 Protein Quantification

Protein quantification was carried out using Pierce™ Rapid Gold BCA Protein Assay
Kit (ThermoFisher, Cat. No A53225). A serial dilution of bovine serum albumin (BSA)
protein standards was produced with a range of 25-1500ug/ul and sample protein
lysates were diluted 1:10 in RIPA buffer to ensure results sat within this range.
Triplicates of sample or standard were incubated with assay reagents at room
temperature for 15 minutes. Reaction of the assay reagents with protein induces a
colour change, and absorbance was measured with a BMG Fluostar Omega
Microplate spectrophotometer and a standard curve was produced by linear
regression analysis using BMG Labetch Mars data analysis software (version). An R?
value of >0.995 was considered sufficient for protein concentration of samples to be

accurately calculated.

2.8.3 SDS-PAGE

Separation of proteins according to molecular weight was achieved through sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). Following
guantification, protein samples were diluted in RIPA buffer to achieve a final

concentration of 30ug of protein in 30pl of buffer. A dilution of 10:1 4X Laemmli buffer
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(BioRad, Cat. No. 1610747): beta-mercaeptoethanol was prepared, and 10ul added
to each protein sample. Samples were mixed by pipetting and briefly centrifuged to
remove bubbles before incubation at 95°c for 5 minutes. The combined action of SDS
components in Laemmli buffer, thiol activity of beta-mercaeptoethanol and heating
effectively unfolds and linearizes proteins in the sample, as well as adding uniform
negative charge, to ensure further separation is based on protein size only.
Additionally, glycerol components in Laemmli buffer act to weigh down samples while
they are in the gel so as to prevent well-to-well crossover, while a colouring agent

enables tracking of proteins through the gel.

40ul of protein sample/buffer dilution were loaded into a precast 4-20% polyacrylamide
gel (Biorad, Cat. No. 4561094), along with at least one well of 3.5l protein standards
(BioRad Precision Plus Protein Dual Color Standards, Cat No. 1610374) to generate
a protein size reference ladder. Gels were run at 100V for approximately 1 hour, until
the dye front passed the base of the gel to ensure sufficient separation of proteins.
Protein was transferred to 0.2um Polyvinylidene fluoride (PVDF) membrane (BioRad,
Cat. No. 4561094) via the Biorad Trans-Blot Turbo Transfer System. Where
appropriate, PVDF membranes were cut to allow efficient, simultaneous staining of

multiple proteins on a single membrane.

2.8.4 Antibody Staining

Membranes were blocked in blocking buffer comprising 5% bovine serum albumin
(BSA) in tris buffered saline (TBS) (BioRad, Cat. No. 1706435) containing 0.1% tween

20 (TBS/T) for one hour at room temperature or overnight at 4°c. Proteins in BSA
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passively bind excess binding sites on the gel, preventing non-specific binding of
secondary antibody and ultimately reducing noise when imaging the gel. Following
blocking, membranes were incubated with primary antibody for 2 hours or overnight
at 4°c. Primary antibodies were diluted in blocking buffer as per table. Primary

antibodies used in each Chapter are given in Table 2.4, 2.6 and 2.8.

Following primary antibody incubation, membranes were washed twice for 5 minutes
with TBS/T and once for 5 minutes with TBS to ensure removal of non-bound antibody.
Membranes were then incubated with species-specific secondary antibody, diluted
1:1500 in blocking buffer, for 1 hour at room temperature or overnight at 4°c before a

second wash step as previously described.

2.8.5 Antibody Visualization

Multiple secondary antibodies, bound to a primary antibody at the protein of interest,
are linked to the reporter enzyme horseradish peroxidase (HRP) and can therefore be
visualised via application of a chemoluminescent substrate. Here, clarity Western ECL
Substrate (BioRad, Cat. No. 1705061) was applied to protein-containing areas of the
membrane, and chemoluminescent activity visualised with ChemiDoc™ Imaging
System. Membranes were incubated with substrate for between 30 second and 2

minutes, depending on the abundance of protein and efficiency of primary antibody.
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2.8.6 Band Intensity Calculation

The signal for each protein of interest was quantified using the rectangle tool function
of Image lab software (version 6.0.1) with which signals are calculated from within a
specified area equal for all samples. This signal, expressed as a function of volume
data (intensity/mm?) was used to calculate adjusted band intensity (ABI), whereby the
signal of a protein band is adjusted relative to background noise. ABI was then
normalized to an internal control (housekeeping gene protein), here Glyceraldehyde
3-phosphate dehydrogenase (GAPDH), such that normalized band intensity was

calculated as follows:

ABI protein of interest

normalized band intensity = 1Bl internal control

2.9 Quantitative Real-Time Polymerase Chain Reaction

Relative levels of relevant gene mRNA in samples were quantified using Quantitative
Real-Time Polymerase Chain Reaction (Q-RT-PCR). This process, briefly outlined
below, involves isolation and purification of RNA from samples, followed by conversion

to copy DNA (cDNA) for analysis by Q-RT-PCR.

2.9.1 RNA Extraction and Purification

For RNA extraction, 2D and 3D cell cultures were grown as per protein extraction for
immunoblotting. RNA extraction and purification was carried out using Rneasy Mini Kit
(Qiagen, Cat. No. 74106), and samples were kept on ice throughout while centrifuges
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were cooled to 4°c. Following washing with PBS, adherent cells were covered with
350ul Rneasy lysis buffer for 1 minute before disruption with a cell scraper and
collection. For 3D culture, 350l Rneasy lysis buffer was added to spheroids in a 15ml
falcon tube and kept on ice for 15 minutes with periodic agitation by vortexing. If

immediate purification was not possible, RNA lysates were stored at -80°c.

RNA purification was carried out per supplier’s instructions as follows. Briefly, samples
were centrifuged for 2 minutes at full speed in QlAshredder to ensure complete
homogenization of the lysate. The homogenized lysate was combined with equal
volume 70% ethanol and centrifuged for 15 seconds at 10,000 x g in an RNAeasy spin
column. The silica 58abelled contained in this column selectively binds RNA, while
contaminants are washed away and discarded with flow-through. The membrane was
then rinsed through with wash buffer before the membrane was incubated at room
temperature for 15 minutes with Dnase 1 to degrade contaminating genomic
components. The RNA-containing membrane was further washed before 30ul of
Rnase free water was spun through the column for 1 minute at 10,000 x g to elute the
purified RNA. Concentration and purity of RNA was measured using NanoDrop
spectrophotometer (ThermoFisher, NanoDrop One®). The ratio of spectrophotometric
absorbance at wavelengths of 260nm and 280nm (A2so280) and the ratio of absorbance
at 260nm and 230nm (Aze0/230) are used to determine the purity of RNA samples.
Aze0/280 and Azeor230 Of pure RNA are approximately 2, and here ratios within the range

1.8-2.2 were sufficient for conversion of RNA to cDNA to be able to proceed.
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2.9.2 Conversion of RNA to cDNA

Conversion of 100ng/ul of RNA produced sufficient cDNA for Q-RT-PCR to proceed
effectively, therefore samples were diluted to this concentration in Rnase free water
prior to cONA conversion. cDNA master mix (BioRad, Cat. No. 1708891) was prepared

for each sample.

Purified RNA sample was diluted 1:1 with master mix and reverse transcription
reaction catalysed in thermocycler with the following steps: 25°c for 10 minutes, 37°c
for 120 minutes, 85° for 5 minutes. cDNA concentration was measured using
Nanodrop, with a minimum concentration of 1500ng/ul required for accurate analysis

via Q-RT-PCR.

2.9.3 Quantification of RNA by Q-RT-PCR

The polymerase chain reaction (PCR) amplifies a specific nucleic acid sequence
(amplicon) via the action of DNA polymerase, which is directed by sequence-specific
primers to replicate the amplicon. In Q-RT-PCR, the amount of PCR product is
guantified via the use of a fluorescent reporter of the polymerase reaction.
Thermocyclic heating and cooling of samples induces denaturation of double stranded
DNA (dsDNA), annealing of DNA with primers and subsequently binding by DNA

polymerase. In this work two different fluorescent reporters were utilised.
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2.9.3.1 SYBR Green Assay

SYBR Green is a fluorescent dye that binds to double-stranded DNA molecules and
fluoresces at 521nm. In a SYBR Green Q-RT-PCR assay, the reaction mixture
contains the DNA template, primers specific to the target sequence, and the SYBR
Green dye. As DNA amplification progresses, the DNA polymerase generates double-
stranded DNA products, and the SYBR Green dye binds to these products. The dye’s
fluorescence increases as more double-stranded DNA accumulates. Relative
florescent units (RFU) is plotted against cycle number, generating a sigmoidal
amplification curve as RFU increases exponentially before plateauing as reaction
components are exhausted. The quantification cycle (Cq) denotes the number of
cycles taken to reach a specific threshold. Thus, Cq is inversely correlated to the
abundance of amplicon at the outset. SYBR Green assays were used in analysing
relative gene expression in work presented in Chapter 3 and primers are shown in

Table 2.5.

Samples were diluted 1:10 in Rnase free water added to reaction components in
chilled clear 96 well optical reaction plates (Cat.No.) as follows: 5ul SYBR green,
1.25ul forward primer (8 pM), 1.25ul reverse primer (800 uM), 2.5ul sample cDNA.
Negative controls of Rnase free water only and purified RNA from each sample (1:10

in Rnase free warer) were also prepared.

Alongside samples and negative controls, a serial dilution of cDNA (range 1.5 —
1:10000) was used to generate a calibration curve for each set of primers. Cq values
of cDNA dilutions were plotted against logiodilution and an R? value of >0.98
considered sufficient for accurate interpretation of sample Cq values. Further

evaluating assay optimisation, amplification efficiency | was calculated as:
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-1
E=10m

Where m is the slope of the line. Expressed as a percentage ([E-1] x 100), this denotes
the percentage increase in amplicon per cycle, and thus the efficiency of the
polymerase reaction. Amplification efficiencies of 90-110% were deemed sufficient,
along with standard deviation between replicates of <0.2. Cq values of samples were
plotted against serial dilutions to calculate Log Starting Quantity and a power
calculation (10"Log Starting Quantity) performed to ascertain Starting Quantity of

cDNA in samples.

2.9.3.2 Tagman Assay

Tagman Assays use specific DNA probes 61abelled with a fluorescent dye at the 5’
end and a quencher molecule at the 3’ end. The probe is designed to anneal to a
specific region within the target DNA sequence. During the gPCR reaction, as the DNA
polymerase extends the DNA strand, it reaches the probe’s binding site. The 5’ to 3’
exonuclease activity of the DNA polymerase cleaves the probe, separating the
fluorescent dye from the quencher. This results in an increase in fluorescence intensity
as the dye becomes unquenched. Tagman probes (Applied Biosystems, Cat. No.
444557) fluoresce at 517nm and fluorescence is measured, increasing with each cycle
as the target sequence is progressively amplified. As in SYBR Green assays, Cq is
the number of cycles required to meet a threshold of fluorescence and is inversely
correlated with the number of copies of the amplicon present. Tagman Assays were
used in Q-RT-PCR experiments presented in Chapters 3 and 4 and gene probes are

given in tables 2.6 and 2.7.
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Samples were diluted 1:10 in Rnase free water added to reaction components in
chilled clear 96 well optical reaction plates as follows: S5yl Tagman Reagent, 0.5ul DNA
probe, 2.5ul nuclease-free water, 2ul sample cDNA. Negative controls of Rnase free
water only and purified RNA from each sample (1:10 in Rnase free warer) were also

prepared.

Starting values were normalized to a reference gene, in this case 60S ribosomal
protein L19 (RPL-19) or ribosomal RNA 18S to calculate normalised mRNA levels in

sample cell populations:

SQ Sample

Normalised mRNA = m

For comparisons between monolayer and spheroid cell culture, fold change in 3D

relative to 2D was calculated.

2.10 Materials and Methods Used in Chapter 3

2.10.1 Patient Samples Used in Chapter 3

Ovarian cancer patient samples used in this work were collected as part of the study
“Ildentifying ovarian and blood biomarkers for ovarian pathologies” through Swansea
Bay and Cwm Taf Morgannwg University Health Boards (SBUHB and CTMUHB).
Ethical approval was granted from HRA NHS REC Wales 6 Research Ethics
Committee (LREC15/WA/0065), and written, informed consent was obtained from
each patient prior to enrolment into the study. Patient samples used in this study are

detailed in Table 2.1.
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Table 2.1 Patient Samples Used in Chapter 3. HGSOC = high-grade serous ovarian carcinoma.

Patient ID Tissue Samples Diagnosis

Patient A Left Ovary HGSOC Stage 3
Omentum

Patient B Left ovary HGSOC
Omentum

Patient C Left ovary Ovarian Mass
Omentum

Patient D Omentum Benign Mass

Patient E Omentum Benign Mass

Patient F Omentum Benign Mass

Patient G Omentum Ovarian Cancer

Patient H Omentum Ovarian Cancer

Patient | Omentum Ovarian Cancer

Patient J Omentum Ovarian Cancer

Patient K Omentum Ovarian Cancer

2.10.2 Omental Tissue-Conditioned Media

In order to study the effect of secreted factors from the diverse range of cells found in
ovarian and omental samples, tissue-conditioned media was collected. Tissue was
washed thoroughly in PBS and cut into approximately 10mm? pieces. In 12-well cell
culture plates (surface area: 3.5cm?), tissue pieces were bathed in 2ml primary ovarian
media, prepared as follows. Powdered MCDB medium was added to 1l autoclaved
water along with 13ml of sodium bicarbonate to maintain pH. This mixture was diluted
1:1 with Media 199 (also containing 13ml sodium bicarbonate per 500ml) to a total

volume of 400ml and filtered. This solution was supplemented with 20% FBS and 1%
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P/S. For cells and tissue used in quantitative assays, charcoal stripped FBS was used
to ensure undefined and heterogeneous hormones, growth factors and cytokines were
not affecting observations. Tissue was incubated in media for 24 hours at 37°c and
5% CO? in a humidified incubator, before media was collected and filtered through
22pm filters to remove any cells and tissue debris. Omental tissue conditioned media

(OT-CM) samples were stored at -20°c.

2.10.3 Primary Adipocyte Culture

In this work, mature adipocytes were isolated from the adipocyte fraction of omental
tissue digests. Due to the presence of lipids, adipocytes are buoyant and therefore
float in cell culture. While this is a barrier to generating adherent cell populations, it
also allows for separation of adipocytes from other cellular components of adipose
tissue. Following digestion of tissue (e.g. with collagenase), tissue digest can be
centrifuged to separate out adipocytes from the non-bouyant population of cells
termed the stromal vascular fraction (SVF), as seen in Figure 2.2. The SVF contains
a heterogeneous population of fibroblasts, pre-adipocytes and other adipocyte-derived
stem cells, immune cells, pericytes and vascular smooth muscle cells among others

(223).
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Adipocyte fraction —— Mature adipocytes
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Figure 2.2 Fractionation of Adipose Tissue-Derived Cells. Centrifugation of digested adipose tissue

(e.g. omentum) produces fractions with distinct cellular populations. Adipocytes are buoyant due to high
lipid content and will therefore float following mild centrifugation. A heterogeneous population of non-

erythrocyte cellular components are collected in the pellet, termed the stromal vascular fraction.

Omental tissue biopsies were obtained as per Section 2.10.2 and washed in PBS.
Tissue was then cut into small pieces (~10mm?3) and digested in 15ml falcon tubes in
2mg/ml collagenase in primary ovarian media for 1-4 hours with agitation by vortexing
every 15-30 minutes. Digests were then centrifuged for 1 minute at 170 x g and the
adipocyte fraction was removed. The fraction was washed 1-3 times in PBS before
incubation with erythrocyte lysis buffer (Table 2.2) for 15 minutes to remove any red
blood cells from the sample. After each wash step, the sample was centrifuged for 1
minute at 170 x g and the adipocyte fraction collected from the top of the supernatant.
Following erythrocyte lysis, the adipocyte fraction was re-suspended in adipocyte
media comprising Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F12) supplemented with 10% FBS, 1%P/S, 8ug/ml d-biotin, 0.5ug/ml insulin
and 400ng/ml dexamethasone. T25 cell culture flasks and 24-well plates (1.9cm?)
were incubated with 100% FBS for 15 minutes before plating of adipocyte suspension
to enhance cell adherence to culture plastic. To confirm the presence of mature

adipocytes, cells were stained with Oil Red O and adiponectin activity confirmed via
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enzyme-linked immunoassay (ELISA), detailed above, with comparison to omental

stromal cell populations as negative control.

Table 2.2 Erythrocyte lysis buffer

Component 10X Lysis Buffer
Ammonium Chloride (NH4ClI) 8.02¢g

Sodium Bicarbonate (NaHCO3) 0.84g

EDTA 50ml

H20 To 100ml

Primary adipocyte-conditioned media was generated by culturing primary adipocytes

in serum-free media for 24 hours before collection and storage at -20°c.
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2.10.4 Treatment of Ovarian Cancer Cell Lines with Conditioned Media

In order to investigate the impact of omental and adipocyte secreted factors on ovarian
cancer activity EOC cell lines SKOV-3, OVCAR-3 and CAQOV-3 were treated for 72
hours with 50% conditioned media (CM) 50% serum-free media in spheroid and
monolayer populations. Changes in viability were assessed via RealTime-Glo MT Cell

Viability Assay, CellTiter-Glo 3D Cell Viability Assay and live/dead staining.

2.10.5 EMT Marker Characterization in Ovarian Cancer Cell Lines

The expression of markers of the Epithelial-to-Mesenchymal transition (EMT) were
assessed in populations of EOC cell lines. Cells undergoing EMT go through a
“‘cadherin switch”, whereby the expression of epithelial specific surface marker E-
Cadherin is reduced and the expression of N-Cadherin, a marker for a post-EMT
phenotype, is enhanced. EMT is also associated with increased expression of
Vimentin. Expression of these markers was visualised via immunofluorescent
microscopy. The expression of these markers, as well as the mesenchymal-specific
marker vimentin, was also assessed through western blot analysis and quantitative

real-time polymerase chain reaction (Q-RT-PCR), detailed above.

2.10.5.1 Immunofluorescent Confocal Microscopy
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For 2D monolayer populations, cells were seeded in 8-well chambered microscope
slides. At 60-80% confluency, cells were washed with PBS before being fixed and
permeabilized in 4% paraformaldehyde (PFA) 0.1% Triton X-100 to allow antibody
penetration. Cells were incubated with blocking buffer of PBS containing 0.1% Triton
X-100 (PBST) and 3% BSA for 1 hour. Samples were incubated with antibodies for E-
Cadherin, N-Cadherin and Vimentin as detailed in Table 2.4 for 2 hours prior to
washing with PBST and incubation with fluorescent fluorophore-labelled anti-mouse
(Alexa Fluor 488, Abcam, ab150117) and anti-rabbit (Alexa Fluor 555, Abcam,
ab150086) secondary antibodies. Following further washing with PBS, cells were co-
stained with DAPI and visualized using confocal microscopy as detailed in Section

2.5.2 using lasers at 405nm, 488nm, and 561nm.

For immunofluorescent analysis of tumour spheroids, immunostaining was carried out
as described by Weiswald and colleagues (239). Cells were grown as spheroids via
the hanging drop method for 72 hours before fixing in PBS containing 4% PFA 1%
Triton for 3 hours at 4°c. Following washing with PBS, spheroids were dehydrated and
rehydrated via sequential incubation with 25%, 50%, 75% and 95% methanol for 30
minutes, before 5 hours in 100% methanol and reversal of the dehydration sequence
to 0% methanol 100% PBS. Spheroids were blocked overnight at 4°c in PBST
containing 3% BSA, followed by incubation with primary and secondary antibodies as
above. Prior to visualization, spheroids were co-stained with DAPI and transferred to

microscope slides.

2.10.6 Transwell Invasion Assay
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Transwell invasion assays use a gradient of chemoattractant across a porous
membrane to assess a specific attractant’s capacity to induce invasion of cell
populations through the membrane. Here, the QCM ECMatrix Cell Invasion Assay
(Millipore, Cat. No. ECM555) was used which uses synthetic matrix to simulate
basement membrane. Conditioned media was generated from monocultures of
OVCAR-3 and ADSC-derived adipocytes as well as from OVCAR-3 — adipocyte co-
cultures and placed in the lower chamber. 1 x 10° OVCAR-3 cells were seeded in the
upper chamber cultured for 24 hours. After 24 hours, cells were lysed and cellular
nucleic acid activity quantified using CyQuant GR dye as an indirect indicator of the
number of cells which had invaded to the bottom of the membrane. Additionally, a
separate experiment included mature adipocytes in the bottom well and was
performed as above. Matrix inserts were removed and washed with PBS prior to

analysis to ensure adipocytes in the lower chamber did not impact results.
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2.10.7 SKOV-3/Luc Cells in Co-Culture

In addition to transwell co-cultures outlined in Section 2.6, SKOV-3 cells stably
expressing firefly luciferase gene and Puromycin resistance gene (SKOV-3/LUC,
Cambridge Bioscience Ltd, Cat. No. AKR-232) were utilised in co-culture experiments
to understand the impact of direct cell-cell contact on adipocyte-EOC interactions.
SKOV-3/Luc cells were sub-cultured as per wildtype with the addition of 2mM L-
glutamine and 1ug/ml Puromycin to ensure maintenance of the mutated phenotype.
For co-culture, adipocyte spheroids were generated as follows: ADSCs were seeded
into ULA plates at a concentration of 2 x 102 cells/well and differentiated for 14 days
into mature adipocytes as outlined in Section 2.4. Following differentiation, 2 x 10°
SKOV-3/LUC cells were added into wells containing mature adipocyte spheroids and
co-cultured for 72 hours. To measure SKOV-3/Luc viability only, luciferase activity was
measured using Pearson Firefly One-Step Glow Assay (Thermofisher, Catalogue No.
16197). Cells were equilibrated to room temperature and a 1:1 dilution of assay
reagent was added to samples (to a total volume of 200ul). Samples were mixed by
vigorous pipetting and also shaken at 300rpm for 3 minutes to ensure spheroids are
disaggregated and assay reagent can access the whole cell population. Samples were
incubated at room temperature for 10 minutes before reading of luminescence using

BMG Fluostar Omega Microplate spectrophotometer.
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Adipocyte
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Figure 2.3. Direct co-culture of adipocytes with SKOV-3/LUC cells. ADSCs were seeded as
spheroids and differentiated to mature adipocytes prior to the addition, in suspension, of SKOV-
3/LUC cells.

