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Abstract 

Epithelial ovarian cancer (EOC) is the most lethal of all gynaecologic cancers, 

principally because the early stages are relatively asymptomatic, resulting in 

many patients having advanced, metastatic disease at diagnosis. A major site 

of metastasis is the omentum, a large abdominal adipose tissue bed mainly 

comprised of adipocytes encased in an outer mesothelial cell layer. For EOC 

cells metastasising to the omentum, via the transcoelomic route, the 

mesothelium is the first point of contact. After successful invasion through the 

mesothelium into the omental tissue, the EOC cells are able to activate 

angiogenesis i.e. new blood vessel formation, in the existing host 

microvasculature to supply the growing tumour with nutrients and oxygen. The 

initiation of angiogenesis requires activation of the endothelial cells (ECs) lining 

the omental microvasculature by pro-angiogenic factors, and it is possible that 

the production of these factors by both the metastasising tumour cells 

themselves and the resident cells within the omentum (e.g. adipocytes) jointly 

contribute to form a rich microenvironment for metastasis growth. However, the 

signalling interactions between the ovarian cancer cells and the cells of the 

omentum are poorly understood. Therefore, the aim of this thesis is to 

investigate the crosstalk between EOCs and omental adipocytes, mesothelial 

cells and microvascular ECs which may support the induction of metastasis and 

angiogenesis during secondary spread of EOC to the omentum. 

Initially, improved and reliable methodologies for the isolation of primary human 

omental microvascular ECs (HOMECs) and omental mesothelial cells from 

donated human omentum were developed, thus providing disease relevant cell 

types for further study. The EOC cancer cell lines SKOV3 and A2780 were used 

as model cancer cells. HOMEC proliferation (to model EC activation during 

angiogenesis) was assessed by WST8 and BrdU assays. Commercially 

available antibody-based arrays and ELISA were used to investigate the 

secretome of omental adipose tissue and HOMEC signalling pathways. 

Conditioned medium (CM) from omental adipose tissue significantly enhanced 

HOMEC proliferation via a signalling mechanism which involved STAT3 

activation. Thus, secreted adipokines were screened to investigate the pro-

proliferative factors responsible, highlighting adiponectin, cathepsin L, MIF, 

leptin and lipocalin-2. However, no increase in proliferation was observed when 

HOMECs were treated with any of these selected adipokines, either individually 

or in combination.  
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In contrast, treatment of HOMECs with CM collected from ovarian cancer cells 

which had been pre-incubated with the adipokines leptin or lipocalin-2 did 

significantly increase HOMEC proliferation compared with CM from untreated 

cancer cells. Activation of VEGFR2 by its ligand VEGF was implicated, as 

confirmed by ELISA and receptor inhibitor proliferation studies. Alongside 

VEGF/VEGFR2, the signalling mechanism may be potentiated by PDGFRβ 

activation leading to downstream activation of ERK1/2 and subsequent cell 

proliferation. Importantly, the ERK1/2 and STAT3 signalling pathways may be 

additive, suggesting that in the omentum, interaction between the adipocytes 

and the EOC cells can jointly drive angiogenic changes in the omental 

microvasculature during metastasis. 

Cancer cell adhesion onto the mesothelial layer under experimental conditions 

mimicking peritoneal fluid shear stress was also examined. While CM from 

adipose tissue or EOCs had no effect, CM from mesothelial cells themselves 

decreased cancer cell adhesion (implying a protective effect) at a shorter 

timepoint. 

The data presented suggest that while secreted omental adipokines do not 

impact the initial adhesion of metastasising EOC to the omentum, following 

invasion of the cancer cells into the omental tissue the microenvironment 

created is able to support angiogenesis and secondary tumor growth. 

Specifically, the adipocytes secrete (as yet unidentified) factors that can induce 

proliferation directly in HOMECs, in addition to secreting leptin and lipocalin-2 

which act indirectly on the cancer cells to induce increased production of VEGF, 

which then also activates pro-angiogenic changes in the HOMECs. Thus, the 

omental microenvironment provides a rich metastatic niche for the growing 

secondary tumour, which may partly explain the high rates of omental 

metastasis in EOC patients.  