.' Luciferase-expressing
: SKOV-3

2.10.8 Paclitaxel Treatment of Ovarian Cancer Cell Lines

To understand the impact of omental and adipocyte secreted factors and signalling on
EOC response to therapy, conditioned media-treated cells and cells in co-culture were
treated with a range of concentrations of paclitaxel (PTX) (5nM, 50nM and 500nM).
For conditioned media (CM), cells were treated with 50% CM for 72 hours as per
Section 2.10.4. For co-culture experiments, co-cultures were allowed to progress for
24 hours prior to challenge with PTX for 72 hours to allow potential signalling pathways
to be activated prior to the introduction of the drug. The impact of PTX on EOC cell

lines was assessed via viability assays (Section 2.7).
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2.10.9 Omentum-Derived Exosomes

2.10.9.1 Isolation of Exosomes from Tissue-Conditioned Media

Since their discovery in the 1980s, a number of techniques for isolating exosomes
have been developed (240, 241). Sequential steps of ultracentrifugation can be
performed to remove cells and other contaminants, while combination of
ultracentrifugation with a sucrose density gradient can help to purify exosomes based
on their density. However, high pressures generated ultracentrifugation can distort and
damage exosome structure. Techniques such as ultrafiltration and size-exclusion
chromatography can isolate and purify exosomes based on their size. A more highly
selective approach is to capture exosomes with antibodies for exosome-specific
proteins in order to select for a highly homogenous group of extracellular vesicles
(EVs). However, exosomes display great diversity in their surface proteins and such

techniques can therefore reduce yield omit groups of EVs.

In this work, Exosomes were isolated from 10ml OT-CM using qEV original column,
according to manufacturer’s instructions (Izon Science). Prior to sample loading, the
OT-CM samples were concentrated using the Centriprep 10K filter device (Merck
Millipore) according to manufacturer’s instructions. This concentrated 10ml of OT-CM
to a final volume of 500-600ul. After rinsing the column with PBS (0.02 um filtered),
500ul of the concentrated OT-CM was added to the top of the gEV column.
Subsequently, EV fractions of 500ul were collected. Purified exosomes were
resuspended in 10ml primary ovarian media, while for exosome-concentrated
treatments purified exosomes were resuspended in 5ml primary ovarian media.

Exosome-depleted treatments were generated via ultracentrifugation. Particle size
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distribution was measured by dynamic light scattering (DLS, Malvern Zetasizer
nanoseries) and nanoparticle tracking analysis (NTA) (ZetaView PMX 110 V3.0,

Particle Metrix, USA).

2.10.9.2 Characterization of Omental Exosomes

The size and polydispersity index (PDI, a measurement of the distribution of sizes of
particle within the sample) were assessed using dynamic light scattering (DLS). 100
pl of purified exosome sample was aliquoted into disposable microcuvettes (Fisher
Scientific, Cat. No. 10730445) for measurement, which was run at 25°c. Material

refractive index was set to 1.47 and measurements consisted of 10 individual runs.

Exosome-specific protein (CD9, CD63 and CD81) content in samples was analysed
using EXoELISA-ULTRA assays (Systems Bioscience) as per supplier’s instructions.
Colorimetric ELISA measurements were normalized to particle number, as measured

by nanoparticle tracking analysis.

2.10.9.3 Exosome Treatment of Ovarian Cancer Cell Lines

To understand whether exosomes were actively contributing to EOC cell growth,
exosomes isolated from 10ml of OT-CM were resuspended in 10ml plain primary
ovarian media, or 5ml for concentrated treatments. Cells were seeded at a
concentration of 1 x 102 cells/well in 96 well plates and treated with omental exosomes

for 72 hours. Treatments, including exosome depleted OT-CM were compared to
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primary ovarian media as a negative control. Viability was measured via RealTime-

Glo MT Assay.

2.10.10 Sequencing of Omental Exosome MicroRNAs

The miRNA sequencing of exosome content was carried out by Qiagen through a

subcontracted service.

MicroRNA was isolated from 200ul purified exosome using miRNeasy Serum/Plasma
Kit (QIAGEN, Cat. No. 217184) according to manufacturer’s instructions with an
elution volume of 14pl. Library preparation was performed using QIAseq miRNA
Library Kit (QIAGEN, Cat. No. 331502). Briefly, a total of 5ul total RNA was converted
into MIRNA NGS libraries. After adapter ligation, UMIs were introduced in the reverse
transcription step. The cDNA was amplified using PCR (22 cycles) and during the PCR
indices were added. After PCR the samples were purified. Library preparation was
quality controlled using capillary electrophoresis (Agilent DNA 1000 Chip). Based on
guality of the inserts and the concentration measurements the libraries were pooled in
equimolar ratios. The library pool(s) were quantified using qPCR. The library pool(s)
were then sequenced on a NextSeq (lllumina Inc.) sequencing instrument according
to the manufacturer instructions (1x75, 1x8). The raw read count data was received
from Qiagen. The raw read count data was generated from mapping the short reads
to miRBase version 22. Briefly, the reads are processed by trimming of the common
sequence, (Unique Molecular Identifier UMI) and adapters, and filtering of reads with
length < 15 nucleotides or length > 55 nucleotides. They are then deduplicated using
their UMI. Reads are grouped into UMI groups when they start at the same position
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based on the end of the read to which the UMl is ligated. Groups that contain only one
read (singletons) are merged into non-singleton groups if the singleton’s UMI can be
converted to a UMI of a non-singleton group by introducing an SNP (the biggest group

is chosen).

2.10.11 Transfection of Ovarian Cancer Cell Lines with MicroRNASs

Highly abundant miRNAs in OT-CM were identified from miRNA sequencing and
iScript miRNA mimics were procured from Qiagen (Table 2.3) The molecular weight
of these brief 22-nucleotide sequence mimics was assumed to be 7300 g/mol and a
concentration of 5uM used to for cell treatments. OVCAR-3 cells were seeded at 1 x
103 cells/well and grown for 24 hours prior to transfection. Transfection was enabled
using HiPerfect Transfection reagent (Qiagen Cat. No. 301704). A non-targeting
SiIRNA cocktail (ON-TARGETDplus non-targeting pool, Horizon Discovery, Cat. No. D-
001810-10-05) was used as a negative control. Cells were transfected with and
without the addition of 5nM PTX for 48 hours. Cell viability was measured via

RealTime-Glo MT Assay.

75



Chapter 2

Table 2.3 miRNA Mimics

Materials and Methods

mMiRNA miRbase ID Sequence Product No.

Syn-has-let-7b-5p MIMAT0000063 | 5-UGAGGUAGUAGGUUGUGUGGU-3’ MSY00000063
Syn-has-miR-16-5p MIMATO0000069 | 5-UAGCAGCACGUAAAUAUUGGCG-3’ MSY00000069
Syn-has-miR-21-5p MIMATO0000076 | 5-UAGCUUAUCAGACUGAUGUUGA-3’ MSY00000076
Syn-has-miR-92a-5p | MIMAT0000092 | 5-UAUUGCACUUGUCCCGGCCUGU-3' | MSY00000092
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2.10.12 Antibodies Used in Chapter 3

Table 2.4 Antibodies Used in Chapter 3

Materials and Methods

Alexa Fluor 555-

conjugated

Antibody Target Type/Source Optimised Catalogue Number
Concentration
N-Cadherin Rabbit polyclonal 1:1000 ab1416, Abcam
E-Cadherin Mouse monoclonal 1:1000 ab18203, Abcam
Vimentin Mouse Monoclonal 1:1000 sc-373717, Santa Cruz Biotech
PPAR-y Rabbit polyclonal 1:500 ab45036, Abcam
Adiponectin Rabbit monoclonal 1:500 11H4L4, Invitrogen
GAPDH Mouse Monaoclonal 1:1000 sc-47724, Santa Cruz Biotech
Anti-mouse IgG Goat Polyclonal 1:1000 A28177, ThermoFisher
HRP-conjugated
Anti-rabbit IgG HRP- Goat Polyclonal 1:1000 A16110, ThermoFisher
conjugated
Anti-mouse IgG Goat Polyclonal 1:500 ab150117, Abcam
Alexa Fluor 488-
conjugated
Anti-rabbit 19G- Goat Polyclonal 1:500 ab150086, Abcam
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2.10.13 Primers Used in Chapter 3

Table 2.5 Primers Used in Chapter 3

Materials and Methods

Target Primer Sequence Ta (°c)

RPL19 Forward CCTGTACGGTCCATTC 54.3
Reverse AATCCTCATTCTCCTCATCC

N-Cadherin Forward CCATCATTGCCATCCTGCTC 60

(CDH2) Reverse GTTTGGCCTGGCGTTCTTTA

E-Cadherin Forward ACAACAAGCCCGAATTCACC 60

(CDH1) Reverse ATCTTGGCTGAGGATGGTGT

Vimentin (VIM) | Forward GAGAACTTTGCCGTTGAAGC 60
Reverse TCCAGCAGCTTCCTGTAGGT

2.11 Materials and Methods Used in Chapter 4

2.11.1 Inflammation of Adipocytes

ADSC-derived mature adipocytes were inflamed via exogenous treatment with TNFa

(Peprotech, Cat. No. 300-01A) for 24 hours. The impact of a range of concentrations

of TNFa (25ng/ml, 50ng/ml and 125ng/ml) on adipocytes was measured via

expression of inflammatory cytokines interleukin-6 (IL6), CCL2 and interleukin-8 (IL-8,

encoded by CXCL8). Gene probes used in the chapter are listed in Table 2.6. To

ensure that TNFa was not having a cytotoxic effect, the impact of treatment on

proliferation was also assessed via MTT assay (Section 2.7.2).
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2.11.2 Lipolysis Assays

The impact of TNFa adipocyte inflammation on the rate of lipolysis was assessed.
Cellular lipolysis has two major products: glycerol and free fatty acids (FFAS). As such,
extracellular glycerol and FFA concentration was measured as a maker for cellular
lipolysis. As above, mature adipocytes were cultured for 72 hours after treatment with
125ng/ml TNFa and supernatant media collected. Glycerol was measured using
Lipolysis Colorimetric Assay Kit (Sigma-Aldrich, Cat. No. MAK211) in which a
colorimetric product is produced via reaction with glycerol. A series of standards were
produced and colorimetric reaction quantified via measuring absorbance at 570nm.
Fatty acid release was quantified using Free Fatty Acid Quantitation Kit (Sigma-
Aldrich, Cat. No. MAKO044). Similarly, an enzymatic reaction with FFAs results in a
colorimetric response and absorbance at 570nm is measured and plotted against

palmitic acid standards.

2.11.3 Lipid Droplet Analysis

Lipolysis results in the breakdown of triacylglycerides stored in the form of large lipid
droplets (LDs), organelles found abundantly in adipocytes where they form a
prominent aspect of cellular morphology. The impact of inflammation on LDs in
adipocytes was assessed using BODIPY staining. Mature adipocytes were treated for
72 hours with 125ng/ml TNFa prior to staining. Cells were washed with PBS and
stained with 2uM BODIPY for 15 minutes at 37°c while protected from light. Cells were
then fixed with 4% PFA for 30 minutes at room temperature before further washing

with PBS and co-staining with DAPI (1:1000) for 5 minutes. Cells were imaged using
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Al Nikon Confocal Imaging System with lasers at 402nm and 488nm. To capture the
full three-dimensional shape of LDs Z-stack images were generated from >10
individual slices. Adipocytes grown in spheroid culture were also assessed as above,

but a concentration of 5uM was used to ensure penetration into the spheroid.

Lipid droplet quantity was analysed using imageJ (Version 1.53). Image stacks were
combined via max intensity Z projection and converted to grey scale. Threshold was
adjusted until only LDs were visible and thresholds for counting were set for circularity
(>0.5) and size (>20um) to ensure only LDs were counted. The number of nuclei was
also counted and used as a measure of cell number. LDs per cell was calculated as

number LDs/number nuclei for >6 images/treatment.

2.11.4 Co-culture of Inflamed Adipocytes with Ovarian Cancer Cell Lines

Bi-directional effects of inflamed adipocyte-EOC cell signalling were investigated using
a transwell co-culture system as described in Section 2.6. Mature adipocytes were
generated on transwell inserts and inflamed with 125ng/ml TNFa for 24 hours prior to
co-culture with EOC cell lines in 2D monolayer or 3D spheroid populations for 72
hours. Prior to co-culture, transwell inserts were thoroughly washed with PBS to
ensure exogenous TNFa was not transferred to EOC cells. Two controls were used in
all co-culture experiments: EOC cell only and EOC cells co-cultured with untreated

adipocytes.
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Figure 2.4 Co-Culture of Tumour Spheroids with Inflamed Adipocytes. Adipocytes were generated
from ADSCs on transwell inserts and inflamed for 24 hours with 125ng/ml TNFa before co-culture with
ovarian cancer cell lines for 72 hours. 2 controls were used in all co-culture experiments: EOC cell lines
in monoculture, and cell lines in co-culture with control (not inflamed) adipocytes.

2.11.5 Fluorescent Fatty Acid Analog Transfer

The transfer of fluorescent fatty acids from adipocytes was visualised and quantified
using BODIPY 500/510 Ci Ci2 (4,4-Difluoro-5-(2-Thienyl)-4-Bora-3a,4a-Diaza-s-
Indacene-3-Dodecanoic Acid), a fluorescent fatty acid analogue which incorporates
the BODIPY fluorescent molecule into dodecanoic acid without affecting biological
activity. As such, upon exogenous treatment it is incorporated into biological molecules
for which free fatty acids are precursors, including di- and triacylglycerides as well as
phospholipids. Adipocytes were treated with 5uM BODIPY 500/510 Ci Caiz for 4 hours
and uptake of fluorescent fatty acid confirmed via confocal microscopy as detailed
above. For fatty acid transfer analysis, adipocytes were inflamed with 125ng/ml TNFa
for 24 hours before treatment with 5uM BODIPY 500/510 C1 Ci2 for 4 hours followed

by thorough washing with PBS before co-culture with SKOV-3 monolayer and
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spheroids. Following 72 hours in co-culture Adipocytes in transwell inserts were
removed and cancer cells fixed and stained as per Section 2.11.3 with the addition of
a co-stain with 1.65 pM phalloidin 647 (Life Tech, Cat. No. A22287). Z-stack images
were obtained and volume of fluorescence for each channel obtained using imageJ.
BODIPY 500/510 C1 Cizfluorescence relative to DAPI was calculated to take spheroid

size into account when quantifying fluorescence.

2.11.6 Fluorescent Fatty Acid Analog Transfer Quantification via Flow Cytometry

Flow cytometry enables characterization and quantification of individual cells within a
population. Briefly, flow cytometry involves the passage of cells through a fluidic
system in single file, where they are illuminated by lasers. While flow cytometry can
provide information on the size and granularity of cells within a population based on
the scattering of light, here it was used only to quantify the number of BODIPY+ cells
within SKOV-3 populations following co-culture. BODIPY 500/510 Ci Ci2 fed co-
cultures were established as above and after 72 hours SKOV-3 cells were detached
(2D monolayer) or dissociated (3D spheroid) using 0.25% trypsin, 1mM
Ethylenediaminetetraacetic acid (EDTA). For spheroid populations 248 spheroids
were collected manually into a 15ml falcon tube using a pipette and incubated with
PBS at 370c for 10 minutes prior to the addition of 1ml trypsin to aid dissociation. The
presence of BODIPY 500/510 Ci1 Ci2 was detected using BD FACS Fortessa and laser
at 488nm. Data analysis was carried out using FCS Express (Version 7) and SKOV-3
cells grown in monoculture were used as a negative control to establish a threshold

for fluorescence.
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2.11.7 Etomoxir Treatment of Ovarian Cancer Cell Lines

The metabolic drug etomoxir was used to block fatty acid (FA) metabolism in EOC
cells to investigate the role of FAs in adipocyte-EOC interactions. Etomoxir is an
irreversible inhibitor of carnitine palmitoyltransferase-1 (CPT1), which is a
mitochondrial membrane-bound enzyme essential for fatty acid B oxidation. Etomoxir
(MedChemExpress, Cat. No. HY-50202) was reconstituted in DMSO to a stock
concentration of 10mM. Non-toxic concentrations of etomoxir were identified for
SKOV-3, OVCAR-3 and CAOV-3 via titration with etomoxir between 0 - 200uM and
the maximum non-toxic dose established. The maximal non-toxic dose was
established as the highest dose with no significant impact on EOC cell viability, as
assessed via MTT assay or CellTiter-Glo 3D Cell Viability Assay. EOC cells
(monolayer and spheroid) in transwell co-culture were treated with maximal non-toxic
dose of etomoxir for the duration of co-culture (72 hours) prior to end point viability

assays.
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2.11.8 Gene Probes Used in Chapter 4

Table 2.6 Gene Probes Used in Chapter 4

Materials and Methods

Gene Target

Catalogue Number

Assay ID

IL6 4331182 Hs00985636_m1
CXCL8 4331182 Hs00174103_m1
CCL2 4331182 Hs00234143_m1
ADIPOQ 4351370 Hs00605917_m1
LPL 4331182 Hs00173425_m1
FABP4 4351370 Hs01086177_m1
18S 4331182 Hs03003631_g1

2.12 Materials and Methods Used in Chapter 5

2.12.1 Luminex Assay

Luminex assays can be used to quantify the concentration of multiple analytes, such

as signalling molecules, hormones and cytokines, in supernatant and as such were

used to investigate changes in secreted molecules in co-cultures. Custom Luminex

Assay (Human Luminex Discover Assay, R&D Systems) was purchased analyte

specific antibodies for the following analytes: Adinponectin, CCL3, CCL5, CXCL10,

IFN-y, IL-1B, IL-2, IL-4, IL-7, IL-10, SPARC, CCL2, CCL4, CCL11, IFN-q, IL-1 a, IL-

1RA, IL-3, IL-6, IL-8, IL-15, VEGF. Analyte-specific antibodies were pre-coated onto

magnetic microparticles embedded with fluorophores at set ratios for each unique

microparticle region on a 96-well plate. Media from transwell co-cultures, alongside

analyte standards, were incubated with beads and analyte present in co-culture CM
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was bound. After washing to remove any unbound analyte, a biotinylated antibody
cocktail specific to the analytes of interest bound to fluorophores was introduced.
Fluorescence, relative to the amount of analyte presence in the signal, was then read
using Luminex LX 200 Multiplexing Assay System. The concentration of analyte in
each sample was calculated based on standard curves generated from standards. For
adipocyte and cancer cell only controls, cells were cultured in identical setting to those

in co-culture but in the absence of other cell types.

2.12.2 Treatment of Ovarian Cancer Cells with Interleukin-6 and -8

A role for interleukin-6 (IL-6) and interleukin-8 (IL-8) in adipocyte-EOC interactions
was investigated via upregulation with exogenous treatment of IL-6 and IL-8 and
downregulation with anti-IL-6 receptor (IL6-R) antibody, anti-IL-8 antibody and IL-8
inhibitor reparixin. Recombinant IL-6 (Peprotech, Cat. No. 200-06) and IL-8
(Peprotech, Cat. No 200-08M) were resuspended in water before further dilution in
water containing 0.1% BSA as a carrier to a final stock concentration of 20pg/ml. EOC
cell lines were treated with a range of concentrations (0.4ng/ml — 100 ng/ml) for 24, 48
and 72 hours and the impact on cell proliferation (MTT and CellTiter-Glo 3D assay),
STAT3 expression (Q-RT-PCR) and fatty acid uptake (fluorescent fatty acid analogue

uptake) was assessed.
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2.12.3 Patient Samples Used in Chapter 5

Cytokine levels in patient serum was assessed. Prior to analysis, patients were
subdivided into two group: sensitive to platinum therapy and partially or wholly
resistant based on clinical data. Patient biopsies were collected consecutively during
interval debulking operations following three cycles of platinum therapy. Tumors were
categorized as cisplatin sensitive, or cisplatin refractory on the basis of their response
to a platinum-based therapy as assessed by a mid-course CT scan (computerized
tomography) where tumors showing a poor, response following chemotherapy were
classified as platinum-refractory and those responding well to therapy classified as
platinum sensitive. In this context, patients that progressed on therapy had less than
a partial response or recurred within 6 months were considered platinum-resistant,
while patients who recur in 6 to 12 months as partially platinum-resistance and those
who recur more than 12 months as fully platinum sensitive. 45 patients were enrolled

in this study

2.12.4 Quantification of Cytokine Concentration in Patient Serum

Concentration of cytokines (L IL-6, IL-8, IL1B, IL-2, IL-4, IL-12p70, TNFa, IFNy, IL-
17A, IL10) in patient serum was assessed via ELISA as per . IL-2, IL-10, TNF, IL-4,
IFNy, IL-6 and IL17A were assessed using BD Cytometric Bead Array Human
Th1/Th2/Th17 Kit (BD Biosciences, Cat. No. 560484) while IL-8, IL-1f3, IL-6, IL-10 and
IL-12p70 were assessed using BD Human Inflammatory Cytokine Cytometric Bead

Array (BD Biosciences, Cat. No. 551811).
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2.12.5 Cisplatin Treatment of Ovarian Cancer Cell Lines in Co-Culture

The impact of Transwell co-culture on EOC response to therapy was investigated
through treatment of EOC cells with cisplatin. Initially, half maximal inhibitory
concentration (ICso), the dose of cisplatin required to kill 50% of EOC cells in culture,
was established. SKOV-3, OVCAR-3 and CAOV-3 were grown in monolayer and
spheroid culture and treated with a range of concentrations of cisplatin from 0 - 500uM
for 72 hours. Change in viability relative to control was plotted against logio cisplatin
concentration. GraphPad Prism (Version 8.4.3) was used to calculate ICso using a
nonlinear, variable slope fit. Cells in co-culture were treated with cisplatin ICso for 72
hours and cancer cell viability analysed via MTT assay (monolayer populations) or
CellTiter-Glo 3D assay and live/dead staining (spheroid populations). The percentage
survival was calculated by comparing viability of treatment groups following cisplatin
treatment to the same group when untreated. The impact of SKOV-3 ICso on
adipocytes was also assessed in order to establish whether cytotoxic effect on

adipocytes were impacting results.

2.12.6 Transfection of SKOV-3 Cells with STAT3 siRNA

A role for STAT3 in SKOV-3 response to cisplatin therapy was investigated through
SiRNA initiated knockdown of STAT3 in SKOV-3 cells. Initially, the efficacy of STAT3
knockdown was established. SKOV-3 cells were seeded at a density of 2.8 x 104
cells/well in a 12 well plate and cultured for 24 hours prior to transfection. STAT3
SiRNA (QIAGEN GeneGlobe, Cat. No. S101435287|S2|000|M0) was reconstituted to

a concentration of 10uM in sterile nuclease-free water. STAT3 siRNA was then mixed
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1:1 with Lipofectamine RNAIMAX (Life Tech, Cat. No. 13778), diluted 1:20 in optiMEM
media. Positively charged lipids in lipofectamine bind to negatively charged nucleic
acids, forming lipid complexes (lipoplexes). This enables endocytosis into the cell and
subsequent release of STAT3 siRNA into the cell via endosomal escape. The
formation of lipoplexes was achieved after 5 minutes incubation at room temperature.
Cells were treated with a final concentration of STAT3 siRNA of 15nM. Downregulation
of STAT3 expression was confirmed via Q-RT-PCR with probes for STAT3. For all
experiments using STAT3 siRNA, non-specific RNA control at the same concentration

was used as a negative control (Life Technologies, AM4636).

For STAT3 knockdown in co-culture, steps were taken to avoid STAT3 knockdown in
adipocytes and observe only the impact of knockdown in SKOV-3 cells. As such
SKOV-3 cells were grown for 24 hours in monoculture before 3 hours treatment with
STAT3 siRNA. Cells were then washed to ensure removal of reagents and co-culture
progressed for 24 hours before re-treatment with STAT3 siRNA for 3 hours. This was

repeated for 72 hours of co-culture.
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2.12.7 Antibodies Used in Chapter 5

Table 2.7 Antibodies Used in Chapter 5

Antibody Target

Type/Source

Optimised

Concentration

Materials and Methods

Catalogue Number

conjugated

STAT3 Rabbit Monoclonal 1:1000 Ab68153, Abcam
Phospho-STAT3 Rabbit monoclonal 1:1000 Ab267373, Abcam
GAPDH Rabbit monoclonal 1:1000 2118, Cell Signalling Tech
Anti-mouse IgG Goat Polyclonal 1:1000 A28177, ThermoFisher
HRP-conjugated
Anti-rabbit IgG HRP- Goat Polyclonal 1:1000 A16110, ThermoFisher

2.12.8 Gene Probes Used in Chapter 5

Table 2.8 Gene Probes Used in Chapter 5

Gene Target Catalogue Number Assay ID

IL6 4331182 Hs00174131_m1l
CXCLS8 4331182 Hs00174103_m1
ADIPOQ 4351370 Hs00605917_m1
LPL 4331182 Hs00173425_m1
FABP4 4351370 Hs01086177_m1l
STAT3 4331182 MmO01219775 m1l
18S 4331182 Hs03003631_g1
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2.13 Statistical Analysis

Statistical analysis and data visualisation were performed using GraphPad Prism
Version 8.4.3. Generally, for experiments involving 2 treatment groups, statistical
significance was tested using Student’s t-test, while for experiments involving more
than 2 treatment groups significance was tested using one-way ANOVA with Tukey’s
multiple comparisons test. Statistical significance was denoted using standard

notation: *p<0.05, **p<0.01, ***p<0.001, and ***p<0.0001.

2.14 Technical and Biological Repeats in In Vitro Experiments
All in vitro experiments were performed using 3 technical replicates per plate (3
separate wells per treatment group). Replicates described in figure legends (i.e. N=3)

refer to independent biological replicates performed at different times.
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Chapter 3. Adipocyte-derived exosomes promote invasion and resistance to
paclitaxel therapy in epithelial ovarian cancer

3.1 Introduction

Epithelial ovarian cancer (EOC) has the highest mortality rate of any gynaecological
malignancy, with 5-year survival rates of less than 50% (4). This high mortality rate
can be attributed to late presentation of metastatic disease, which can disseminate
extensively within the peritoneal cavity before becoming symptomatic (8). A primary
target of local metastasis is the omentum, an adipocyte-rich pad which covers the
bowel and abdominal cavity and regulates aspects of peritoneal homeostasis including
inflammation, angiogenesis, immune response and metabolism (136). The
transformed omentum can therefore play an important role in generating a pro-
metastatic tumour microenvironment within the peritoneal cavity (242). Furthermore,
obesity is a risk factor for both incidence and prognosis of ovarian cancer (47, 50) and

can lead to dysregulation and chronic inflammation of adipose tissue (45, 243).

As the basis of omentum tropism of ovarian cancer has been elucidated, the supply of
energy and metabolic substrates from omental adipocytes has emerged as an
important factor in the ovarian cancer metastatic niche (108). Previous work using
adipocyte-ovarian cancer cell co-culture has demonstrated that reciprocal metabolic
alterations in malignant and stromal components can enhance proliferation, migration
and invasion of tumour cells (107, 143, 144, 146). Adipocytes are induced to favour
lipolysis and the release of fatty acids, which are transferred directly to neighbouring
ovarian cancer cells. Conversely, ovarian cancer cells undergo an AMP-activated
protein kinase (AMPK) mediated switch from lipolysis to fatty acid p-oxidation,

indicating omental adipocytes act as an important energy source for ovarian
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metastases (108). Inhibition of key metabolic regulators of this process, including the
fatty acid receptor CD36, fatty acid binding protein 4 (FABP4) and the AMPK-activated
protein kinase salt-inducible kinase 2 (SIK2), can significantly reduce ovarian cancer
metastases in mice (143, 144, 146, 244). The pro-tumorigenic effect of cancer-
associated adipocytes, which provide energy and metabolites in the form of fatty acids,
lactate and amino acids, has been demonstrated in a number of other malignancies

including colorectal, breast and prostate cancer (45, 179, 245, 246).

Alongside late disease presentation, poor patient survival-rates can often be attributed
to the high rates of development of ovarian cancer resistance to platinum- and taxane-
based chemotherapy. Interactions in the omental metastatic niche can play an
important role in the development of chemoresistance (45). Adipocytes and omental-
derived stromal cells can enhance chemoresistance in ovarian cancer (189, 247, 248)
and targeting adipocyte-derived signalling via FABP4 knockdown can sensitize
ovarian tumour cells to platinum-based therapy (144). While the mechanisms behind
adipocyte-induced chemoresistance in ovarian cancer remain unclear, evidence from
a variety of carcinomas suggests a role for cancer cell “stemness”, which enables cells
to undergo drastic phenotypic changes such as the epithelial-mesenchymal-transition
(EMT), and therefore evade treatment. Adipocyte-derived fatty acids can induce EMT
in hepatocellular carcinoma and breast cancer (246, 249), while stemness in ovarian

cancer cells has been linked to fatty acid metabolism (167).

Establishment of the omental metastatic niche involves complex bidirectional
signalling between cancer cells and diverse omental stroma. A role for adipocyte-
secreted interleukin-6 (IL-6) and interleukin-8 (IL-8) in the migration and invasion of
ovarian cancer cells to omental tissue has been established in vitro (107). However, a
more comprehensive understanding of signalling mechanisms acting across the
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peritoneum is required to understand ovarian cancer omentum tropism, the activation
of cancer-associated stroma and the development of chemoresistance. Extracellular
vesicles (EVs), particularly exosomes, 30-150nm vesicles secreted by a diverse range
of cells, have been implicated in signalling at a distance in the generation of metastatic
microenvironments in a number of malignancies (120). Exosomes carry a cargo of
bioactive molecules including proteins, lipids, metabolites, RNA and DNA, and
therefore have the capacity to alter cellular activity at sites distant from their cell of
origin. In ovarian cancer, tumour-derived exosomes carrying MMP1 mRNA can induce
destruction of peritoneal mesothelial cells in mouse via apoptotic cell death,
suggesting a role for exosomes in peritoneal dissemination (128), while exosomes
derived from cancer-associated adipocytes and fibroblasts can induce
chemoresistance through the transfer of microRNA-21 (250). Exosomes, therefore,
represent a mechanism for bidirectional modification of a tumour and its

microenvironment through the exchange of a range of bioactive molecules.

3.2 Hypotheses and Aims

As noted above, omentum tropism in metastatic ovarian cancer is widely reported.
Therefore, it is suggested that omental adipocytes may generate a pro-tumour
microenvironment prior to the development of metastatic disease. As such this chapter

tests the following hypotheses:

1. Omentum-secreted factors have a significant impact on EOC proliferation,

invasion and response to therapy regardless of disease state.
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2. Omental adipocytes are the primary drivers of pro-tumorigenic activity in
omental tissue.
3. Omental exosomes play a significant role in omentum-derived signalling in the

development of ovarian cancer.

In order to test these hypotheses, the aims of the chapter were as follows:

1. Use three-dimensional (3D), spheroid-based in vitro models to explore the
impact of omentum-secreted factors on EOC activity.

2. Use 3D co-culture models to explore cancer-adipose interactions.

3. Isolate adipose-derived exosomes and explore their impact on EOC activity.

4. Elucidate potential downstream signalling pathways acting in cancer-adipose

interactions.

3.3 Materials and Methods

Materials and methods used in this chapter are descried in detail in Section 2.10.
Briefly, omentum and adipocyte secreted factors were collected from primary patient
omental tissue and omentum-derived adipocytes and their impact on EOC cell line
(OVCAR-3 and SKOV-3) proliferation explored. The impact of adipocytes on EOC
proliferation and response to paclitaxel (PTX) therapy was further explored using co-
culture models. Transwell co-cultures incorporated adipose-derived stem cell-derived
adipocytes and EOC spheroids, while direct spheroid co-culture of mature adipocytes
and luciferase expressing SKOV-3 cells were also established. Expression of cell
surface makers associated with the epithelial-to-mesenchymal transition were

characterized to understand their response to therapy. Exosomes were explored as a
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mechanism of adipose-derived signalling through exogenous treatment of EOC cell
lines with primary omentum-derived exosomes. Omental exosome-derived
microRNAs (miRNAs) were sequenced and the impact of transfection of EOC cell lines

with highly abundant miRNAs on EOC response to paclitaxel therapy was explored.

3.4 Results

3.4.1 Omentum-secreted factors promote ovarian cancer proliferation

Metastasizing ovarian cancer has been shown to home to the omentum, and this
organ is commonly invaded (107). Initially, therefore, the effect of omentum-secreted
factors on ovarian cancer cell lines was explored. Omental tissue was collected from
two patients undergoing surgery whose diagnoses were high-grade serous ovarian
carcinoma (HGSOC) and a benign ovarian mass (Table 3.1). Tissue was used to
generate omental tissue-conditioned media (OT-CM) containing tissue secretome.
Adipocyte activity in these tissues was confirmed by adiponectin ELISA and was

detected in OT-CM but not media conditioned by ovary tissue (Table. 3.1).

Table 3.1 Adiponectin Concentration in Patient Samples

Adiponectin conc.

Patient  |Diagnosis Sample (ng/ml)
Omental stromal cell culture n.d

A HGSOC stage 3
Primary adipocyte Cell culture 15.2
Ovarian Tissue n.d

B HGSOC
Omental Tissue 29.07
Ovarian Tissue n.d

C Ovarian Mass
Omental Tissue 45.74
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Ovarian cancer cell lines (SKOV-3, OVCAR-3) were treated with 50% OT-CM in two-
dimensional (2D) monolayer and three-dimensional (3D) spheroid culture (Fig. 3.1). A
significant increase in proliferation was observed in both cell lines in 2D monolayer
cultures upon culture with OT-CM after 96 hours. However, striking differences in the
response of two epithelial ovarian cancer (EOC) cell lines was observed in spheroid
cultures. Viability was significantly increased in SKOV-3 spheroids by treatment with
OT-CM from 48 hours onwards but was significantly reduced in OVCAR-3 spheroids
relative to unconditioned media (UCM) control after 72 hours. Notably, similar results
were obtained regardless of whether the omental sample originated from a malignant

or benign ovarian mass (Fig. 3.1).
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Figure 3.1 Impact of Omentum Secreted Factors on EOC Cell Line Proliferation. Ovarian cancer
cell lines (SKOV-3 and OVCAR-3) grown as 2D monolayer or 3D spheroid were treated with
unconditioned media (control), or media conditioned by patient omentum samples and cell viability was
measured by Realtime-Glo and 3D Glo cell viability assays respectively. Bar blots show mean +SD, n
23, *p<0.05, **p<0.001, **p<0.0001, ****p<0.00001 (One-way ANOVA with Tukey’s multiple

comparisons test)
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To confirm the contribution of omental adipocytes to observed changes in ovarian
cancer cell viability, mature adipocytes were isolated from omental tissue (Table 3.1,
Patient A) and the effect of adipocyte-secreted factors assessed. The presence of
mature adipocytes in culture was confirmed by Oil Red staining (Figure 3.2a) and
ELISA (Table 3.1), with non-adipocyte omental stromal cells as negative control
(Figure 1D), and adipocyte-conditioned media was collected. The effect of primary
adipocyte-conditioned media on viability of EOC spheroids was assessed by
fluorescent staining of conditioned media-treated cell populations with Calcein-AM and
Ethidium Homodimer-1 (EthD1) to identify live and dead cells respectively (Figure
3.2b). As seen in omental tissue CM-treated SKOV-3 spheroids, adipocyte-
conditioned media was found to significantly increase SKOV-3 viability (p<0.001P,
while population viability decreased in OVCAR-3 spheroids (p<0.0001), as quantified
by the ratio of Calcein-AM+:Ethd1+ cells (Figure 3.2c). OVCAR-3 spheroids treated
with primary adipocyte CM also formed less effectively, with a notably less rounded

morphology (Figure 3.2b).
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Figure 3.2 Impact of Adipocyte Secreted Factors on EOC Cell Line Proliferation. Tumour
spheroids generated from EOC cell lines were treated with media conditioned by primary adipocytes
(a) derived from patient omentum samples and incubated with viability stains (b). Ratio of CalceinAM
(live cells) to Ethidium homodimer (dead cells) was calculated as a measure of population viability (c).
Bar blots show mean +SD, n=3, *p<0.05, **p<0.001, ***p<0.0001 (Student’s t-test). Scale bar = 20 ym
for a and 100um for b.

3.4.2 Co-culture of Adipocytes and EOC Cell Lines

To explore the effect of bidirectional signalling with adipocytes on ovarian cancer cell
proliferation, ovarian cancer cell lines were co-cultured with mature adipocytes derived
from adipose-derived stem cells (ADSCs) as described in Section 2.4. Differentiation
of adipocytes from stem cells took place over 14 days and was confirmed by the
expression of adipocyte specific markers PPAR-y and Adiponectin, as assessed via
immunoblotting (Figure 3.3a), and via BODIPY lipid staining (Figure 3.3b). Expression

of PPAR-y increased over the course of differentiation, while expression of adiponectin
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was apparent after 10 days. Large lipid droplets were apparent at cell surface of

mature adipocytes following BODIPY staining.
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Figure 3.3 Differentiation of Adipose-Derived Stem Cells. Differentiation of ADSCs into mature
adipocytes was confirmed by immunoblotting (a) and confocal microscopy following BODIPY staining

(b). a shows representative blot and quantified normalised band intensity. Scale bar = 100um

Transwell co-cultures were established incorporating mature adipocytes derived from
ADSCs seeded onto transwell inserts alongside SKOV-3 and OVCAR-3 spheroids
(Figure 2.1). Spheroid viability after 72 hours of co-culture was assessed via Celltiter-
Glo 3D viability assay (Figure 3.4a). Again, SKOV-3 and OVCAR-3 cell lines
demonstrated striking differences in their response to adipocyte co-culture, with
significant increase (*p<0.05) and decrease (p<0.001) in population viability
respectively. As ADSC-derived adipocytes constitute a heterogenous population of
cells including partially differentiated or undifferentiated stem cells, the effect of
undifferentiated ADSC populations on EOC growth was assessed (Figure 3.4b).

Undifferentiated ADSCs were found to have no impact on EOC spheroid viability.
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Figure 3.4 Transwell Co-Culture of Adipocytes and EOC Spheroids. Following 72 hours in co-
culture with mature adipocytes (a) and undifferentiated ADSCs (b), population viability of spheroids was
measured via Celltiter-Glo 3D viability assay. Bar plots show mean + SD, n23. Significance assessed

via Student’s t-test

An alternative co-culture system was established to assess the impact of direct contact
with adipocytes on EOC growth (Fig. 2.3). Here, spheroids comprising ADSC-derived
mature adipocytes were established and SKOV-3 cells stably expressing luciferase
(SKOV-3/LUC) were added directly in co-culture as described in Section 2.10.7.
Initially, to ensure only luciferase activity from SKOV-3/LUC cells was read by the
assay, the signal from SKOV-3/LUC cells upon the addition of luciferase substrate was
compared with SKOV-3 cells without luciferase expression, as well as undifferentiated
ADSCs and mature adipocytes (Figure 3.5a). To ensure the readout from the
luciferase assay was an accurate indicator of spheroid population viability,
luminescence from SKOV-3/LUC cells treated with luciferase substrate was compared
with luminescence produced by Celltiter Glo 3D viability assay for spheroids seeded
at different quantities of cells/well (Figure 3.5b). Signal was only apparent in SKOV-
3/LUC cells and for spheroids with cells 2 x 10% — 8 x 10° cells/spheroid relative
luminescence (relative to 1 x 102 cells/spheroid) were comparable. For spheroids with
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16 x 102 cells/spheroid there was a difference in relative viability between luciferase
assay and Celltiter Glo 3D, however no spheroids this large were used in this work.
Discrepancies between tests in larger spheroids were probably due to incomplete
disassociation of the spheroid. Upon spheroid co-culture with adipocytes, luciferase
activity increased by more than four-fold relative to cells grown in monoculture,
indicating a striking increase in proliferation (p<0.00001) ( (Figure 3.5c). To ensure the
presence of other cells in co-culture alone was not sufficient to impact SKOV-3/LUC
activity, cancer cells were also co-cultured alongside undifferentiated ADSCs, and a

similar increase in luciferase activity was observed (p<0.00001) (Figure 35.c)
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Figure 3.5 Direct 3D Co-Culture of Adipocytes with SKOV-3/LUC. Luciferase activity (Pierce Firefly
One-Step Luc Glow Assay) in SKOV-3/LUC spheroid culture was compared to SKOV-3 without
luciferase gene as well as undifferentiated ADSCs and ADSC-derived adipocytes (a). Luciferase activity
in spheroids generated from serial dilution of SKOV-3/LUC cells was compared with CellTiter-Glo
Luminescent Cell Viability Assay to ensure luciferase activity corresponded to SKOV-3/LUC cell
number. (b). The impact of direct coculture with adipocytes on SKOV-3/LUC cells was assessed via
Pierce Firefly One-Step Luc Glow Assay (c).Bar blots show mean +SD, n=3, *p<0.05, **p<0.001,
***p<(0.0001, ****p<0.00001 (One-way ANOVA with Tukey’s multiple comparisons test)
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3.4.3 EMT Marker Expression in EOC Cell Lines

Given the observed differences in the response of two epithelial ovarian cancer (EOC)
cell lines (SKOV-3 and OVCAR-3) to adipocyte signalling and co-culture, we explored
potential sources of a differential response. The epithelial-to-mesenchymal transition
(EMT) plays an important role in ovarian cancer metastasis and can have profound
impacts on tumour cell behaviour. To further explore a potential role of EMT in
observed differences between cell lines, the expression of mesenchymal cell surface
markers N-Cadherin and Vimentin, along with the epithelial marker E-Cadherin, in

EOC cell lines was profiled.

The expression of N-Cadherin, E-Cadherin and Vimentin in 2D and 3D EOC cell
populations was assessed via immunoblotting (Figure 3.6a), quantified through
normalisation to GAPDH (Figure 3.6b). N-Cadherin expression was high in SKOV-3
populations compared to OVCARS3 populations, where N-cadherin expression was not
apparent (p<0.05) (Figure 3.6b). E-Cadherin was detected in OVCAR-3 in 2D
monolayer and spheroid populations at significantly higher levels than SKOV-3

(p<0.05). Vimentin was only detected in SKOV-3 populations (p<0.05).
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Figure 3.6 EMT Marker Characterization of EOC Populations by Immunoblotting. Representative
blot for expression of EMT markers N-Cadherin, E-Cadherin and Vimentin in SKOV-3 and OVCAR-3
cell lines (a) and quantification of band intensity for 2D populations (b). Bar blots show mean +SD, n=3,
*p<0.05 (Student’s t-test)

Similarly, immunofluorescent staining of SKOV-3 and OVCAR-3 in monolayer
populations showed N-Cadherin* E-Cadherin- Vimentin* phenotype for SKOV-3, and

N-Cadherin* E-Cadherin- Vimentin* phenotype for OVCAR-3 (Figure 3.7).

104



Chapter 3

DAPI N-Cadherin Merge

SKOV-3

OVCAR-3

DAPI E-Cadherin Merge

SKOV-3

OVCAR-3

DAPI Vimentin Merge

SKOV-3

OVCAR-3

Figure 3.7 EMT Marker Characterization of EOC Populations by Immunofluorescent microscopy.
SKOV-3 and OVCAR-3 cells in monolayer culture were stained for expression of EMT markers N-
Cadherin, E-Cadherin and Vimentin by immunofluorescent staining and images with confocal

microscope at 40 x magnification Representative images, n=3. Scale bar = 50um
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As significant differences in the response of OVCAR-3 to OT-CM and adipocyte co-
culture had been observed between cells grown in monolayer and spheroid
populations, the expression of EMT markers in these different culture settings was
assessed by Q-RT-PCR (Figure 3.8). SKOV-3 expression of N-Cadherin and Vimentin
significantly decreased in 3D culture (p<0.0001, p<0.00001 respectively), while E-
Cadherin expression significantly increased (p<0.0001). N-Cadherin and Vimentin
expression increased in OVCAR-3 spheroids relative to 2D monolayer populations
(p<0.0001). Figure 3.8 displays a logarithmic scale, therefore suggesting a 100 fold
increase in N-Cadherin expression. These changes in EMT marker expression in
spheroid culture indicate changes in phenotype across the population and may
indicate a switch to a more hybrid expression profile across different regions of the

spheroid.
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Figure 3.8 EMT Marker Characterization of EOC Populations by Q-RT-PCR. Bar plots display log
10 fold change relative to 2D, significance indicates significant differences in 3D populations compared
to 2D. n=3, ***p<0.0001, ****p<0.00001 (Student’s t-test).