In conclusion, tumour angiogenesis within the omentum is enhanced by 

interactions between adipokines secreted from resident adipocytes and 

metastatic cancer cells. A better understanding of the mechanisms involved 

may highlight reasons why current therapies are relatively ineffective and better 

direct the development of future therapies. 
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Chapter 1. Introduction 

Globally, cancer killed 10 million people in 2020,(1) and a great many of these 

deaths were related to metastatic spread of the primary tumour to distant sites. 

Metastasis drastically reduces prognosis due to the challenges faced in treating 

metastatic tumours.(2) This clinical complexity is clearly seen in ovarian cancer, 

a disease which has very poor rates of survival in advanced stages as 

described in the worldwide CONCORD-2 study.(2) In the UK, 5-year survival in 

ovarian cancer patients diagnosed with distant metastases (Stage 3) is 27% (3) 

and globally, the latest GLOBOCAN data indicate that deaths from ovarian 

cancer accounted for 65% of newly diagnosed cases (207,252 deaths of 

313,959 new cases).(1)  

Ovarian cancer usually arises in the ovaries or fallopian tubes and, due to the 

non-specific early symptoms, has frequently metastasised at diagnosis. The 

tumour initially spreads to other organs within the abdomen due to its 

anatomical location. This process is not only dependent on the ability of the 

ovarian cancer cells to invade and colonise these target organs, but also the 

microenvironment of the secondary site to support the enlarging metastasis.  

This process requires the growing tumour to induce new blood vessel formation 

(angiogenesis) to acquire nutrients and oxygen and once this is established the 

new tumour vasculature facilitates development of more distant metastases. 

Angiogenesis requires activation and proliferation of the endothelial cells (ECs) 

lining the blood vessels by factors present in the tumour microenvironment.  

A major site of ovarian cancer metastasis is the omentum, an abdominal 

adipose tissue, and omentectomy is a frequent preventive or responsive 

surgical intervention for the disease. The high incidence of omental metastasis 

is probably the result of location and because the anatomical and cellular 

environment of the omentum provide a rich ‘soil’ for new tumour growth. 

This thesis will examine the impact of the omental cellular environment on the 

ability of ovarian cancer cells to invade and induce angiogenic changes in the 

omentum that might support metastasis. Thus, this introduction chapter will 

discuss vascular ECs, ovarian cancer and its metastatic mechanisms, and the 

anatomy and cellular composition of the omentum. 
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1.1 The vascular system  

The vascular system transports blood throughout the human body, through a 

range of vessel types. Specifically, in terms of flow direction, blood flows from 

the heart through the arteries, arterioles, capillaries, venules and then returns to 

the heart via the veins.(4) Broadly, the microvasculature refers to vessels less 

than 150 µm in diameter and consists of the arterioles, capillaries, and 

venules;(5, 6) while the macrovasculature refers to the large vessels (arteries 

and veins).(5)  

Generally, blood vessels are composed of several layers, with different vessel 

types containing variable amounts of elastin and smooth muscle. The outermost 

layer provides vessel strength and is termed the tunica adventitia and is made 

up of connective tissue such as collagen and elastin fibres.(4) Beneath this 

layer is the tunica media, consisting of smooth muscle cells, elastin fibres, and a 

sublayer termed the external elastic lamina which provides structural support.(4) 

The innermost layer, which is exposed to the lumen of the vessel, is the tunica 

intima. This region consists of the endothelium (a layer of ECs) anchored to the 

basal lamina or basement membrane, and another sublayer termed the internal 

elastic lamina which stabilises the endothelium and provides flexibility.(4) 

Capillaries consist of the endothelium and basement membrane, with 

supporting pericytes wrapped around them.(4) Cross section diagrams of a 

blood vessel and a capillary depicting these layers are shown in Figure 1.  