The presence of more hybrid expression of EMT markers in 3D populations was

demonstrated through immunofluorescent staining of SKOV-3 and OVCAR-3
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multicellular aggregates (Figure 3.9). Contrary to expression visualised in 2D (Figure

3.7), both cell lines displayed expression of all EMT markers in spheroid culture.
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Figure 3.9 EMT Marker Characterization of EOC Spheroids by Immunofluorescent Microscopy.

Representative images, n=3. Scale bar = 100um

3.4.4 Impact of Adipocyte Co-Culture on EMT Marker Expression in OVCAR-3

Given the observed difference in EMT marker expression in 2D monolayer and 3D
spheroid populations, it was hypothesized that increased plasticity and phenotypic
heterogeneity expression in OVCAR-3 aggregates may enable adipocyte-induced
EMT, thus explaining differences in response to OT-CM observed between 2D and 3D
OVCAR-3 populations (Figure 3.1). We explored the impact of adipocyte co-culture on
the EMT marker expression in OVCAR-3 spheroids (Figure 3.10). Transwell adipocyte
co-culture drastically increased the expression of vimentin in OVCAR-3 spheroids
(Figure 3.10a), indicating a switch to a post-EMT, invasive phenotype. The change in
vimentin expression was only apparent in OVCAR-3 spheroids, and not seen in

monolayer or SKOV-3 populations (Figure 3.10b,c).
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Figure 3.10 Impact of Transwell Adipocyte Co-Culture on EMT marker expression. Impact of
adipocyte co-culture on EMT marker expression in OVCAR-3 spheroids is displayed in a (representative
blot). Changes in vimentin expression in OVCAR-3 spheroids in co-culture compared to OVCAR-3 in
monolayer and SKOV-3 spheroids are shown in representative blots (a) and quantified (b Bar blots
show mean +SD, n=3, *p<0.05 (Student’s t-test).

Increased vimentin expression indicated a switch to a post-EMT, invasive phenotype.
To further investigate this switch, the impact of co-culture on OVCAR-3 invasiveness
was investigated. Conditioned media (CM) from OVCAR-3 — adipocyte co-culture was
collected and its effect on OVCAR-3 invasiveness, relative to CM from OVCAR-3 and
adipocyte monocultures, was assessed via transwell invasion assay (Figure 3.11a).
Co-culture CM significantly increased invasiveness relative to adipocyte CM (p<0.05),
indicating that bi-directional signalling between the two cell compartments results in
the release of pro-invasion signalling factors. Furthermore, the presence of mature
adipocytes in the lower chamber of the Transwell invasion assay also increased
OVCAR-3 invasiveness (p<0.05) (Figure 3.11b), further indicating that adipocyte
signalling can act to increase the capacity for OVCAR-3 to migrate and invade through

basement membrane.
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Figure 3.11 Impact of Transwell Adipocyte Co-Culture on OVCAR-3 Invasiveness. The impact of
conditioned media (CM) from co-culture on OVCAR-3 invasiveness, relative to OVCAR-3 or adipocyte
monoculture CM was assessed (a) as well as the impact of adipocytes in the lower chamber (b). Bar
blots show mean +SD, n=3, *p<0.05, **p<0.001, **p<0.0001, ***p<0.00001 (One-way ANOVA with

Tukey’s multiple comparisons test)

3.4.5 Transwell Co-culture Reduces EOC Response to Paclitaxel Therapy

A major problem facing ovarian cancer patients in the clinic is the common
development of resistance to therapy. Furthermore, EMT has been shown to play an
important role in the response of tumour cells to therapy in a number of cancers,
including ovarian cancer. As such, a role for adipocytes in EOC response to paclitaxel
(PTX) therapy was explored. SKOV-3 spheroids were treated with primary adipocyte
CM and 50nM PTX and viability was assessed via live/dead staining (Figure 3.12).
SKOV-3 spheroids treated with primary adipocyte CM displayed a significantly higher
ratio of CalceinAM: Ethidium Homodimer (p<0.05), indicating a chemoprotective effect

for primary adipocyte-secreted factors.
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Figure 3.12 Response to Paclitaxel Therapy in Primary Adipocyte CM-Treated SKOV-3 spheroids
Representative images at 20 x magnification and quantification of the ratio of CalceinAM to Ethidium

Homodimer (EthD1). Bar blots show mean +SD, n25, *p<0.05 (Student’s t-test)

The impact of adipocyte co-culture on EOC cell line response to therapy was
investigated in a Transwell model. Following 24 hours of co-culture, EOC spheroids
were treated with a range of concentrations of PTX (5nM, 50nM, 500nM) (Figure 3.13).
Response to therapy was calculated as % survival compared to untreated spheroids.
At all concentrations, with the exception of 5nM treatment in SKOV-3 where no
cytotoxic effect was observed, response to PTX therapy was significantly reduced by

adipocyte co-culture.
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Figure 3.13 EOC Response to Paclitaxel Therapy in Transwell Co-Culture % survival was
calculated relative to untreated spheroids under the same culture conditions. Bar blots show mean +SD,
n=>5, *p<0.05, **p<0.001, ***p<0.0001, (One-way ANOVA with Tukey’s multiple comparisons test)

The impact of adipocyte co-culture on SKOV-3/LUC response to therapy was also
investigated in a direct co-culture model (Figure 3.14). As above, SKOV-3/LUC cells
were also co-cultured with undifferentiated ADSCs to ensure any effect observed was
not the result of the presence of another cell type alone. Adipocytes exhibited a
statistically significant chemoprotective effect when compared to SKOV-3/LUC

spheroids in monoculture and in co-culture with ADSCs (Figure 3.14; p<0.05).
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Figure 3.14 SKOV-3/LUC Response to Paclitaxel Therapy in Direct Co-Culture Relative cell viability
was calculated relative to untreated controls. .Bar blots show mean +SD, n=5, *p<0.05, **p<0.0001

(One-way ANOVA with Tukey’s multiple comparisons test)

3.4.6 The Role of Omental Exosomes in EOC Development

Exosomes have been implicated in tumour-stroma interactions in several
malignancies, including ovarian cancer (120). A role for exosomes in omental tissue-
induced ovarian cancer cell proliferation was therefore tested. Exosomes were
extracted from OT-CM from patients with HGSOC and benign ovarian mass (Table
3.1) using qEV original columns, while OT-CM was exosome depleted by
ultracentrifugation. These omental exosomes were characterized based on their size
distribution as well as the presence of exosome-specific protein markers. Exosome
size was analysed by dynamic light scattering (DLS) which demonstrated a
characteristic peak at ~80nm (Figure 3.15) while in exosome depleted samples this

peak was absent.
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Figure 3.15 Size Distribution of Omental exosomes.

The presence of exosome-specific markers (CD63, CD9, CD81) was confirmed by

EXOELISA-ULTRA assays and protein levels normalized to particle number (Figure

3.16). Exosome specific markers were present in extracellular vesicles isolated from

patient samples, again indicating the presence of exosomes in samples.
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Figure 3.16 Expression of Exosome-Specific Markers in Omental Exosomes . Exosome-specific

markers CD63, CD9 and CD81 were present in extracellular vesicles isolated from OT-CM. Bar blots

show mean +SD, n=3.
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OT-CM had been demonstrated to have a pro-proliferative effect on OVCAR-3 cells
(Figure 3.1). To test whether exosomes played an important role as omental secreted
factors, exosomes isolated from OT-CM were resuspended in an equal amount of
media from that which they had been extracted. The impact of omental exosomes on
OVCAR-3 proliferation was assessed by exogenous treatment of OVCAR-3 cells for
72 hours with omental exosomes and exosome depleted samples which were
compared to OT-CM and plain media (Figure 3.17). Exosome treated samples
displayed significantly increased proliferation relative to plain media for both patient
samples (**p<0.001), in line with increases induced by OT-CM. Exosome depletion of
OT-CM samples significantly reversed pro-cancer effects (**p<0.001). Taken together
these data indicate a significant role for exosomes in observed pro-proliferative effects

of omentum-secreted factors.
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Figure 3.17 Impact of Omental Exosomes on OVCAR-3 proliferation. OVCAR-3 cells were treated
with omental exosomes and changes in cell proliferation compared to plain media, OT-CM and
exosome-depleted treatment. Bar blots show mean +SD, n=3, *p<0.05, **p<0.001, ***p<0.0001,

****n<(0.00001 (One-way ANOVA with Tukey’s multiple comparisons test)
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A role for omental exosomes in OVCAR-3 response to therapy was also investigated.
OVCAR-3 spheroids were treated with omental exosomes as above with and without
50nM PTX for 72 hours. Percentage survival was calculated relative to untreated cells.
Compared to plain media control, exosome treated spheroids were significantly

protected from PTX treatment (p<0.05) (Figure 3.18)
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Figure 3.18 Impact of Omental Exosomes on OVCAR-3 Response to Therapy. OVCAR-3 cells
were treated with omental exosomes with and without 50nM PTX and cell viability at 72 hours compared
with plain media control. % survival relative to untreated cells was calculated. Bar blots show mean
+SD, n=3, *p<0.05 (Student’s t-test).

A role for adipocytes in the invasive capacity of OVCAR-3 cells had been
demonstrated (Figures 3.10, 3.11), therefore the role of omental exosomes in this
mechanism was also explored. Omental exosomes were used as a chemoattractant
in a Transwell invasion assay and the impact on invasion compared to OT-CM and
exosome depleted samples assessed, with serum free media used as negative control
(Figure 3.19a). Exosomes displayed a similar impact on OVCAR-3 invasion as that
seen in OT-CM and significantly higher than exosome-depleted OT-CM (Figure 3.19a,
p<0.05). Changes in EMT marker expression, indicative of a switch to a more invasive
phenotype, were assessed by immunoblotting. OVCAR-3 spheroids were treated with

omental exosomes and EMT marker expression compared to OVCAR-3 spheroids
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grown in plain media. Expression of N-Cadherin was significantly increased (p<0.001)
while E-Cadherin was significantly decreased (p<0.01), indicating a switch to a post-
EMT, invasive phenotype (Figure 3.19b,c). No change was observed in the expression
of vimentin, indicating different molecular pathways may be activated by omental

exosomes than those apparent in OVCAR-3 — adipocyte co-cultures.

Q
(on

(7
>
'{“\S <<,+°

& x

E-cadherin| Se— —

N-cadherin| *

N-cadherin Vimentin E-cadherin

*kk *%
0.6 15+ 0.6+

mm Control

Bl + exosomes
0.4 1.04 0.4

0.24 0.5

N

GAPDH

Change invading cells
(vs serum-free media)

0.0~ 0.0-

Normalised Band Intensity (GAPDH)

Figure 3.19 Impact of Omental Exosomes on OVCAR-3 Invasion. The impact of omental exosomes
on OVCAR-3 invasion was observed in Transwell invasion assay (a) and number of invaded cells
calculated relative to serum-free media controls. The impact of omental exosomes on EMT markers
was assessed by immunoblotting, (b) displays representative blot, quantified relative to GAPDH (c). Bar
blots show mean +SD, n=3, *p<0.05, **p<0.001, ***p<0.0001 (One-way ANOVA with Tukey’s multiple

comparisons test)

3.4.7 Omental Exosome miRNAs in EOC Development

Exosome-derived microRNAs (miRNAs) have been shown to play a substantial role in
exosome signalling at a distance in various cancers, including EOC (251). As a pro-
cancer effect had been demonstrated by omental secreted factors regardless of the
presence of malignancy (Figure 3.1), exosomes were isolated from OT-CM of patients
with both benign ovarian neoplasms and malignant tumours (Table 3.1). miRNA next
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generation sequencing revealed 30 miRNAs highly abundant in exosomes derived
from omental tissues (Fig. 3.20a). Pathway analysis of target genes using KEGG 2021
HUMAN (Figure 3.20b) and DisGeNET (3.20c) revealed top pathways including

cancer and EOC-related regulation, as well as prolactin signalling pathways.
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Figure 3.20 miRNA Sequencing of Omental Exosomes miRNA sequencing of microRNAs isolated
from omental exosomes. miRNAs abundant in benign and malignant were identified (a) and pathway
analysis performed with KEGG 2021 HUMAN (b) and DisGeNET (c)
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To validate the significance of exosomal miRNAs in EOC progression and decreased
response to PTX treatment, 4 miRNAs abundant in exosomes isolated from the
omental secretome (let-7b, miR-16, miR-21, miR-92a) were selected and transfected
into OVCAR-3 cells. Transfected cells were grown for 72 hours with and without 50nM
PTX. With the exception of miR-16, exosomal miRNAs significantly increased
proliferation in OVCAR-3 cells (Figure 3.21a; p<0.001) while all miRNAs protected

EOC cells from PTX treatment (Figure 3.21b) (p<0.001).
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Figure 3.21 Transfection of Exosome miRNAs in OVCAR-3 miRNAs abundant in omental exosomes
were transfected into OVCAR-3 cells, which were grown without treatment (a) and with 50nM PTX (b)
for 72 hours. Bar blots show mean +SD, n=3, *p<0.05, **p<0.001, ***p<0.0001, ****p<0.00001 (One-
way ANOVA with Tukey’s multiple comparisons test)
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3.5 Discussion

Epithelial ovarian cancer (EOC) metastasis is a complex, multistep process involving
shedding of cells from the primary tumour, intra-peritoneal dissemination, and
attachment and invasion at a secondary site within the peritoneal cavity (8). Previous
work has demonstrated omentum tropism in ovarian cancer cells in a mouse model
(107), while omentum-derived adipocytes and adipose stem cells can regulate gene
expression in EOC cell lines in favor of survival, proliferation and chemoresistance
(143, 146, 247, 252). Omental adipocytes have been shown to provide energy for
proliferating EOC via the direct transfer of fatty acids to neighbouring cancer cells
(108), while suppression of this process through inhibition of CD36 or FABP4 can
sensitize EOC to chemotherapy (144, 244). Here, an important role for omental
adipocytes in clinically relevant aspects of EOC biology was further demonstrated.
Omentum-derived secreted factors significantly impacted EOC cell line proliferation
(Fig. 1). Notably, this effect was apparent in omental tissue obtained from patients with
both malignant and non-malignant ovarian neoplasms. The presence of pro-cancer
signalling within the peritoneum in absence of malignant disease highlights the
importance of this microenvironment in the establishment and development of EOC.
Intra-peritoneal ovarian cancer metastasis requires multiple cell types interacting in a
dynamic three-dimensional environment and multicellular 3D models can, therefore,
provide insights into mechanisms of disease progression (66, 68, 69, 253). A
heterotypic spheroid model for adipocyte-EOC interactions incorporating adipose-
derived stem cell (ADSC)-derived adipocytes and EOC cell lines was developed.
Tumour spheroids incorporate aspects of a localised tumour microenvironment such
as gradients of nutrient availability and cellular necrosis and can recapitulate

phenotypic heterogeneity and mechanisms of chemoresistance which are apparent in
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solid tumours (213). Furthermore, ovarian cancer metastasis has been shown to
progress through the dissemination of multicellular aggregates, endogenous tumour
spheroids, throughout the peritoneum (64, 66). Omentum-derived factors and
adipocyte co-culture had significant impact on the proliferative capacity of EOC

spheroids, as well as populations grown in monolayer culture (Fig. 1,2).

Notably, omental tissue and adipocyte-derived paracrine signalling decreased
proliferation in OVCAR-3 spheroids, in contrast to monolayer populations and SKOV-
3. To understand differences observed in response of EOC populations to adipocyte
signalling, the phenotypic characteristics of cell lines was explored, specifically in
relation to epithelial-to-mesenchymal transition (EMT), whereby epithelial cells
undergo widespread changes in gene expression and phenotype and which has been
shown to promote invasion and protect metastasizing cancer cells from therapy, while
reducing proliferation (59, 61, 254). SKOV-3 represents a post-EMT phenotype
(Vimentin*, N-Cadherin* E-Cadherin'") with an invasive pathology, while OVCAR-3
displayed an epithelial profile (Vimentin- N-Cadherin- E-Cadherin™9") typical of a less

invasive, epithelial phenotype (60, 62, 219).

Tumour spheroids have been shown to generate a heterogenous population of cells
whose activity and response to therapy is determined by their position in three-
dimensional space relative to spheroid architecture and by differential penetration of
nutrients and other bioactive molecules, including therapeutic agents (63, 213). OC
cell lines grown in spheroid culture demonstrated significantly more heterogeneous
expression of EMT markers than those grown in monolayer culture (Figure 3.9).
Similarly, spheroid culture has been shown to upregulate population ‘stemness’, the
capacity for phenotypic change in response to signalling factors and other external
stimuli (255). In response to adipocyte signalling, OVCAR-3 cells transition to a more
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invasive, vimentin* phenotype (Figure 3.19) suggesting that phenotypic heterogeneity
within spheroid populations potentiates this phenotypic switch. Vimentin has
previously been shown to play a central role in EMT-mediated metastasis and
targeting vimentin can increase susceptibility to chemotherapy in ovarian cancer cells
(62, 256, 257). Epithelial cancer cell transition to a mesenchymal-like phenotype via
EMT has been associated with poor response to chemotherapy in ovarian cancer, a
major obstacle in effective treatment of advanced stage disease (258). The impact of
bi-directional signalling between EOC and adipocytes on response to paclitaxel (PTX)
therapy was explored and it was found that adipocytes acted to protect EOC cell lines

from chemotherapy (Fig. 5).

Extracellular vesicles (EVs), including exosomes, have been implicated in response
to chemotherapy in a wide range of cancers (259, 260), and play a significant role in
signalling between malignant and non-malignant cell types (120). Adipocytes secrete
exosomes in abundance, and adipose-derived exosomes play a role in the regulation
of angiogenesis, proliferation, immunity and metabolism (261). In the tumour
microenvironment, adipocyte-derived exosomes promote cancer cell proliferation and
migration in breast cancer via activation of the Hippo pathway (262). Similarly,
adipocyte-derived exosomes can reprogram tumour cell metabolism in melanoma
through upregulation of fatty acid oxidation (263). Omentum-derived exosomes
provide chemoprotection in EOC cells and drive EMT and invasion in OVCAR-3 via
the downregulation of E-Cadherin and overexpression of N-Cadherin (Figures 3.17,
3.18, 3.19). These data further demonstrate the capacity of adipocyte-derived
exosomes to generate a pro-tumorigenic microenvironment. In this context, obesity,
characterized by adipose hypertrophy, is a risk factor for many cancers, including EOC

(47, 50, 264) and the cargo of exosomes secreted by hypertrophic adipocytes has
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been shown to be drastically altered (265, 266, 267). Obesity-induced changes in
exosome content may, therefore, be a contributing factor in observed obesity and

adiposity-related cancer risk.

To better understand the pro-cancer components of adipocyte-derived exosome
cargo, miRNA next generation sequencing on exosomes secreted by primary omental
tissue was performed. Exosome-derived microRNAs have an impact on cancer
development, progression, mortality, and resistance to therapy (251, 259, 268, 269).
Highly abundant miRNAs in patients with both benign and malignant neoplasms were
idenified (Figure 3.20). Pathway analysis revealed signalling networks related to
ovarian cancer as well as breast, prostate, bladder, and endometrial cancers (Figure
3.21). Adipocytes have been shown to promote cancer development in breast (179,
246, 270) and prostate cancer (271, 272), while obesity is a risk factor for endometrial
cancer (189, 273, 274). The exosome miRNA-regulated signalling networks identified
here may therefore play a wider-reaching role in the development of the metastatic
adipose niche and cancer development, especially those cancers where increased
adiposity is a known risk factor. Furthermore, prolactin (PRL) signalling, identified here
through pathway analysis, is upregulated in numerous hormone-dependent cancers
including ovarian, breast, prostate and endometrial cancer and is linked to cancer via
activation of JAK/STAT, AKT and MAPK pathways (275, 276, 277, 278, 279, 280). In
EOC, PRL-JAK-STAT pathway signalling can lead to phosphorylation of STAT3 and
STATS (277), connecting PRL signalling to EMT, EOC cancer stemness and

resistance to therapy (64, 281, 282, 283).

To validate the role of adipocyte-derived exosome miRNAs in EOC the impact of miR-
21, let-7b, miR-16 and miR-92a on OVCAR-3 proliferation and response to therapy
was assessed and found a chemoprotective effect for each miRNA. Previous work has

123



Chapter 3

demonstrated the transfer of miR-21 from adipocytes to EOC cell lines and shown that
miR-21 can lower sensitivity to PTX in cancer cells in in vitro and in vivo models (250).
This previous study suggested miR-21 exerts its chemoprotective effects via
downregulation of APAF1, while miR-21 can also promote cisplatin resistance in EOC
by negatively targeting the tumour suppressor PTEN (284). Exosomal miR-21, derived
from cancer associated fibroblasts, was shown also to activate STAT3 and promote
cisplatin resistance in oesophageal squamous cell carcinoma (285). miR-92a is part
of the oncogenic miR-72-92 cluster and is highly expressed in a number of cancers,
including in EOC patient serum (286, 287), and its targets include E-Cadherin (288).
The role of Let-7b in reducing PTX cytotoxicity is less clear as the Let-7 family of
miRNAs have previously been shown to act as tumour suppressors in ovarian cancer
(289, 290, 291) and let-7b is relatively less abundant in exosomes derived from
patients with ovarian malignancies (Fig. 7A) as seen elsewhere (291, 292). However,
transfection of OVCAR-3 with let-7b miRNA increased proliferation and protection from
PTX therapy (Fig. 7C,D). Alongside the data presented here, a meta-analysis of
transcriptomes of 1,170 patients with high grade ovarian cancer showed let-7b was
associated with poor survival rates, implicating let-7b in resistance to therapy (293),
further substantiating these findings. Previous work has elucidated the role in the
tumour-derived exosomes in the formation of the pre-metastatic niche (294) while here
the capacity for adipocyte-derived exosomes to generate a pro-tumorigenic,
chemoprotective environment via miRNA signalling was demonstrated. More
importantly, adipocytes from non-cancer patients also contain key pro-oncogenic
mediators of cancer proliferation, invasion and response to treatment, highlighting the
importance of increased adiposity as known cancer risk factor. Therapies which aim

to target cells within adipose tissue in order to suppress cancer have shown promise
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in animal models may provide a means to modulate and inhibit cancer-specific
signalling and metabolism (295, 296). Currently, obese and non-obese patients
receive the same cancer treatment, despite apparent differences in risk and outcome
(45). A more comprehensive understanding of the mechanisms through which the
adipose microenvironment drives pathogenesis and chemoresistance will enable
tailored therapies which target specific pro-cancer signalling in healthy and obese or

dysregulated adipose tissue.
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Chapter 4. An Inflammatory Adipose Environment Promotes Ovarian Cancer
Growth

4.1 Introduction

Metastatic epithelial ovarian cancer (EOC) displays consistent omentum tropism (8).
The omentum, which has functions in fat storage as well as a regulatory role in
immunity and tissue regeneration, is invaded in >60% of cases of metastatic ovarian
cancer (8, 297, 298) and omental metastases are often the largest tumour in size
(299). In a mouse model of EOC, human cancer cells have been shown to home to
the omentum following intraperitoneal injection and tumour cells at the interface with
adipose tissue have increased levels of intracellular lipids (107). In Chapter 3 it was
demonstrated that co-culture of ovarian cancer cells with adipocytes can increase
cancer proliferation and reduce response to therapy. Elsewhere, co-culture models
have shown increased lipolysis in adipocytes, which results in the release of fatty
acids, as well as an increase in fatty acid B oxidation in ovarian cancer cells (107),
suggesting a role for omental adipocytes in altering EOC metabolism and providing
nutrients for increased cancer cell proliferation. Furthermore, co-culture of EOC cells
with adipocytes drastically changes global cancer cell metabolism, including increases

in intracellular lipids and reactive oxygen species (144).

An important role for fatty acid chaperone proteins in EOC development has also been
explored. Small molecule inhibition of Fatty Acid Binding Protein 4 (FABP4) can
reverse pro-cancer effects of adipocytes in co-culture (107) while short hairpin RNA
(shRNA) knockdown of FABP4 expression can reduce or negate adipocyte-induced
alteration of cancer metabolism (144). CD36 has been found to be upregulated in

omental metastases, and knockdown of CD36 can drastically reduce tumour size in
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xenograft mouse model of EOC (143). The evidence, therefore, suggests that cancer
activated adipocytes release free fatty acids as a result of increased lipolysis, which

are then sequestered by proliferating tumour cells to drive rapid growth and expansion.

The metastatic peritoneal environment, in which omentum invasion takes place, is
highly inflamed (83, 300). The development of metastatic disease is often coupled with
the development of ascites, an inflammatory condition caused by an imbalance in fluid
production and reabsorption (70). Malignant ascites is characterized by an abundance
of pro-inflammatory cytokines which act to drive tumour growth and suppress immune
response (83, 301). In particular, interleukin-6 (IL-6) has been associated with poor
survival (71) and may promote tumour angiogenesis through matrix
metalloproteinase-9 (MMP-9) induction (104) and cancer cell proliferation by
downstream activation of the JAK/STAT pathway (302). Tumour Necrosis Factor alpha
(TNFa) is produced by innate immune cells and tumour cells during ovarian cancer
development and autocrine and paracrine TNFa signalling can promote cancer cell
proliferation and angiogenesis and suppress anti-cancer immunity (83). Inhibition of
TNF signalling via neutralizing antibodies or silencing RNA (siRNA) can inhibit pro-
cancer NOTCH signalling and angiogenesis (92). Furthermore, patients who use anti-
inflammatory drugs such as acetaminophen and aspirin have a reduced risk of EOC

(303, 304, 305).

Obesity, which is characterized by chronic inflammation of adipose tissue, is a risk
factor for numerous cancers (45). In obesity, hypertrophy of white adipose tissue
(WAT) results in metabolic dysregulation and cell death, triggering tissue remodelling
and the recruitment of innate and adaptive immune cells leading to a state of chronic,
low-grade inflammation (168, 193). Although there is some contradictory evidence

within the literature, meta-analyses have demonstrated a relationship between obesity
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or adiposity and the risk of ovarian cancer (47) and patient survival (50). The presence
of chronic inflammation, a hallmark of cancer (148), in adipose tissue has been

proposed as a potential link between obesity and cancer (45).

Furthermore, obesity is associated with hyperlipidaemia, elevated lipid levels in blood
(195, 306). Inflammation of adipose tissue can increase lipolysis and fatty acid release
(307), while pro-inflammatory cytokines IL-6 and TNFa, abundant in the ovarian
cancer metastatic microenvironment, have been shown to directly stimulate lipolysis
(308, 309). It was demonstrated in Chapter 3 that adipocytes can drive ovarian cancer
growth and it has been shown elsehwere that adipocyte-derived fatty acids can drive
tumour growth, and inflammation of adipose tissue can lead to increased lipolysis and
fatty acid release. This chapter, therefore, investigates whether inflammation can

enhance pro-cancer activity in adipocytes.

4.2 Hypotheses and Aims

The hypotheses tested in this chapter were:

1. Inflammation of adipocytes leads to increased release of free fatty acids via
increased cellular lipolysis.
2. Release of free fatty acids by inflamed adipocytes promotes ovarian cancer

proliferation.

As such, the aims of this chapter were as follows:

1. Develop an in vitro model of adipocyte inflammation.

2. Investigate inflammation induced changes in rates of lipolysis in adipocytes.

128



Chapter 4

3. Investigate the impact of co-culture with inflamed adipocytes on ovarian cancer
cell lines.
4. Quantify the transfer of free fatty acids from inflamed adipocytes to ovarian

cancer cell lines.

4.3 Materials and Methods

Materials and methods used in this chapter are descried in detail in Section 2.11.
Briefly, an in vitro model of adipocyte inflammation was developed through exogenous
treatment of adipose-derived stem cell (ADSC)-derived adipocytes with TNFa. The
impact of TNFa treatment on the expression and release of inflammatory cytokines
was investigated, as well as the expression of adipocyte-specific markers as an
indicator of inflammation-induced de-differentiation. Changes in lipolysis and fatty acid
release were assessed alongside morphology of adipocyte lipid droplets as a marker
of lipolysis and de-differentiation. Transwell co-cultures were established incorporating
inflamed adipocytes and ovarian cancer cell lines and the impact on EOC proliferation
was evaluated. The transfer of free fatty acids from adipocytes to EOC cell lines was
visualized and quantified using a fluorescent fatty acid analogue. Finally, the role of
fatty acid metabolism in EOC response to adipocytes was investigated using etomoxir
an irreversible a carnitine palmitoyltransferase 1 (CPT1)-specific inhibitor that
prevents the transport from fatty acids into the mitochondrial matrix, to inhibit fatty acid

metabolism in cancer cells.
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4.4 An In Vitro Model of Adipocyte Inflammation

TNFa is abundant in the ovarian cancer metastatic tumour microenvironment (TME)
and has been associated with ovarian cancer progression and metastasis (83, 101,
113, 310, 311). An in vitro model of inflammation of ADSC-derived adipocytes was
established using exogenous treatment with recombinant TNFa. Initially, adipocytes
were treated with 25ng/ml, 75ng/ml and 125ng/ml for 72 hours and the expression of
pro-inflammatory cytokines was quantified by quantitative real-time PCR (Q-RT-PCR)
as an indicator of the establishment of an inflammatory phenotype. Expression of
genes encoding the pro-inflammatory cytokines IL6 (encoding interleukin-6, IL-6),
CCL2 (encoding chemokine ligand 2, CCL2) and CXCL8 (encoding interleukin-8, IL-

8) increased in a dose-dependent fashion upon TNFa treatment (Figure 4.1)
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Figure 4.1 Expression of Inflammatory Cytokines in TNFa-Treated Adipocytes. Adipocytes were
treated with TNFa for 72 hours and expression of IL6, CCL2 and CXCL8 assessed by Q-RT-PCR. Gene
expression normalised to RPL19 and fold change given relative to untreated adipocytes. Bar blots show
mean +SD, n=3, *p>0.05, **p>0.005, ****p>0.00005 (One-way ANOVA with Tukey’s multiple
comparisons test).

As stated above, the aim of this study was to understand the impact of inflamed

adipocytes on ovarian cancer cells in co-culture. As such, the duration of cytokine
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expression was assessed to understand if an inflammatory phenotype in TNFa-treated
adipocytes would persist during co-culture given the short half-life of TNFa in
suspension (<24 hours). Mature adipocytes were treated with 125ng/ml TNFa and
cytokine expression assessed 4, 24, 48, 72 and 96 hours after treatment (Figure 4.2).
IL6 and CXLC8 expression persisted after 96 hours, while CCL2 expression
decreased after 24 hours, while remaining 50-fold higher than untreated samples.
Therefore, it was established that an inflammatory phenotype persisted following
TNFa treatment. Henceforth adipocytes treated with and without 125ng/ml TNFa are

referred to as inflamed adipocytes and control adipocytes respectively.
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Figure 4.2 Duration of Expression of Inflammatory Cytokines in TNFa-Treated Adipocytes.
Adipocytes were treated with 125ng/ml TNFa and expression of IL6, CCL2 and CXCL8 assessed by Q-
RT-PCR at time points Gene expression normalised to RPL19 and fold change given relative to

untreated adipocytes. Bar blots show mean +SD.

In order to explore a broader spectrum of cytokine secretion in inflamed adipocytes,
Luminex assay was performed to compare concentration of secreted cytokines in

media conditioned by control and inflamed adipocytes. A panel of cytokines and
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signalling factors were assessed as displayed in Figure 4.3a and summarized in
Figure 4.3b. With the exception of CCL3, IL-2, interferon- a (IFN- a) and IL-1 q, the
release of all analytes was significantly upregulated in inflamed adipocytes, further

indicating a strong inflammatory phenotype for TNFa treated adipocytes.
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Figure 4.3 Secretion of Cytokines and Signalling Factors by Inflamed Adipocytes. Adipocytes
were treated with 1256ng/ml TNFa for 72 hours and release of analytes investigated by Luminex assay
(a), summarized in (b). Bar blots show mean +SD, n=3, *p>0.05, **p>0.001, ***p>0.0001 ****p>0.00001
(Student’s t-test).
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The inflamed adipocyte phenotype was further investigated by flow cytometry (Figure
4.5). Inflamed adipocytes displayed significantly increased forward scatter
(**p<0.001), characteristic of increased cell size which may indicate hypertrophy,
indicative of adipocytes found in obese adipose tissue. Inflamed adipocytes also
displayed increased side scatter, indicating higher granularity which may be a result
of smaller lipid droplet size as observed in brown adipose tissue (312), discussed

below.
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Figure 4.4 Characterization of Inflamed Adipocytes by Flow Cytometry. Plot (a) displays forward
scatter (FSC) and side scatter (SSC). Relative cell size was quantified by forward scatter. Bar blots
show mean +SD, n=3, **p>0.001 (Student’s t-test).

4.5 Inflammation of Adipocytes Induces Lipolysis and Promotes De-
Differentiation

To explore the hypothesis that inflammation of adipocytes leads to increased release
of free fatty acids via increased cellular lipolysis, assays were performed to quantify
extracellular fatty acid concentration (Figure 4.4a) and glycerol (Figure 4.4b). Free

fatty acids and glycerol are the two major products of lipolysis of triacylglycerides, such
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as that found in adipocytes lipid droplets. Both fatty acid concentration (****p<0.00001)
and glycerol concentration (**p<0.001) were significantly increased in inflamed

adipocyte media, indicating an increase in lipolysis leading to increased release of free

fatty acids.
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Figure 4.5 Lipolysis Assays in Inflamed Adipocytes. Fatty acid (a) and glycerol (b) concentration in
inflamed adipocyte media was compared to control adipocyte media. Bar blots show mean +SD, n=3,
**p>0.001, ****p>0.00001 (Student’s t-test).

Adipocyte-derived fatty acids are the product of lipolysis of triacylglycerides stored in
large, morphologically distinct lipid droplets (LDs), a characteristic feature of adipocyte
morphology. To further investigate the impact of inflammation on adipocyte
metabolism, changes in lipid droplet morphology were observed via BODIPY staining
of neutral lipids (Figure 4.6). Adipocytes were grown in 2D monolayer (Figure 4.6a)
and 3D spheroid (Figure 4.6¢) cultures and inflamed with 125ng/ml TNFa for 72 hours
prior to fixing and staining. In both culture systems, changes in LD size and number
was observed, with inflamed adipocytes displaying fewer, smaller LDs. Images were
analysed to identify lipid droplets (Figure 4.6a,c, right-hand panel) based on their size
and morphology (circularity), with lipid droplets being defined as >2um in diameter and
having circularity higher than 0.5. LD number was counted and normalised to cell
number in monolayer populations (Figure 4.6b), as defined by number of nuclei (DAPI

stain). For spheroid populations the 3D nature of Z-stack images obtained meant
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counting overlapping nuclei was not possible, therefore lipid droplet number was
normalised to approximate spheroid volume instead. In both culture systems,
inflammation of adipocytes resulted in significantly fewer LDs (p<0.05, p<0.0001).
Notably, total BODIPY fluorescence was not decreased, rather it was not present in
the form of mature LDs, indicating fatty acids were being released from LDs in intra-
and extracellular spaces, further supporting the hypothesis that inflammation of

adipocytes increases lipolysis and fatty acid secretion.
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Figure 4.6 Lipid Droplet Analysis in Inflamed Adipocytes. Inflamed adipocytes were fixed and
stained with BODPIY 493/503 and DAPI. Lipid droplets were identified via analysis with imageJ. For
adipocytes grown in monolayer culture (a), lipid droplet number was normalised to DAPI stained nuclei
number (b), while for adipocytes grown in spheroid culture (c), lipid droplet number was normalised to
spheroid volume (d). Scale bar in a = 50um, b= 100um Bar blots show mean +SD, n=5, *p>0.05,
***n>0.0001 (Student’s t-test).
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Release of fatty acids by inflamed adipocytes was further tested using fluorescent fatty
acid analogue BODIPY 500/510 Ci1 Ci2 which incorporates a fluorescent BODIPY
molecule into the fatty acid dodecanoic acid. Following 3 hours treatment, uptake of
fluorescent probe was observed with fluorescent microscopy (Figure 4.7a). Following
72 hours inflammation, cells were lysed and the percentage of BODIPY™* cells was
calculated following flow cytometry (Figure. 4.7b,c). Inflamed adipocyte populations
had significantly lower % BODIPY™* cells (p<0.05), indicating again that fatty acids were

being secreted.
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Figure 4.7 Secretion of Fatty Acid Analogue in Inflamed Adipocytes. Uptake of fluorescent fatty
acid analogue BODIPY 500/510 C1 C12 was confirmed by fluorescent microscopy (a). Following 72
hours inflammation, number of BODIPY* cells was assessed by flow cytometry (b) and quantified (c).
Bar blots show mean +SD, n 25, *p>0.05 (Student’s t-test). Scale bar = 100um.
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Loss of LDs in inflamed adipocytes suggested that inflammation may cause some
degree of de-differentiation, as indicated by loss of characteristic adipocyte
morphology. Expression of adipocyte specific markers adiponectin (encoded by
ADIPOQ) and lipoprotein lipase (encoded by LPL) was assessed Q-RT-PCR (Figure
4.8a), while secretion of adiponectin was also assessed by Luminex assay (Figure
4.8b). Expression and release of adiponectin was significantly reduced, and

expression of LPL was significantly reduced.
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Figure 4.8 Expression of Adipocyte-Specific Markers in Inflamed Adipocytes. Expression of
ADIPOQ and LPL was assessed by Q-RT-PCR (b) and fold change relative to control adipocytes
calculated. Concentration of adiponectin in adipocyte media was quantified by Luminex assay (b). Bar
blots show mean +SD, n=3, **p>0.001, ****p>0.00001 (Student’s t-test).

Changes in morphology and loss of adipocyte-specific markers suggested a possibly
cytotoxic effect of TNFa on adipocytes. Therefore, viability of adipocyte populations
following inflammation was assessed by MTT assay (Figure 4.9). No change in viability

was observed.
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Figure 4.9 Cytotoxic Impact of TNFa Treatment on Adipocytes. Cell viability 72 hours following
125ng/ml TNFa treatment was assessed by MTT assay. Viability is given relative to untreated (control)
adipocytes. Significance assessed by Student’s t-test.

4.6 Co-Culture with Inflamed Adipocytes Increased Ovarian Cancer Cell
Proliferation

To explore the hypothesis that increased fatty acid release in inflamed adipocytes
would promote ovarian cancer proliferation, Transwell co-cultures were established in
which mature adipocytes, seeded onto Transwell inserts, were inflamed for 24 hours
prior to co-culture with EOC cell lines in monolayer and spheroid culture. Inserts were
washed thoroughly prior to co-culture to ensure there was no direct treatment of
cancer cells with TNFa. Cell viability of cell lines (SKOV-3, OVCAR-3, CAOV-3) in
monolayer culture (measured by MTT assay) and spheroid culture (measured by
CellTiter-Glo 3D assay) upon 72 hours co-culture with inflamed adipocytes was
compared to cancer cells in monoculture and cancer cells co-cultured with control
adipocytes (Figure 4.11). Cancer cell population viability was significantly increased in
inflamed adipocyte co-culture for all cell lines in 2D and 3D models. SKOV-3 and
CAOQV-3 spheroid displayed a striking ~2- and ~3- fold increase in viability in inflamed

adipocyte co-culture respectively.
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Figure 4.10 Co-Culture of Ovarian Cancer Cell Lines with Inflamed Adipocytes. Cell viability in

EOC cell populations in 2D and 3D culture following Transwell co-culture with inflamed adipocytes was

quantified and compared to cells grown in monoculture and co-culture with control adipocytes. Viability

is given relative to EOC cells in monoculture. Bar blots show mean +SD, n=4, *p>0.05, **p>0.001,

***p>0.0001, ****p>0.00001 (One-way ANOVA with Tukey’s multiple comparisons test).
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Spheroids grown in co-culture with inflamed adipocytes were visibly larger, indicating
increased proliferation. SKOV-3 spheroids were imaged (Figure 4.12a) and
approximate volume calculated from height and width (Figure 4.12b). SKOV-3
spheroids co-cultured with inflamed adipocytes significantly greater volume than other

cultures analysed (p<0.05).
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Figure 4.11 SKOV-3 Spheroid Size Following Co-Culture with Inflamed Adipocytes. SKOV-3
spheroids in mono- and co-culture were imaged (a) and volume calculated (b). Scaled bar = 100um.
Bar blots show mean +SD, n=4, *p>0.05, **p>0.005, (One-way ANOVA with Tukey’s multiple
comparisons test).

Given that inflamed adipocytes release fatty acids upon inflammation, it was
hypothesised that inflamed adipocyte conditioned media would promote ovarian
cancer cell growth, as seen in co-culture models. EOC cell line spheroids were treated
with inflamed adipocyte conditioned media and viability compared to control adipocyte
conditioned media and untreated spheroids. To investigate whether bi-directional
signalling was required to induce pro-tumour effects, EOC spheroids were also treated
with media conditioned in co-culture experiments, as detailed above. Spheroids were
treated with conditioned media from co-cultures using the same cell line for 72 hours
(Figure 4.13). Treatment with control adipocyte and inflamed adipocyte conditioned

media had no impact on EOC spheroid viability. However, treatment with conditioned
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media collected from co-cultures of EOC cell lines with inflamed adipocytes
significantly increased viability relative to conditioned media from monocultures and
control adipocyte co-cultures. This indicates that bi-directional signalling between
cancer and adipocyte compartments are required to induce increased cancer cell

proliferation.
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Figure 4.12 Treatment of EOC Spheroids with Mono- and Co-Culture Conditioned Media.
Conditioned media was collected from control and inflamed adipocyte monocultures as well as co-
cultures with EOC cell lines. EOC spheroids were treated with conditioned media for 72 hours and
viability measured by CellTiter-Glo 3D assay. Bar blots show mean +SD, n=4, *p>0.05, **p>0.001,
(One-way ANOVA with Tukey’s multiple comparisons test).

To test the hypothesis that increased cancer cell proliferation in co-culture was the
result of direct transfer of fatty acids from adipocytes, the fluorescent fatty acid
analogue BODIPY 500/510 Ci1 Ci2 was used. As in Figure 4.8, adipocytes were ‘fed’
with BODIPY 500/510 Ci Ci2 for 3 hours and uptake confirmed by fluorescent
microscopy. Adipocytes were then inflamed for 24 hours prior to co-culture with SKOV-
3 cells for 72 hours. The transfer of fatty acids was visualised by fluorescent confocal

microscopy and BODIPY 500/510 Ci Ciz fluorescence quantified, normalised to DAPI
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(Figure 4.13). Cells grown in monoculture in the absence of BODIPY 500/510 Ci1 Ci2
were used as negative control. SKOV-3 cells in 2D and 3D co-culture models
displayed significantly higher BODIPY fluorescence than those grown with control
adipocytes (p<0.00001), suggesting inflammation of adipocytes increases uptake of

adipocyte-derived fatty acids in EOC cells.
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Figure 4.13 Fluorescent Microscopy Analysis of Transfer of Fluorescent Fatty Acid Analogue
from Adipocytes to SKOV-3 Cells. SKOV-3 cells in monolayer and spheroid culture were co-cultured
alongside BODIPY 500/510 C1 C12-fed adipocytes prior to co-staining with DAPI (blue) and phalloidin
(red). Mean fluorescence intensity was normalised to DAPI and quantified. Scale bar for 2D monolayer
= 50um, 3D spheroid= 100um Bar blots show mean +SD, n=s****p>0.00001, (One-way ANOVA with

Tukey’s multiple comparisons test).
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The transfer of fatty acids from inflamed adipocytes to 2D cultured SKOV-3 cells was
further quantified by flow cytometry following co-culture as detailed above (Figure
4.15). SKOV-3 cells in monoculture, adipocyte co-culture and inflamed adipocyte co-
culture displayed similar profiles in size (Figure4.15a) and a significant shift in the level
of BODIPY+ was apparent in SKOV-3 cells co-cultured with inflamed adipocytes
(p<0.05) (Figure 4.15c,d quantified in ). Again, this indicates a significantly increased
uptake of fatty acids into SKOV-3 cells of adipocyte-derived fatty acids. Dissociation
of spheroid required for flow cytometry was highly damaging to cells, and therefore

cytometric analysis of cells from 3D co-cultured was not possible.
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Figure 4.14 Flow Cytometry Transfer of Fluorescent Fatty Acid Analogue from Adipocytes to
SKOV-3 Cells. SKOV-3 cells in monolayer were co-cultured alongside BODIPY 500/510 C1 C12-fed
adipocytes prior to analysis by flow cytometry. Cells (a) and single cells (b) were identified based on
forward (FSC) and side scatter (SSC). BODIPY+ cells were characterised using monocultured SKOV-
3 cells as negative control (scatter plot ¢ and histogram d). Number of BODIPY+ cells was quantified
(e). Bar blots show mean +SD, n=3 *p>0.05, (One-way ANOVA with Tukey’s multiple comparisons test).
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The impact of co-culture on the adipocyte compartment of co-cultures was also
investigated. Figure 4.15a shows whole well images of adipocytes in Transwell culture
following 72 hours co-culture for BODIPY 500/510 Ci Ciz-fed inflamed and control
adipocytes. Inflamed adipocytes, following SKOV-3 co-culture, displayed significantly
less BODIPY fluorescence than control adipocytes (p<0.001) (Figure 4.15b), further
suggesting increased release of fatty acid from inflamed adipocytes and sequester by

SKOV-3 cells.
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Figure 4.15 Release of Fluorescent Fatty Acids by Adipocytes in Co-Culture. BODIPY 500/510
C1 C12-fed adipocytes were imaged following co-culture with SKOV-3 cells (whole well, a) and total
area of BODIPY fluorescence calculated (b). Bar blots show mean +SD, n=3 **p>0.005, (One-way

ANOVA with Tukey’s multiple comparisons test).