Due to the vastness of the vascular system, the surface area covered by the 

tunica intima may be up to 6000m2 in humans.(6) ECs not only line the inner 

walls of the vascular system, but also the lymphatic system. Most tissues in the 

body require the vascular system for nutrient and oxygen supply, while the 

lymphatic system drains away interstitial fluids.(7) Further discussion will 

describe ECs in the vasculature since this is the focus of this thesis.  
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Figure 1. The structure of blood vessel walls. The walls of blood vessels 

generally consist of three main layers: the tunica adventitia (outermost), tunica 

media (middle) and tunica intima (innermost) (A). These layers are all not 

present in capillaries (B). Diagram created with BioRender.com. 

 

The endothelium was previously thought to be an inert structural barrier 

separating blood components from surrounding tissue,(6) however EC biology 

is now a research area in its own right due to the myriad of functions attributed 

to the cells, both physiologically and pathologically. This greater understanding 

of EC biology has also highlighted the very great heterogeneity observed 

between ECs in different vascular beds and between the macrovasculature and 

microvasculature. EC structure, function and heterogeneity will be described in 

the following sections. 
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1.1.1 Structure and heterogeneity of endothelial cells 

Generally, ECs are approximately 30–50 µm in length, 10–30 µm in width and 

0.1–10 µm in depth; the range in dimensions reflects EC variation in different 

locations. Within the vascular system, arteries and veins have inherently 

distinctive functions (the former transport oxygen and nutrients, while the latter 

remove waste and deoxygenated blood) which translates to their distinctive 

local environments in terms of oxygen concentration, pH, blood pressure and 

flow rate.(6) Indeed, gene expression patterns between arterial and venous ECs 

are markedly different. Interestingly, these differences are not only influenced 

by environmental changes, but are established before fully functional blood 

vessels are formed.(8) 

EC gene expression patterns are also tissue-specific, meaning that their 

morphology and function are suited to their microenvironment.(6, 8) For 

example, ECs are spindle-shaped in arterioles, irregular-shaped in capillaries, 

and elliptical-shaped in venules.(6, 9) In vivo, ECs are orientated according to 

the direction of blood flow to minimise shear stress. In in vitro culture, they form 

a cobblestone pattern in the absence of shear stress.(6)  

Other EC structures, such as the surface glycocalyx, intercellular junctions and 

intracellular vesicles are discussed in the following subsections.  

a) Endothelial glycocalyx 

On the luminal surface of ECs, the surface which comes into contact with blood, 

is the glycocalyx layer with a thickness of approximately 20–3000 nm 

depending on tissue type.(5) The glycocalyx is a network of polysaccharides 

and proteins, comprised mostly of glycoproteins and proteoglycans.(5, 6) 

Glycosaminoglycan sidechains are attached to the proteoglycans, and are 

composed of molecules such as heparan-, chondroitin-, dermatan-, and 

keratan-sulfates.(6) Hyaluronic acid is another glycosaminoglycan which is not 

directly attached to the proteoglycans, but is ‘woven’ into the glycocalyx 

layer.(5)  

The mesh-like structure of varying lengths and spacing allows the glycocalyx to 

function as a molecular sieve to exclude large molecules but allow water and 

other solutes through.(6, 10) It is also a protective barrier which reduces 
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physical contact between the blood components and the ECs.(5, 6) Surface 

interactions with leucocytes, erythrocytes, platelets, as well as plasma proteins 

is controlled by the glycocalyx, where they are repelled by the negative charge 

on this surface layer.(4, 6) 

The glycocalyx also functions as a mechanotransducer to sense fluid shear 

stress which then translates to cellular signalling. Examples of biomolecular 

responses include the production of nitric oxide (NO) to increase blood flow 

(due to vessel dilation) and cytoskeleton reorganisation for the alignment of ECs 

to the direction of fluid flow.(10, 11) 

b) Intercellular junctions 

Intercellular junctions form attachment sites between adjacent ECs. 