Potential mechanisms of fatty acid uptake into ovarian cancer cells were explored
through Q-RT-PCR for genes encoding fatty acid chaperone proteins. No expression
in EOC cell lines in any culture model of CD36 was found (negative data, not shown).

However, expression of Fatty Acid Binding Protein 4 (FABP4) was significantly
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increased in all EOC cell lines co-cultured with inflamed adipocytes (Figure 4.16),
suggesting increased availability of fatty acids increased FABP4 expression or

inflamed adipocyte-derived signalling induced expression of FABP4.

SKOV-3 OVCAR-3 CAOQOV-3
*
1 %% *%
304 * 109 1 40 —
=5 ' o = Monoculture
8- 304 E= Adipocyte Coculture
201 6 = Inflamed Adipocyte Coculture

20
*
[ 1

1=l

——~ oL o

Figure 4.16 FABP4 Expression in EOC Cells in Co-Culture. Fold change relative to cancer cells in

-
o
1

(vs monoculture)

Fold change FABP4 expression

o

monoculture. Bar plots show mean +SD, n=3, *p<0.05, **p<0.001, (One-way ANOVA with Tukey’s

multiple comparisons test).

In order to investigate the hypothesis that increased sequester of fatty acids by ovarian
cancer cells in inflamed adipocyte co-culture leads directly to increased cancer cell
proliferation, the metabolic drug etomoxir was used to block fatty acid metabolism in
EOC cell lines. Etomoxir inhibits carnitine palmitoyltransferase-1 (CPT1), blocking
uptake of fatty acids into the mitochondria thereby inhibiting fatty acid B oxidation.
Initially, non-toxic dosage of etomoxir in EOC spheroids was established by 72 hours
treatment of SKOV-3, OVCAR and CAOV-3 in monoculture. Spheroid viability was
assessed by CellTiter-Glo 3D assay and significant decrease was displayed at 20uM

and 15uM for SKOV-3 and OVCAR-3 respectively (Figure 4.17). Non-toxic dose was
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established to ensure etomoxir did not interrupt normal fatty acid metabolism but would
inhibit increased fatty acid B oxidation if it was apparent in co-culture. CAOV-3
response to etomoxir treatment was unusual and cell viability increased following
treatment (Figure 4.17). The underlying mechanisms behind this phenomenon were

not clear, and etomoxir treatment of CAOV-3 was not included in future experiments.
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Figure 4.17 Establishment of Non-Toxic Dose of Etomoxir in Ovarian Cancer Cell Lines. EOC

spheroids were treated with etomoxir for 72 hours and cell viability measured by CellTiter-Glo 3D assay,

displayed relative to untreated spheroid control. Bar blots show mean +SD, n=5 *p>0.05, **p>0.001,
***p>0.0001, ****p>0.00001, (One-way ANOVA with Tukey’s multiple comparisons test).
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SKOV-3 and OVCAR-3 spheroids in co-culture with control and inflamed adipocytes,

as well as spheroids in monoculture, were cultured for 72 hours with and without

treatment with etomoxir (20uM for SKOV-3 and 15uM OVCAR-3). Etomoxir treatment

had no impact on viability in monoculture and adipocyte co-cultures but significantly

reduced proliferation in spheroids co-cultured with inflamed adipocytes (Figure 4.18).

Etomoxir, through inhibition of increased fatty acid B oxidation, reverses adipocyte

induced increases in cancer cell proliferation, supporting the hypothesis that such

increases in proliferation are a result of fatty acid oxidation. However, off target effects

of etomoxir on cellular respiration have been observed, notably inhibition of complex |

of the electron transport chain (313), and effects may therefore not be directly related

to fatty acid oxidation.
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Figure 4.18 Etomoxir Treatment of EOC Spheroids in Co-Culture. EOC spheroids were treated

with etomoxir for 72 hours during co-culture and cell viability measured by CellTiter-Glo 3D assay,

displayed relative to untreated spheroid control. Bar blots show mean +SD, n=5 *p>0.05, *p>0.001,

(One-way ANOVA with Tukey’s multiple comparisons test).
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4.7 Discussion

TNFa plays an important role in ovarian cancer progression (83) and increased levels
of TNFa in serum, ascites and tumour tissue have been associated with poor patient
outcomes (101, 113, 310, 311, 314). A number of sources of TNFa in the ovarian TME
have been proposed. Bulk mRNA sequencing of ovarian tumours has revealed
overexpression of TNFa (114, 314), however ovarian tumours comprise a
heterogeneous mixture of cells including tumour cells, fibroblasts and immune cells.
RNA in situ hybridization analysis of ovarian tumour microarray slides showed
localization of TNFa expression in tumour compartments and TNFa expression was
presentin high-grade serous tissue samples but not low-grade (113). Autocrine activity
of tumour-produced TNFa can induce tumour progression via activation of a tumour
promoting cytokine network (315), though the impact of TNFa on stromal cells, outside

of immune components, has not been thoroughly explored.

TNFa is also secreted by a number of immune cells with known roles in ovarian cancer
progression (301, 316). The role of macrophages in ovarian cancer development is
complex and diverse. Macrophages are typically polarised to an inflammatory M1-like
state or an anti-inflammatory M2-like state, which is classically characterized as pro-
tumoral due to the capacity for M2 macrophages to suppress anti-cancer immunity
(115). Indeed, a high M1/M2 ratio within tumour tissue is correlated with extended
survival (116, 317). However, as previously noted, the ovarian cancer metastatic TME
is characterized by abundant pro-inflammatory cytokines and TNFa-secreting M1
macrophages are recruited to inflamed adipose tissue, such as that seen in obesity

(194), and may promote metastasis (89, 117).
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TNFa was also investigated as a source of adipocyte inflammation due its role in
adipose inflammation, obesity and metabolism. In obesity, expansion and hypertrophy
of white adipose tissue (WAT) results in cell death, immune infiltration and the
development of chronic low-grade inflammation (168, 193). In obesity, adipose tissue
macrophages switch from an M1 phenotype to a pro-inflammatory M2 phenotype,
demonstrating increased release of TNFa, alongside other inflammatory cytokines
(318, 319). Serum TNFa concentration is increased in obese subjects (320) and
inhibition of TNFa signalling by neutralizing antibody can inhibit adipocyte
inflammation in an adipocyte — macrophage co-culture model (321). Furthermore,
TNFa levels have been shown to decrease in obese patients upon sustained weight
loss (322). Inflammation and TNFa promote lipolysis in human adipocytes (307, 309),
resulting in the release of free fatty acids, which in turn can further promote adipose
inflammation (323, 324). Evidence for a role for TNFa in ovarian cancer progression
and adipose inflammation, which couples TNFa to adipocyte lipolysis, informed the
approach of this study to generate an inflamed adipocyte model to study ovarian

cancer — adipocyte interactions.

In this chapter, treatment of ADSC-derived adipocytes with TNFa resulted in the
expression and release of a suite of inflammatory cytokines (Figure 4.1, 4.3). The
capacity of adipocytes to generate an inflammatory environment in ovarian cancer has
not previously been thoroughly investigated. Previous seminal work has demonstrated
an inflammatory cytokine network induced by TNFa signalling incorporating IL-6,
CCL2, CXCL12, Vascular endothelial growth factor (VEGF) and macrophage
migration inhibitory factor (MIF) can drive ovarian cancer proliferation and metastasis,
and while this network is hypothesized to be regulated by autocrine signalling within

tumour cells (92, 315), paracrine signalling within the TME would likely have similar
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downstream effect. In this study, TNFa induced expression and release of IL-6 and
CCL2 both major regulators of EOC development, as well as VEGF (8, 83). IL-6 in
particular is involved in major aspects of ovarian cancer development including
carcinogenesis, migration, invasion and chemoresistance as well as regulating
adipocyte — cancer interaction (71, 99, 107, 325). Similarly, IL-8 is shown to be
dramatically upregulated in TNFa inflamed adipocytes (Figure 4.3) and may regulate
adipocyte — cancer crosstalk in the EOC metastatic microenvironment (107, 108). Also
of note, high circulating levels of IL-1B have been associated with poor prognosis.
Global changes in cytokine expression demonstrate the capacity for adipocytes to
generate a pro-inflammatory environment in response to TNFa signalling. This study
further explored the impact of adipocyte inflammation on adipocyte activity in

monoculture and co-culture with EOC cell lines.

Inflamed adipocytes increased in size (Figure 4.4), which may suggest hypertrophy,
as associated with dysfunctional adipocytes in obesity (168). Inflamed adipocytes also
demonstrated increased granularity (Figure 4.4), which may be a result of decreased
lipid droplet (LD) size. Lipid droplet number was decreased in inflamed adipocytes
(Figure 4.5) and these data suggest increased lipolysis results in the breakdown of LD
triacylglycerides into fatty acids which are then released into intra- and extracellular
space (Figure 4.5, 4.6, 4.7). Omental white adipocytes are unilocular, while ADSC-
derived adipocytes used in this study are multilocular and therefore may not
recapitulate in vivo conditions. Adipocytes in different tissues have been demonstrated
to have significant differences in their metabolism and signalling (172) and future work

should aim to investigate the impact of inflammation on primary omental adipocytes.

Pearce and colleagues (80) explored changes in tissues of the TME during ovarian

cancer development and showed a loss of adipose tissue in line with tumour
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progression. This study demonstrates adipocyte de-differentiation following
inflammation through loss of adipocyte phenotype (Figure 4.5) and adipocyte markers
(Figure 4.6). This de-differentiation may represent early stages of fibrosis, whereby
adipose tissue function is dysregulated, ECM production is increased leading tissue
to become thickened and fibroblast number increases (326). Adipose fibrosis is
associated with recruitment of inflammatory macrophages and has been associated
with breast cancer development (45). Importantly, loss of adipose tissue is observed
in cachexia, a metabolic syndrome associated with ovarian cancer which results in
weight loss and muscle wasting and can be the cause of death for ovarian cancer
patients (327, 328, 329). Dysregulated energy metabolism and poor nutritional status
are associated with circulating pro-inflammatory cytokines (330) and may be a direct

result of chronic inflammation (83).

Previous work has shown that adipocytes provide nutrients for ovarian cancer growth
via provision of free fatty acids, resulting in upregulation of fatty acid chaperone
proteins and increased fatty acid B oxidation in ovarian cancer cells (107, 108, 143,
144). Co-culture experiments with SKOV-3 cells demonstrated a pro-cancer effect for
control adipocytes, in line with previous studies. This effect was more pronounced in
spheroid culture than 2D monolayer, which may be a result of increased fatty acid
uptake under hypoxic conditions, such as those found at the centre of tumour
spheroids (161). Importantly, this study demonstrates inflammation of adipocytes
results in increased adipocyte lipolysis and fatty acid release, exacerbating pro-cancer
effects of adipocytes in co-culture with all cancer cell lines (Figure 4.11, 4.12).
Bidirectional signalling is required for these effects to be seen, as inflamed adipocyte
secreted factors from monocultures are not sufficient to increase ovarian cancer

proliferation (Figure 4.13). The nature and downstream effects of this signalling are
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explored in Chapter 5. Direct transfer of fatty acids from adipocytes to EOC cells is
demonstrated and is significantly increased in inflamed adipocytes (Figures 4.15, 4.16,
4.17). The effect of inflammation on the pro-tumour effects of adipocyte suggest that
previous in vitro models may lack important elements of the tumour microenvironment,
most notably the presence of a pro-inflammatory microenvironment that promotes

adipocyte de-differentiation and fatty acid transfer.

Meta-analyses of clinical data have demonstrated a link between obesity and ovarian
cancer (47, 50), and this study proposes a mechanism by which obesity can enhance
ovarian cancer growth and promote proliferation in the omental metastatic niche.
Obesity is associated with chronic inflammation of adipose tissue, including
recruitment and polarization of M1 macrophages (319), as well as adipose fibrosis and
metabolic dysregulation including increased fatty acid release (306, 307, 331).
Therefore, while the generation of an inflamed microenvironment may occur as a result
of metastasizing tumour cells in ascites and the peritoneal TME, the pre-existence of

obesity-induced inflammation may promote or exacerbate these mechanisms.

157



Chapter 5

Chapter 5. An Inflammatory Adipose Environment Reduces Ovarian Cancer
Response to Cisplatin Therapy

5.1 Introduction

Development of resistance to chemotherapy is a major challenge facing the treatment
of ovarian cancer in the clinic. The majority of patients (~70-80%) respond well to
standard treatment with platinum- and taxane-based therapy, alongside cytoreductive
surgery (332). However, ~50-70% of ovarian cancer patients experience recurrence
associated with the development of resistance to chemotherapy (333). Adipocytes
have been implicated in regulating epithelial ovarian cancer (EOC) response to
therapy and it has been previously been shown that inhibition of fatty acid uptake by
fatty acid binding protein 4 (FABP4) in ovarian cancer cells can increase sensitivity to
carboplatin therapy (144). It was demonstrated in Chapter 3 that adipocytes can
reduce EOC response to paclitaxel therapy by promoting the epithelial-to-
mesenchymal transition (EMT), inducing a more aggressive and less chemosensitive

phenotype in OVCAR-3 cells.

Mechanisms of bi-directional signalling by which adipocytes might promote resistance
to therapy in ovarian cancer have not been thoroughly elucidated. Previous work has
shown that interleukin-6 (IL-6) and interleukin 8 (IL-8) can promote EOC homing to the
adipocyte-rich omentum (107) and it was demonstrated in Chapter 4 that inflammation
of adipocytes, which promotes EOC growth, induced the release of IL-6 and IL-8. The
IL-6/IL-6R pathway has been implicated in therapeutic resistance in ovarian cancer
and inhibition of IL-6 signalling with anti-IL6R antibody can sensitize EOC cell lines to
carboplatin treatment (334). IL-6 secretion has been also shown to be higher in ovarian

cancer cells following the development of chemoresistance (335). Similarly, IL-8 has
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been associated with EOC response to therapy and immunohistochemical analysis of
ovarian metastatic tumours demonstrated IL-8 is associated with poor survival
following treatment (336). Knockdown of IL-8 can increase sensitivity to platinum
therapy while overexpression of IL-8 can confer therapeutic resistance in EOC cells in
vitro (109, 337). IL-6 and IL-8 have also been shown to upregulate JAK/STAT
signalling, a pathway with well described rolls in cancer cell proliferation and survival

(103), as well as lipid metabolism (338).

EOC cells can sequester fatty acids from adipocytes, as shown in Chapter 4.
Adipocyte-derived lipids and tumour fatty acid metabolism have been associated with
resistance to chemotherapy in a number of cancers (339). In pancreatic cancer, for
example, increased fatty acid synthesis in tumour cells is associated with poor
response to gemcitabine therapy, which can be improved by inhibition of fatty acid
synthase activity (340). In ovarian cancer, cisplatin-resistant cells demonstrate
increased fatty acid uptake which may act to overcome therapy-induced oxidative
stress (163, 341). As noted above, inhibition of fatty acid uptake into EOC cells can

increase sensitivity to platinum therapy (144, 163).

A role for lipid metabolism in chemoresistance links response to therapy to metabolic
diseases such as obesity (342). As explored in Chapter 4, obesity increases adipose
secretion of free fatty acids and leads to widespread dysregulation of adipose
metabolism. Obesity is associated with a poor response to therapy in breast cancer
(46, 343) and it has been suggested that obesity-induced hypoxia can prevent drug
distribution with adipose-associated tumours (339). It has been hypothesized that
reduced membrane fluidity, a result of an increase of saturated fatty acids chains in
membrane lipids, can reduce uptake of cytotoxic drugs into cancer cells as a result of
altered lipid metabolism in obesity (342).
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Observations in Chapter 4 suggest that adipocytes can promote ovarian cancer growth

via provision of free fatty acids and an inflamed adipose microenvironment can

exacerbate these effects. As such, this study sought to elucidate adipose-derived

signalling regulating this phenomenon and identify downstream effects which could

regulate adipose — tumour interactions. Given the association previously described

between fatty acid metabolism and cancer cell response to therapy, this study

explored the impact of adipocyte inflammation on EOC response to therapy.

5.2 Hypotheses and Aims

Hypotheses tested in this chapter were as follows:

Pro-cancer effects of inflamed adipocytes are the result of bi-directional
signalling between cancer cell and adipocyte compartments in co-culture.
Adipocyte-derived IL-6 and IL-8 regulate ovarian cancer response to an
inflamed adipose microenvironment.

Inflamed adipocytes protect ovarian cancer cells from cisplatin therapy in co-
culture.

STATS3 regulates ovarian cancer response to cisplatin therapy in co-culture with

adipocytes.

As such, the aims of this chapter were as follows:

Explore changes in the secretion and expression of signalling molecules in
cancer and adipocyte compartments in co-culture.

Investigate the role IL-6 and IL-8 in adipocyte-induced changes in cancer
activity including changes in proliferation and fatty acid uptake.

Validate in vitro findings using patient samples.

160



Chapter 5

e Explore the impact of adipocyte co-culture on ovarian cancer response to
cisplatin therapy.
e Explore the role of STAT3 in adipocyte — EOC interactions via STAT3

knockdown.

5.3 Materials and Methods

The materials and methods used in this Chapter are described in detail in Section
2.12. Briefly, co-cultures incorporating EOC cell line spheroids with control (untreated)
adipocytes and inflamed (125ng/ml TNFa treated) adipocytes. Changes in cell-cell
signalling were explored with Luminex assay and Q-RT-PCR and analytes were
identified which were upregulated in control and inflamed adipocyte co-cultures. The
impact of IL-6 and IL-8 on EOC activity was investigated using exogenous treatment
with recombinant IL-6 and IL-8, as well as inhibitory antibodies for IL-6 receptor (IL-
6R) and IL-8. Interplay between IL-6 and IL-8 signalling and fatty acid uptake in SKOV-
3 cells was investigated using combination treatment with recombinant cytokines and
the fatty acid oleic acid or fluorescent fatty acid BODIPY 500/510 Ci1 Ci2. Levels of IL-
6 and IL-8 in patient serum were evaluated via ELISA. In order to study the impact of
adipocyte co-culture on EOC response to chemotherapy, SKOV-3 cells in co-culture
were treated with IC50 for cisplatin. The role of STAT3 in EOC response to therapy

was investigated via transfection with silencing RNA (SiRNA) for STAT3.
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5.4 Cytokine Signalling in Adipocyte — Ovarian Cancer Co-Culture

As demonstrated in Chapter 4, signalling between adipocyte and cancer
compartments in co-culture is required to evoke a pro-cancer response in adipocytes
(Figure 4.13). To explore the nature of this signalling, changes in cytokines and other
signalling molecules in co-cultures were assessed via Luminex assay (Figure. 5.1).
Ovarian cancer cell line spheroids were co-cultured with adipocytes for 72 hours, as
previously described, and media collected. Concentration of signalling molecules in
ovarian cancer cell lines in co-culture with control and inflamed adipocytes was
guantified and compared to EOC and adipocyte monocultures. Of note were analytes
which were significantly more and less abundant in co-cultures than monocultures.
Adiponectin was substantially decreased in co-cultures with EOC cell lines compared
to control and inflamed adipocyte monocultures, suggesting further de-differentiation
as noted in Chapter 4. CXCL10 was increased in co-culture with inflamed adipocytes
relative to inflamed adipocytes alone, but no expression was apparent in control
adipocyte co-cultures. IL-2 was significantly down-regulated in co-culture with control
adipocytes, but no difference was found in inflamed co-cultures. VEGF was
downregulated in co-cultures relative to their adipocyte monoculture counterparts.
Most notably, IL-6 and IL-8 were upregulated in co-cultures with both control and
inflamed adipocytes, suggesting they may be important regulators of adipocyte —

ovarian cancer interactions in both healthy and inflamed adipose microenvironment.
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Figure 5.1 Concentration of Signalling Molecules in Co-Culture. Concentration of Analytes in Media
in Adipocyte — EOC co-cultures was quantified by Luminex Assay and compared to monoculture
counterparts. Significance noted where appropriate. Bar blots show mean +SD, n=3, *p<0.05,
**p<0.001, ***p<0.0001, ****p<0.00001 (One-way ANOVA with Tukey’s multiple comparisons test).

Fold change in analyte concentration was calculated in co-cultures relative to
monocultures (co-cultures of EOC cell lines with control adipocytes were compared to
control adipocyte monoculture and co-cultures of EOC with inflamed adipocytes
compared to inflamed adipocytes) (Figure 5.1) and heat maps were generated (Figure
5.2). As noted previously, IL-6 concentration was significantly increased in media from
control and inflamed co-cultures, with the exception of inflamed adipocytes co-cultured
with CAOV-3 spheroids. IL-8 concentration was significantly increased in all co-

cultures. No secreted IL-6 or IL-8 was found in media from EOC cell line monocultures.
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Figure 5.2 Fold Change of Signalling Molecules in Co-Culture. Summary of data in Figure 5.1. Log>
fold change in analyte concentration in co-culture media was calculated for EOC cell line spheroids in
co-culture with control adipocyte relative to control adipocytes only (left), and for EOC spheroids in co-

culture with inflamed adipocyte relative to inflamed adipocytes only (right).

In order to establish which cells in co-culture were responsible for increases in IL-6
and IL-8, Q-RT-PCR was performed on EOC spheroids and adipocytes following 72
hours of co-culture. IL-6 expression was significantly increased in control adipocytes
and inflamed adipocytes following co-culture with EOC spheroids, excluding inflamed
adipocytes in co-culture with CAOV-3 (Figure 5.3). No expression of IL-6 was detected

in EOC spheroids in any culture system.
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Figure 5.3 IL-6 Expression in Adipocytes in Co-Culture. Expression of IL-6 in adipocytes in co-
culture was explored via Q-RT-PCR. Fold change in gene expression is shown relative to control
adipocytes in monoculture. Bar blots show mean +SD, n=3, *p<0.05 (One-way ANOVA with Tukey’s

multiple comparisons test).

Similarly, IL-8 (encoded by CXCL8) expression was significantly increased in control
adipocytes and inflamed adipocytes following co-culture with EOC spheroids. (Figure

5.4). No expression of CXCL8 was detected in EOC spheroids.
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Figure 5.4 IL-8 Expression in Adipocytes Co-Culture. Expression of CXCL8 (encoding IL-8) in
adipocytes in co-culture was explored via Q-RT-PCR. Fold change in gene expression is shown relative
to control adipocytes in monoculture. Bar blots show mean +SD, n=3, *p<0.05, **p<0.001, ***p<0.0001

(One-way ANOVA with Tukey’s multiple comparisons test).

It was demonstrated in Chapter 4 that adipocyte or inflamed adipocyte conditioned
media (CM) alone was not sufficient to induce an increase in cancer cell proliferation
(Figure 4.2). Therefore, it was hypothesized that cancer-secreted factors are required
to induce a pro-cancer effect in adipocytes. To test this hypothesis, CM was collected
from EOC spheroids and used to treat adipocytes in monolayer culture for 24 hours.
A shorter treatment time was chosen relative to co-culture as the half-life of cytokines
such as TNFa is short (<24 hours) and therefore changes in gene expression in
adipocytes may be transient compared to that seen in co-culture, where signalling
between cell types is persistent. The expression of IL6 and IL8 in adipocytes following

treatment with EOC cell line CM was assessed via Q-RT-PCR and found to be
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significantly increased (Figure 5.5). This suggests that EOC cells are able to induce a

pro-cancer, inflammatory phenotype in adipocytes.
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Figure 5.5 L6 and CXCL8 Expression Adipocytes Following EOC Conditioned Media Treatment.

Expression of IL6 and CXCL8 (encoding IL-8) in adipocytes following 24 hours treatment with ovarian
cancer cell line spheroid CM was assessed by Q-RT-PCR. Fold change in gene expression is shown
relative to untreated adipocytes. Bar blots show mean +SD, n=3, *p<0.05, **p<0.001, ***p<0.0001
(One-way ANOVA with Tukey’s multiple comparisons test).

It was noted that adiponectin concentration decreased in co-cultures with EOC cell
lines relative to adipocyte monocultures (Figures 5.1, 5.2). It was therefore
hypothesized that ovarian cancer cells can induce de-differentiation similar to that
seen in inflamed adipocytes (Figure 4.9). To test this hypothesis, expression of
ADIPOQ (encoding adiponectin) and LPL (lipoprotein lipase), markers for a mature
adipocyte phenotype, was assessed in adipocytes following co-culture via Q-RT-PCR
(Figure 5.6). Adiponectin and LPL were both significantly decreased in adipocytes
following co-culture with SKOV-3 and CAQV-3 spheroids, indicating that ovarian

cancer cells induce significant changes in adipocyte phenotype.

170



Chapter 5

ADIPOQ LPL

1.5 1.5
* % *k%

* % *
1.0 |

0.5 -

Adipocyte Monoculture
+ SKOV-3

+ OVCAR-3

+ CAOV-3

T
-

oooan

S
o
]

Fold change gene expression
(vs monoculture)

0.0- 0.0-

Figure 5.6 Adiponectin and LPL Expression Adipocytes Following Co-Culture. Expression of
ADIPOQ and LPL adipocytes following co-culture with ovarian cancer cell line spheroid. Fold change
in gene expression is shown relative to adipocytes in monoculture. Bar blots show mean +SD, n=3,
*p<0.05, **p<0.001, ***p<0.0001 (One-way ANOVA with Tukey’s multiple comparisons test).

5.5 Adipocyte-Derived IL-6 Signalling Promotes Ovarian Cancer Proliferation

It had been demonstrated that IL-6 and IL-8 are upregulated in adipocytes in response
to ovarian cancer cell signalling (Figures 5.1 — 5.5). To further explore a causal role
for IL-6 and IL-8 in adipocyte- and inflamed adipocyte-induced promotion of ovarian
cancer proliferation, IL-6 and IL-8 signalling were inhibited in co-culture using
antibodies for IL-6 receptor (anti-IL-6R) and IL-8 (anti-IL8). SKOV-3 spheroids were
treated with 100ng/ml and 2pg/ml of anti-IL-6R and anti-1L-8 respectively for 72 hours,
concurrently with co-culture with adipocytes and inflamed adipocytes, and viability
assessed via CellTiter-Glo 3D assay (Figure 5.7). Adipocyte and inflamed adipocyte
induced increase in cancer spheroid viability was observed, as previously, with the
impact of inflamed adipocytes being greater. IL-6 and IL-8 inhibition had no impact on
spheroid viability in monoculture. However, anti-IL-6R treatment of control adipocyte
co-culture significantly reduced SKOV-3 spheroid viability compared to control
adipocyte co-culture (p<0.0001), effectively negating the impact of adipocytes on
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SKOV-3 growth. Similarly, anti-IL-6R treatment reversed pro-cancer effects of
inflamed adipocytes. No effect of anti-IL-8 treatment was seen in SKOV-3 spheroids,
while combination treatment demonstrated similar impact on cancer cell viability to
anti-IL6R alone. These data suggest a role for IL-6 signalling in pro-tumour effect seen

in adipocyte — EOC co-cultures.
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Figure 5.7 Inhibition of IL-6 and IL-8 in Adipocyte — EOC Co-Culture. SKOV-3 spheroids were
treated with single inhibitor and combination anti-IL-6R and anti-IL-8 for 72 hours, concurrently with co-
culture with control or inflamed adipocytes. Viability after 72 hours measured by CellTiter-Glo 3D assay.
Viability given relative to untreated monoculture. Bar blots show mean +SD, n=5, ***p<0.0001,
****n<(0.00005 (One-way ANOVA with Tukey’s multiple comparisons test).

To explore a direct role of IL-6 and IL-8 in ovarian cancer proliferation, EOC cell lines
were treated with recombinant IL-6 and IL-8 at concentrations of 1ng/ml, 10ng/ml and
100ng/ml for 72 hours. While higher concentrations are above the highest quantified
in co-cultures (Figure 4.1) (~0.6ng/ml for IL-6 and ~4ng/ml for IL-8), cells in co-culture
will receive continual signalling over the period of co-culture and therefore higher bulk

concentrations were hypothesized to be required for one-off treatment. Treatment with
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recombinant IL-6 and IL-8 alone had no impact on EOC cell line spheroid viability

(Figure 5.7).
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Figure 5.8 Impact of IL-6 and IL-8 on EOC Spheroid Growth. EOC Spheroids were treated with

recombinant IL-6 and IL-8 for 72 hours, viability after 72 hours measured by CellTiter-Glo 3D assay.

Viability given relative to untreated control, significance between treatments assessed by One-way

ANOVA.

As previous experiments had shown both IL-6 and IL-8 expression had increased in

adipocyte co-culture, it was hypothesized that both IL-6 and IL-8 signalling was

required to induce increased cancer spheroid viability in the presence of adipocytes.

Therefore, SKOV-3 spheroids were treated with a combination of 100ng/ml

recombinant IL-6 and IL-8, as described above. Combination treatment had no impact
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on SKOV-3 spheroid growth and was not significantly different to IL-6 and IL-8

treatment alone (Figure 5.8).
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Figure 5.9 Impact of combination IL-6 and IL-8 treatment on EOC Spheroid Growth. EOC
Spheroids were treated with single and combination recombinant IL-6 and IL-8 for 72 hours, viability
after 72 hours measured by CellTiter-Glo 3D assay. Viability given relative to untreated control,

significance between treatments assessed by One-way ANOVA.

Inhibition of IL-6 negated pro-cancer effect of control and inflamed adipocytes in co-
culture, while IL-6 treatment alone was not sufficient to induce a proliferative effect.
These findings suggested that other adipocyte-derived factors were required to
increase ovarian cancer growth. Given the established role of free fatty acids in pro-
tumour impact of adipocytes, it was hypothesized that increased uptake of fatty acids
may play a role in observed phenomena. Therefore, the impact of the fatty acid oleic
acid on EOC proliferation was explored. Initially, the effect of oleic acid alone on
SKOV-3 spheroid growth was explored. SKOV-3 spheroids were grown for 72 hours
following treatment with a range of concentrations of oleic acid (Figure 5.10). SKOV-
3 spheroids demonstrated a dose-dependent response to oleic acid treatment,
indicating that increased availability and uptake of oleic acid can induce a proliferative

effect in EOC cells.
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Figure 5.10 Oleic Acid Treatment of SKOV-3 Spheroids. SKOV-3 spheroids were treated with oleic
for 72 hours at concentrations indicated. Viability after 72 hours measured by CellTiter-Glo 3D assay.
Viability given relative to untreated monoculture. Bar blots show mean +SD, n=5, **p<0.001,
***n<0.0001 (One-way ANOVA with Tukey’s multiple comparisons test).
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To further explore the impact of IL-6 and IL-8 treatment on fatty acid uptake in ovarian
cancer cells, the effect of anti-IL-6R and anti-IL-8 antibodies on FABP4 expression in
SKOV-3 cells in co-culture was explored. It had previously been demonstrated that co-
culture with inflamed adipocytes significantly increases expression of the fatty acid
chaperone protein FABP4 in EOC cell lines (Figure 4.17). Therefore, the impact of
interleukin inhibition on FABP4 expression in SKOV-3 spheroids in co-culture with
inflamed adipocytes was investigated. SKOV-3 spheroids were co-cultured with
inflamed adipocytes for 72 hours and concurrently treated with anti-IL6R and anti-1L8,
as well as a combination of both inhibitory antibodies, and the effect on FABP4
expression assessed via Q-RT-PCR (Figure 5.11). Anti-IL-6R and combination
treatment reduced FABP4 expression relative to untreated SKOV-3 cells in inflamed
adipocyte co-culture, while anti-IL8 had no significant impact relative to untreated

inflamed adipocyte co-culture.
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Figure 5.11 Impact of Inhibition of IL-6 and IL-8 on FABP4 Expression in SKOV-3 cells. SKOV-3

spheroids were treated with anti-IL-6R and anti-IL-8 concurrently with co-culture with inflamed
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adipocytes for 72 hours before gene expression was assessed via Q-RT-PCR. Bar blots show mean
+SD, n=5, ***p<0.0001, ****p<0.00001 (One-way ANOVA with Tukey’s multiple comparisons test).

As both IL-6 and IL-8 promote fatty acid uptake in ovarian cancer cells, it was
hypothesized that adipocyte-derived interleukin signalling, and fatty acid release may
be responsible for pro-cancer effects observed. To test this hypothesis, SKOV-3
spheroids were treated with combination 1uM oleic acid alongside 100ng/ml
recombinant IL-6 and IL-8 for 72 and viability assessed (Figure 5.12). Oleic acid
treatment increased SKOV-3 spheroid growth, as previously seen (Figure 5.10).
However, combination of oleic acid and IL-6 further increased spheroid growth relative
to oleic acid or IL-6 only (p<0.001 and p<0.00001), indicating that increased fatty acid
uptake, resulting from IL-6 signalling, can increase cancer cell proliferation.
Combination treatment of IL-8 and oleic acid had no impact on SKOV-3 growth relative

to oleic acid only.
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Figure 5.12 Treatment of SKOV-3 Spheroids with Oleic Acid, IL-6 and IL-8. SKOV-3 spheroids were
treated with combinations of IL-6 and IL-8 for 72 hours Viability assessed via CellTiter-Glo 3D assay.
Bar blots show mean +SD, n=3, **p<0.001, ****p<0.00001 (One-way ANOVA with Tukey’s multiple

comparisons test).
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5.6 Inflamed Adipocytes Reduce Ovarian Cancer Cell Response to Cisplatin
Therapy

In order to validate observations made in in vitro models, levels of cytokines in ovarian
cancer patient serum were assessed. Patient samples used in this study are detailed
in Chapter 2 (n=45). No differences in cytokine levels were detected between patients

diagnosed with different stages of ovarian cancer (Figure 5.13).
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Figure 5.13 Cytokine Concentration in Ovarian Cancer Patient Serum by Stage. Ovarian cancer
patients were grouped by stage of disease and serum levels of cytokines were assessed by ELISA

Data points indicate cytokine levels for individual patients, significance assessed by One-way ANOVA.
n=45

While no difference in cytokine levels were observed in patients with different stages
of disease, patients were also grouped based on their sensitivity to platinum therapy
(n=43). Adipocytes have been previously been shown to play a role in EOC response

to therapy (144), a major clinical challenge in the treatment of ovarian cancer and
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therefore a role for interleukin signalling was explored. IL-6 and IL-8 were not found to

be significantly increased in patients demonstrating partial or complete resistance to

therapy, however some resistant patients displayed high levels of IL-6 and IL-8 (Figure
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Figure 5.14 Cytokine Concentration in Ovarian Cancer Patient Serum by Platinum Sensitivity.

Ovarian cancer patients were grouped by sensitivity to platinum therapy and serum levels of cytokines

were assessed by ELISA. Data points indicate cytokine levels for individual patients. Differences

between means assessed via Mann-Whitney test, n=43).
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A role for adipocyte inflammation in EOC response to cisplatin therapy was then
explored. Initially, half maximal inhibitory concentration (ICso) of Cisplatin for SKOV-3
cells in monolayer and spheroid culture was established by treatment with a range of
concentrations of cisplatin for 72 hours (Figure 5.15a). ICsos were calculated by
nonlinear regression fit (Figure 5.15b). Cisplatin ICso for SKOV-3 cells in 2D monolayer

and 3D spheroid culture were calculated to be 1.266uM and 19.57uM respectively.
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Figure 5.15 Calculation of Cisplatin ICso for SKOV-3 Cells. SKOV-3 cells in 2D monolayer and 3D

spheroid culture were treated with a range of concentrations of Cisplatin for 72 hours (a). ICso was
calculated by nonlinear regression (b).
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SKOV-3 cells were then co-cultured with adipocytes and inflamed adipocytes, as well
as in monoculture, for 24 hours, prior to treatment with cisplatin 1Cso for 48 hours with
co-culture ongoing. Viability after 72 hours of co-culture (48 hours of cisplatin
treatment) was measured (Figure 5.16a, b). SKOV-3 cells in co-culture with inflamed
adipocytes displayed significantly higher viability compared to both monoculture and
control adipocyte co-culture. Changes in cell survival in cisplatin treated cultures
relative to untreated cultures were calculated as % survival to establish the
chemoprotective effect of adipocyte co-culture (Figure 5.16c¢, d). In monolayer and
spheroid culture, inflamed adipocytes demonstrated a significant chemoprotective
effect when compared to control adipocyte co-culture and monoculture. In SKOV-3
spheroids, control adipocytes also induced a significant chemoprotective effect when

compared to monoculture.
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Figure 5.16 Cisplatin Treatment of SKOV-3 Cells in Co-Culture. SKOV-3 cells in 2D monolayer (a)
and 3D spheroid culture (b) in adipocyte co-culture were treated with IC50 Cisplatin for 48 hours. %
survival in cisplatin treated cultures was calculated relative to untreated cultures (c,d). Bar blots show

mean +SD, n=5, *p<0.05, **p<0.001, **p<0.0001, ****p<0.00001 (One-way ANOVA with Tukey’s
multiple comparisons test).

5.7 STAT3 Regulates Ovarian Cancer Response to Cisplatin Therapy

Given the observed chemoprotective effect of inflamed adipocytes on EOC cells and
the potential role of IL-6 and IL-8 in pro-cancer signalling from inflamed adipocytes,
potential downstream effects of IL-6 and IL-8 signalling were explored. IL-6 and IL-8

have both been shown to promote the expression of STAT3, a transcription factor with
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roles in regulating cancer cell proliferation, fatty acid metabolism and response to
therapy (338). Initially the impact of treatment of SKOV-3 cells with IL-6 and IL-8 for
24 hours on STAT3 expression was assessed by Q-RT-PCR (Figure 5.17). STAT3
expression in SKOV-3 cells demonstrated dose-dependent increases upon treatment

with both IL-6 and IL-8.
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Figure 5.17 STAT3 Expression in IL-6 and IL-8-Treated SKOV-3. SKOV-3 cells were treated with IL-
6 and IL-8 24 hours before gene expression was assessed via Q-RT-PCR. Bar blots show mean +SD,
n=3, *p<0.05, **p<0.001, ***p<0.0001 (One-way ANOVA with Tukey’s multiple comparisons test).

Next, the expression of STAT3 in EOC spheroids in adipocyte co-culture was
investigated. EOC cells and adipocytes were co-cultured for 72 hours as described
above, and STAT3 expression assessed by Q-RT-PCR (Figure 5.18). Both control and
inflamed adipocytes significantly increased STAT3 expression in EOC cell lines, while
in OVCAR-3 STATS3 expression was significantly increased in inflamed adipocyte co-

culture relative to culture with control adipocytes.
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Figure 5.18 STAT3 Expression in EOC Spheroids in Co-Culture. EOC cell lines were co-cultured

with control and inflamed adipocytes before gene expression was assessed via Q-RT-PCR. Bar blots
show mean +SD, n=3, *p<0.01, **p<0.001, ***p<0.0001 (One-way ANOVA with Tukey’s multiple

comparisons test).

STATS is a transcription factor and is activated by phosphorylation, typically at tyrosine

residue 705 (Tyr 705). As such, activation of STAT3 by Tyr 705 phosphorylation

following co-culture was investigated by immunoblotting (Figure 5.19). Levels of

phosphorylated STAT3 were significantly increased in SKOV-3 following co-culture

with inflamed adipocytes relative to control adipocytes (p<0.05) and SKOV-3

spheroids in monoculture (p<0.001). Levels of total STAT3 remained the same in

SKOV-3 cells in all culture systems.
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Figure 5.19 Phosphorylation of STAT3 in EOC Spheroids in Co-Culture. EOC cell lines were co-
cultured with control and inflamed adipocytes and phosphorylation of STAT3 was assessed via
immunoblotting (Representative blot, left and quantification normalised to GAPDH, right). Bar blots
show mean +SD, n=3, *p<0.05, **p<0.001, (One-way ANOVA with Tukey’s multiple comparisons test).

A dramatic difference in 1ICso between SKOV-3 cells grown in monolayer and spheroid
culture had previously been observed (Figure 5.14). STAT3 expression in 2D and 3D
cultures was therefore explored as a possible factor in this different response. SKOV-

3 cells grown in spheroid culture showed a significantly higher expression of STAT3

than those grown in monolayer (p<0.05) (Figure 5.20).

Fold change STAT3 expression
(vs 2D monolayer)

Figure 5.20 STAT3 expression in SKOV-3 Cells in 2D and 3D Culture. SKOV-3 cells were grown in
2D monolayer and 3D spheroid culture for 72 hours before assessment of STAT3 expression by Q-RT-
PCR. STAT3 expression calculated relative to 2D monolayer Bar blots show mean +SD, n=3, *p<0.05,

(Student’s t-test).
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The role of IL-6 and IL-8 in inflamed adipocyte-induced changes in STAT3 expression
were then explored via inhibition of IL-6 and IL-8 signalling by neutralizing antibodies.
SKOV-3 spheroids in co-culture with inflamed adipocytes were treated with anti-IL-6R
and anti-IL8 as described above and STAT3 expression assessed by Q-RT-PCR
(Figure 5.21). Inhibition of IL-6 signalling significantly reduced STAT3 expression in
SKOV-3 cells in co-culture with inflamed adipocytes relative to untreated cells in co-
culture (p<0.05). Anti-IL-8 had no impact on STAT3 expression in SKOV-3 cells in co-
culture with inflamed adipocytes, while combination treatment with both antibodies
produced similar effects to those seen with IL-6 only. These data suggest that
adipocyte-derived IL-6 signalling plays an important role in regulating STAT3

expression in ovarian cancer cells.
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Figure 5.21 STAT3 expression in SKOV-3 Cells Following IL-6 and IL-8 Inhibition. SKOV-3 cells
were grown co-culture with inflamed adipocytes and treated with anti-IL-6R and anti-IL8 antibodies
before assessment of STAT3 expression by Q-RT-PCR. Relative STAT3 expression calculated relative
to untreated monoculture. Bar blots show mean +SD, n=3, *p<0.05, **p<0.005, One-way ANOVA with

Tukey’s multiple comparisons test).
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Finally, the role of STAT3 in regulating EOC response to cisplatin therapy was
investigated by silencing STAT3 expression in co-culture with siRNA. Initially, STAT3
silencing by siRNA was validated by Q-RT-PCR (Figure 5.22). SKOV-3 cells in
monolayer and spheroid culture were treated with STAT3 siRNA for 24 hours and
displayed significant reduction in STAT3 expression, approximately 25% of cells
treated with control siRNA. This was deemed to be sufficient reduction in STAT3

expression to invoke a significant reduction in STAT3 activity in SKOV-3 cells.
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Figure 5.22 STAT3 Knockdown in SKOV-3 by siRNA. SKOV-3 cells were treated for 24 hours with
control siRNA and STAT3 siRNA and STAT3 expression assessed by Q-RT-PCR. Relative STAT3
expression calculated relative to control siRNA. Bar blots show mean +SD, n=3, ***p<0.0001,
****n<(0.00001, (Student’s t-test).

STAT3 expression was then knocked down in SKOV-3 cells in co-culture with control
and inflamed adipocytes and in monoculture. STAT3 expression was knocked down
24 hours prior to the start of co-culture, and cells were re-treated with sSiRNA every 24
hours to ensure knockdown was persistent. As described above, SKOV-3 cells were

co-cultured for 24 hours before treatment for 48 hours with cisplatin alongside co-
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culture. Survival following was calculated relative to untreated cultures (% survival,
Figure. 5.23). STAT3 knockdown had no impact on cancer cell survival in monoculture.
However, in co-culture with control adipocytes and inflamed adipocytes, STAT3
knockdown significantly reduced survival from cisplatin treatment in 2D and 3D

cultures, suggesting STAT3 plays a vital role in adipocyte-induced protection from

platinum therapy.
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Figure 5.23 STAT3 Knockdown in SKOV-3 in Co-Culture. SKOV-3 cells were treated for 24 hours
with control siRNA and STAT3 siRNA and STAT3 expression assessed by Q-RT-PCR. Relative STAT3
expression calculated relative to control siRNA. Bar blots show mean +SD, n=3, **p<0.001,

****n<(0.00015, (Student’s t-test).
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5.8 Discussion

Previous work has shown that IL-6 and IL-8 are increased in ovarian cancer co-culture
with adipocytes and inhibition of IL-6 and IL-8 signalling can prevent ovarian cancer
homing to the omentum in a mouse model (107). Here, Luminex assay revealed
significant increases in IL-6 and IL-8 in culture media in adipocyte — EOC co-culture
compared to adipocytes alone (Figures 5.1, 5.2). No IL-6 or IL-8 secretion was
apparent in EOC cell line monoculture, while Q-RT-PCR assessment revealed
increased expression of IL-6 and IL-8 in co-cultured adipocytes but no detectable
levels of expression in EOC spheroids. Taken together these data suggest that
increases in IL-6 and IL-8 expression is increased in adipocytes in response to ovarian

cancer.

IL-6 and IL-8 can both act via autocrine and paracrine signalling and multiple sources
for these cytokines in the TME have been identified including tumour cells,
macrophages, fibroblasts and adipocytes (337, 344, 345, 346). Wang et al (344)
demonstrated IL-6 secretion in SKOV-3 and CAOV-3 via ELISA at concentrations of
2 x 102 — 16 x 103pg/ml, while here no cytokine was detected. No clear explanation for
disparities in results is apparent, however, as IL-6 levels were very high in inflamed
adipocytes (5 x 10* pg/ml), samples were heavily diluted prior to assessment by
Luminex in order for concentrations to fit within the range of standards, which may
have masked lower levels of IL-6 levels in EOC monoculture. In light of previous work,
autocrine IL-6 signalling by tumour cannot be excluded as a contributor to cytokine
signalling between EOC cells and adipocytes, however these data suggest that
contribution of adipocytes is substantially greater. Similarly, the same authors (337)

demonstrated IL-8 secretion by SKOV-3 and CAOV-3, which is also reported here but
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at negligible levels compared to that of adipocytes. These data support a model in
which paracrine signalling from adipocytes, rather than autocrine signalling between
tumour cells, is the major component of IL-6 and IL-8 concentration in the ovarian

TME.

Secretion of IL-6 and IL-8 was significantly higher in inflamed adipocytes than control
adipocytes, with inflamed adipocytes releasing ~100-fold greater concentration. Both
IL-6 and IL-8 concentration was significantly increased upon co-culture with EOC cell
lines compared to inflamed adipocytes only, and expression of cytokine encoding
genes was also increased. It can be concluded that any downstream impact of
adipocyte-derived IL-6 and IL-8 signalling will be increased and exacerbated by an

inflamed adipose microenvironment.

In Chapter 4, adiponectin concentration was shown to be decreased in inflamed
adipocytes, and inflamed adipocytes demonstrated multiple signs of loss of mature
adipocyte phenotype (de-differentiation). In this study, adiponectin was significantly
decreased in control adipocyte co-culture with cancer cells (Figures 5.1, 5.2 5.6). This
suggests that cancer cells alone are sufficient to induce changes in adipocytes similar
to those seen upon inflammation, including loss of adipocyte phenotype. Furthermore,
co-culture with EOC cells, and treatment with ovarian cancer cell conditioned media,
invoked an inflammatory response similar to that seen by treatment with TNFa
including increased expression and release of IL-6 and IL-8. These data further
suggest that ovarian cancer cells can promote an inflammatory adipose environment
with significant pro-cancer metabolic and cytokine secretion profile. Obesity, which is
characterized by a state of chronic, low-grade inflammation of adipose tissue, may

therefore act to promote ovarian cancer growth and metastasis by ‘pre-treatment’ of
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adipose metastatic niche with inflammatory cytokines to pre-empt and compound

cancer induced inflammation.

A role for IL-6 signalling pathway as a causal factor in adipocyte — EOC interactions
was demonstrated using inhibitory anti-IL6R antibody in co-culture, while exogenous
treatment of EOC cell lines with IL-6 alone had no impact on cancer cell proliferation.
Associations between IL-6 and ovarian cancer prognosis in patients have been
previously described (99, 336, 345), while a role for IL-6 in direct upregulation of EOC
proliferation in vitro is less well described. One study demonstrated that inhibition of
IL-6 expression in SKOV-3 cells can reduce proliferation (105), while others have
demonstrated changes in transcription downstream of IL-6 receptor binding activates
pro-proliferation pathways (282, 347). In this study it was found that further metabolites
are required for IL-6 signalling-induced changes in cancer cell proliferation as co-
treatment with IL-6 and the fatty acid oleic acid promoted EOC proliferation where IL-
6 alone did not. IL-6 also increased uptake of fatty acids in ovarian cancer cells
(Figures 5.12) and expression of fatty acid chaperone protein FABP4. These data
support a model in which adipocyte-derived IL-6 signalling, alongside adipocyte-
derived fatty acids, drive ovarian cancer growth. While this may seem to contradict a
previous study which showed that inhibition of IL-6 expression in SKOV-3 cells can
reduce proliferation (105), this study used transfection of SKOV-3 with antisense IL-6,
drastically impacting cellular IL-6 pathway and inhibiting autocrine signalling, rather

than simulating endogenous paracrine signalling.

The role of IL-8 in adipocyte — EOC interactions based on these data is less clear.
Inhibition of IL-8 had no impact on adipocyte-induced changes in EOC proliferation
(Figure 5.9) or FABP4 expression (Figure 5.11) and co-treatment of SKOV-3
spheroids with IL-8 and oleic acid had no impact on spheroid viability compared to
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oleic acid only. Therefore, these data suggest the role of IL-8 in adipocyte-induced

changes in EOC activity are less significant than those of IL-6.

Analysis of patient serum revealed no association between stage of disease and IL-6
concentration (Figure 5.13). Previous studies have shown a correlation between IL-6
and ovarian cancer prognosis (71, 100, 345, 348). However, these studies have either
assessed IL-6 levels in ascites fluid as a prognostic factor rather than serum (71, 100)
or compared IL-6 expression at the ovarian epithelium between patients with
malignant or healthy tissue (345). Scambia and colleagues (348) did investigate serum
levels of IL-6, however they found that low levels of IL-6 predicted an improved
outcome, rather than a direct correlation between IL-6 concentration and disease

stage.

Given the association between IL-6 serum concentration and platinum sensitivity, and
the observed increase in IL-6 expression and release in inflamed adipocytes, a role
for inflamed adipose microenvironment in EOC response to cisplatin was explored.
Co-culture with adipocytes decreased EOC response to therapy, an effect further
aggravated by inflammation of adipocytes (Figure 5.16). Lipid metabolism has been
linked to drug resistance in number of malignancies (339) and it has been
hypothesized that changes in lipid content in cell membrane can inhibit drug uptake
into cancer cells (342, 349). Targeting fatty acid uptake (144) and synthesis (350) in
ovarian cancer cells can sensitize them to therapy. As such, increased fatty acid
uptake of cancer cells as a result of co-culture with inflamed adipocytes (Figure 4.15)

may impact response to therapy.

To understand mechanisms by which inflamed adipocytes and adipocyte-derived IL-6

can, potential regulatory factors downstream of IL-6 were explored. A role for IL-6 in
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regulating the JAK/STAT pathway in ovarian and other cancer is well established
(103). IL-6 binds its receptor (IL-6R), initiating intracellular signalling resulting in the
recruitment of Janus kinase (JAK) proteins via gpl130. JAK proteins mediate the
activation of STAT3 via phosphorylation, resulting in STA3 translocation to the nucleus
where it induces the transcription of a broad range of genes, including those involved
in proliferation, survival and invasion (351). Here, expression of STAT3 was increased
in SKOV-3 cells in co-culture (Figure 5.18) and, importantly, phosphorylation of STAT3
was increased, indicating greater activation (Figure 5.19). Furthermore, inhibition of
IL-6 reversed inflamed adipocyte-induced upregulation of STATS3, directly implicating
adipocyte-derived IL-6 signalling in STAT3 activity in EOC. Interestingly, STAT3
expression was significantly higher in spheroid culture than monolayer culture and
increased levels of STAT3 may play a role in decreased chemosensitivity observed in
3D culture (Figure. 5.15). Knockdown of STAT3 expression in EOC cell lines reversed
pro-cancer effects of inflamed adipocytes (Figure 5.23), indicating a regulatory role for
STAT3 in adipocyte-induced response to cisplatin therapy. Previous work suggested
that knockdown of STAT3 in SKOV-3, with similar efficiency to that seen here, can
sensitize cells to cisplatin treatment (352). However, in this work knockdown of STAT3
in untreated cells also caused increased apoptosis and therefore data suggesting cells
were sensitized may be the result of a general cytotoxic effect of SIRNA transfection.
Notably, in EOC cell lines where there was no apoptotic effect for STAT3 siRNA
transfection in untreated cells, there was also no difference in groups after cisplatin

treatment.

Notably, in addition to well described roles in cancer cell proliferation and survival,
STAT3 has also been implicated in regulation of lipid metabolism (338). STAT3

activation can upregulate expression of fatty acid transport proteins FABP4 and CD36
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(353, 354) and can increase fatty acid oxidation via upregulation of CPT1 (355). Fatty
acid oxidation can, in turn, enhance phospholipid synthesis, leading to changes in
mitochondrial membrane potential which inhibits apoptosis (356). In breast cancer,
white adipose tissue-derived IL-6 signalling has been shown to upregulate STAT3
activity in tumour cells, promoting metastasis, cancer cell stemness and reducing
response to therapy (179, 356). IL-6/STAT3 signalling may, therefore, play a central
role in regulating ovarian cancer response to adipocytes. Both IL-6 signalling and
STAT3 expression are significantly upregulated in co-culture with inflamed adipocytes,
suggesting an explanation for reduced response to therapy and further highlighting a
potential mechanism for poor outcomes observed for obese patients. Further work
should investigate molecular mechanisms potentially linking STAT3 regulation of fatty
acid metabolism to ovarian cancer cell survival and explore therapies which seek to
disrupt this signalling mechanism. These data suggest that anti-IL-6 or anti-STAT3

therapies may be more effective in patients with obesity or high adiposity.
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Chapter 6. Discussion and Conclusions

No cell is an island, and cancer cells grow and develop in the context of their
microenvironment. Non-malignant cells play an important role in all aspects of cancer
biology and targeting elements of the tumour stroma has led to the development of
novel therapies, including immunotherapy and anti-angiogenic drugs. In vitro models
which seek to recreate multiple aspects of the TME are important tools in
understanding cancer biology and developing new, effective, targeted therapies. In
this study, three-dimensional, multicellular models were devised and generated to
study interactions between ovarian cancer cells and adipocytes and elucidate the role
of adipose tissue in the development of epithelial ovarian cancer (EOC). This study
highlights the advantages and limitations of in vitro models of the tumour
microenvironment (TME). Three-dimensional tumour spheroids can provide insights
into the in vivo environment and enable aspects of cancer biology not recreated in two-
dimensional models. For example, adipocytes induced epithelial-to-mesenchymal
transition in OVCAR-3 spheroids but not monolayer populations, potentially due to
increased cellular heterogeneity and plasticity in spheroid populations (Section 3.6).
Transwell co-culture enables cell compartments to be individually manipulated, for
example inflammation of adipocytes prior to co-culture enabled the development of an
inflamed phenotype (Section 4.6). The separation of cellular compartments in
transwell co-culture also allows for separate analysis to pinpoint, for example, sources
of cytokine secretion by gene expression analysis (Section 5.5). Conversely, in vitro
co-cultures cannot recapitulate systemic phenomena. Obesity, for example, impacts
adipose tissue including adipocytes, fibroblasts, macrophages and other immune

cells, and also impacts organism-wide hormone signalling, cytokine levels,
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metabolism (168). Obesity is also associated with multiple co-morbidities including
insulin resistance, high blood pressure, hyperlipidaemia and high blood sugar levels
(195). Such systemic effects will have important implications for the development of

cancer and rates of cancer mortality.

Adipose tissue plays an important role in the development of multiple cancers (45). A
major role of adipose tissue is a deposit and source of cellular energy, typically in the
form of triacylglycerides. Fat, therefore, is a potential source of energy and metabolites
required by cancer cells to power rapid proliferation and enable phenotypic changes
to drive metastasis and resistance to therapy. In this study, omentum-derived
exosomes were shown to promote ovarian cancer proliferation and reduce response
to therapy (Section 3.8) and next generation sequencing of exosomal miRNAs
revealed high overlap in miRNAs in exosomes derived from omental tissue of patients
with ovarian cancer and patients without malignant disease (Section 3.9). Pathways
analysis revealed omentum-derived exosomes regulate signalling networks related
not only to ovarian cancer but also breast cancer, endometrial cancer, bladder cancer
and prostate cancer. This work may, therefore, have implications outside of the
ovarian metastatic TME and suggests a role for adipose tissue in generating a pro-
cancer environment prior to tumorigenesis or metastasis via secretion of exosomes.
A role for adipocyte-derived exosomes in generating a pro-metastatic niche has been
suggested in breast cancer (261, 357) and prostate cancer (358) and this study
supports such hypotheses. These data are particularly relevant to cancers which
metastasize to the omentum, such as colorectal, pancreatic and endometrial, as
omentum adipose tissue produced pro-tumorigenic exosomes in the absence of

ovarian cancer.
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Similarly, risk and mortality for numerous cancers is associated with obesity (191).
Characterized by a state of chronic, low-grade inflammation, obesity may contribute
to cancer in part by dysregulation of adipocyte lipid metabolism. In this study,
inflammation of adipocytes induced lipolysis, resulting in the release of fatty acids and
loss of mature adipocyte phenotype (Section 4.4). Cancer cells in multiple
malignancies are metabolically reprogrammed to favour, and rely on, fatty acid 3
oxidation for energy production (159). These data, therefore, suggest a link between
obesity and onset of pro-cancer metabolism in adipocytes. Here, co-culture with
inflamed adipocytes induced ovarian cancer cell proliferation, however future work
incorporating cells from other obesity-related cancers may reveal a more general pro-

cancer role for adipocyte inflammation.

This study demonstrates multiple mechanisms by which adipose tissue and
adipocytes might impact ovarian cancer development (Figure 6.1). Omental adipose-
derived exosomes can induce EMT in EOC cells, increasing their invasive capacity
and reducing response to paclitaxel (Section 3.8). Transfection with miRNAs abundant
in exosomes can similarly reduce response to chemotherapy (Section 3.9). Given the
broad range of roles for exosomes, targeting exosome signalling as a form of
therapeutic intervention has received little attention. However, given that cancer cells
readily take up exosomes from the TME, exosome-facilitated drug delivery has been
proposed as a mechanism for targeting EOC (359, 360). Understanding targeting
mechanisms and lipid composition of adipose-derived exosomes could aid in
generating exosome-loaded cancer targeted therapies. Given the lack of reliable
markers for ovarian cancer, exosomes, and profiles of exosome miRNAs, have also

been proposed as markers for ovarian cancer development (360).
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Figure 6.1 Study Summary. Adipocytes promote ovarian cancer growth and progression. Adipocyte-
derived exosome signalling induces EMT, invasion and resistance to therapy in ovarian cancer cells
through miRNA transfer. Inflammation of adipocytes with TNFa induces lipolysis and de-differentiation,
resulting in secretion of free fatty acids and IL-6 and IL-8. Fatty acid uptake via FABP4 is increased in
ovarian cancer cells and promoted by IL-6 signalling, resulting in increased cancer cell proliferation.
Inflamed adipocytes increase EOC proliferation by increased fatty acid 8 oxidation via CPT1. Adipocyte-
derived IL-6 signalling induced STAT3 activation, resulting in reduced response to cisplatin therapy.

Created with BioRender.com.

Inflamed adipocytes were shown to promote EOC proliferation through increased
transfer of free fatty acids and downstream effects of IL-6 signalling (Sections 4.6, 5.6).
In line with previous studies, a pro-cancer effect of adipocytes was demonstrated (107,
143), however this effect was increased upon adipocyte inflammation. This suggests
an important role for the inflammatory microenvironment in adipocyte-cancer
interactions and demonstrates the importance of incorporating multiple elements of

the TME into in vitro models of cancer. Multiple strategies have been proposed to
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target fatty acid metabolism for anti-cancer drugs (159). Many such drugs target de
novo fatty acid synthesis, which was not shown to be increased in cancer cells here.
Inhibition of acetyl-CoA synthesis has been suggested as a mechanism to target
bladder cancer cells over reliance on fatty acid oxidation for energy production, and
may also act to overcome cisplatin resistance (361). Etomoxir, used here to inhibit
fatty acid oxidation through CPT1, is not FDA approved due to severe off target effects,
but increased prominence of tools for targeted therapy may overcome such limitations
(313). Drugs targeting dysregulated metabolism may work in concert with established
chemotherapy to inhibit tumour-stroma interactions, particularly the impact of

adipocytes, and increase sensitization to therapy.

IL-6 signalling has long been recognised as a crucial element of EOC biology and has
been proposed as a prognostic factor (345). In line with previous studies, it was shown
that adipocyte-derived IL-6 impacts EOC activity (107). IL-6 was shown to induce
expression and activation of STAT3, which regulates EOC response to therapy.
STAT3 activity is particularly notable in this case as the wide-acting transcription factor
may play a role in cancer cell proliferation and chemoresistance but can also regulate
lipid metabolism and fatty acid uptake (338). STAT3 may therefore act as a central
regulator in EOC response to adipocytes via adipocyte-derived IL-6 signalling. Due to
its almost ubiquitous action as a transcription factor, STAT3 has been considered
undruggable due to inevitable off target effects. Targeting upstream signalling, in this
case IL-6, may therefore enable suppression of STAT3 activity and multiple drugs
targeting IL-6, its receptor and downstream JAK activity have been developed (351),
while targeting STAT3 modulation of lipid metabolism with plant-derived

phytochemicals may inhibit therapeutic resistance (362).
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6.1 Study Limitations

There are a number of limitations to this study which could be addressed in future
work. Transwell co-cultures used here incorporated adipose-derived stem cell
(ADSC)-derived adipocytes, which were morphologically and phenotypically distinct
from omental adipocytes. Even between white adipose tissues there exists substantial
diversity in gene expression (173), and the characterisation of adipocytes generated
in this study is not clear. Phenotypic profiling of ADSC-derived adipocytes would
provide important information regarding the applicability of findings to different
adipocytes, particularly expression of mitochondrial uncoupling protein 1 (UCP1),
associated with brown adipocytes which are, similar to ADSC-derived adipocytes,
multilocular (169). In vitro models using omental adipocytes would provide tissue-
specific information regarding the response of adipocytes to inflammation and EOC
activity. Furthermore, the contribution of immune cells in the adipose
microenvironment to inflammation and response to cancer cell signalling is
considerable (83, 108, 115) and multicellular models incorporating further cell types

would better recapitulate the in vivo environment.

6.2 Future Research

This study identifies adipocyte-derived IL-6 signalling as driving EOC response to
therapy via STAT3 activation and upregulation. However, downstream mechanisms
and signalling are not elucidated. RNA sequencing could provide insights into

networks upregulated in cancer cells in co-culture and reveal mechanisms through
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which STAT3 modulation might impact proliferation and cisplatin resistance, for
example via regulation of lipid metabolism and apoptosis inhibition. Similarly, a wider
understanding of changes in gene expression in adipocytes following inflammation
and in co-culture would provide information regarding changes in phenotype and
metabolic reprogramming, as would lipidomic analysis of lipid species secreted.
Technologies which assess changes in cellular metabolism, for example Seahorse
metabolic analysis, would better elucidate bi-directional changes in metabolism in

adipocyte and cancer cells in co-culture.

The hypotheses tested in in vitro models in this study require further testing and
validation in in vivo models and with patient data. The role of obesity in the impact of
adipocytes on ovarian cancer could be explored using diet-induced mouse models of
obesity, as has been demonstrated elsewhere (363, 364). Xenograft models using
siRNA-induced knockdown of STAT3 in EOC cells would provide further evidence for
the role of STAT3 in response to therapy. Similarly, assessment of STAT3 expression
and activation in patient tumour samples, particularly in a cohort of patients grouped
by response to therapy as seen here, would further test the hypothesis that STAT3
regulates chemoresistance in EOC. Comparisons of samples from primary tumours
with those from adipose metastases could test the hypothesis that STAT3 and IL-6

signalling is upregulated in response to adipocytes.

6.3 Conclusions

In summary, this study provides further evidence that adipocytes are important

regulators in ovarian cancer progression. Adipose tissue generates a pro-cancer
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environment through secretion of exosomes and exosome-derived miRNAS.
Inflammation of adipocytes further promotes a pro-cancer phenotype through
increased secretion of free fatty acids. These data provide a link between observed
associations between multiple malignancies and adiposity and obesity and provide a
basis for observed omentum and adipose tropism of EOC and other cancers. This
study highlights a novel mechanism by which adipocyte-derived IL-6 signalling can
increase fatty acid uptake in ovarian cancer cells and data from primary patient
samples suggests an association between IL-6 concentration in serum and cisplatin
resistance. Adipocytes can reduce response to cisplatin therapy by IL-6-induced
activation of STAT3. These data elucidate novel mechanisms playing a role in EOC
disease progression and provide potential novel targets for therapies which seek to

overcome chemoresistance in ovarian cancer patients.
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