Heterogeneity has been observed in the intercellular EC junctions across the 

vascular system. The EC junctions in large arteries are highly organised, which 

may be attributed to their function in transporting blood components at high 

pulsatile flow rates.(9) The structure is similar in the blood brain barrier whereby 

the intercellular junctions are densely organised in order to separate blood 

components from neural tissue.(9) Compared to capillaries in general, the 

intercellular junctions in arterioles are tighter while those in the venules are 

looser and appear disorganised. The latter’s structure may be due to their role 

in inflammation, where leucocyte extravasation commonly occurs.(9) 

Depending on the component protein type and their location, the intercellular 

junctions can be further classified as adherens junctions (zonula adherens) or 

tight junctions (zonula occludens). Within the intercellular cleft, the latter are 

often found nearer to the luminal EC surface compared to the adherens 

junctions.(9, 12)  

Mechanically, these junction proteins act as barriers, in terms of paracellular 

transport (transport via the intercellular space between cells) and maintain the 

cell polarity between the luminal surface and the surface opposite (abluminal 

surface).(9) They also have roles in intracellular cell signalling due to their 

position on the cell membrane and being anchored to intracellular 

components.(12) 

Vascular endothelial cadherin (VE-cadherin), an adherens junction protein, was 

reported to be involved in contact inhibition.(12) When cells are confluent, 
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contacts between cells are increased which in turn limits growth, possibly via 

cell cycle arrest, thus EC proliferation is regulated. Conversely, when the ECs 

are less confluent and the junctional proteins are not stabilised, the contact 

inhibition mechanism is not activated and cell proliferation occurs.(12) The 

stabilised junctions also communicate cell positioning in order to stabilise the 

endothelium.(12)  

Junctional proteins also protect ECs from pro-apoptotic signals. In a confluent 

EC population, VE-cadherin-mediated signalling halts cell proliferation and 

promotes cell survival.(12) Signalling mediated by the platelet endothelial cell 

adhesion molecule-1 (or CD31), another junctional protein, has roles in 

suppressing mitochondria-dependent apoptosis.(13) Like the glycocalyx, VE-

cadherin and PECAM-1 may function as mechanotransducers in response to 

blood-flow induced shear stress; this may lead to cytoskeleton reorganisation 

and subsequent cell shape alteration.(12) 

c) Intracellular vesicles 

ECs possess several types of vesicles which may be bound to the cell 

membrane or exist freely within the cytoplasm,(9) as depicted in Figure 2. 

Clathrin-coated vesicles are commonly involved in endocytosis and are 

commonly found in liver sinusoidal ECs.(9, 14) These vesicles are involved in 

the clearance of waste products and pathogens from the blood through the 

formation of lysosomes when endocytosed, and they are subsequently 

degraded within the cell.(9, 14) 
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Figure 2. Types of intracellular vesicles in endothelial cells. Clathrin-coated 

vesicles (A) are involved in endocytosis and degradation of pathogens and 

waste products, while the caveolae (B) and vesiculo-vacuolar organelles (C) are 

involved in the transport of molecules (transcytosis) between the luminal and 

abluminal surfaces. Diagram adapted from Aird (2007)(9) and created with 

Microsoft Paint. 

 

Caveolae mediate transcellular molecule transport (transcytosis), e.g. from the 

luminal EC surface to the abluminal surface, and are thought to regulate 

endothelium permeability.(15) Caveolin-1 is a protein commonly detected in the 

endothelium which regulates caveolae formation. It is also implicated in 

signalling pathways involved in cell permeability, such as those induced by 

vascular endothelial growth factor (VEGF), NO synthase and nuclear factor-

kappa B (NFκB).(15) Examples of molecules transported by these vesicles 

include albumin, insulin, and lipoproteins.(15)   

Similar to the caveolae, the vesiculo-vacuolar organelle (VVO) is also involved 

in transcytosis. This organelle is so named because it consists of conjoined 

vesicles and vacuoles forming a passage across the whole cell, from the 

luminal to the abluminal surface.(16) However, these vesicles and vacuoles are 

still bordered by their own membranes and interconnect with each other through 

stomata enclosed with thin diaphragms.(17) VVOs are implicated in the 

vascular hyperpermeability of tumour blood vessels.(17) It was postulated that 
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stomata opening can be regulated by tumour-secreted VEGF since VEGF was 

detected via immunocytochemistry in the stoma of VVOs. Inflammatory 

mediators, such as histamine, have also been detected in the stoma; hence, 

VVOs have also been implicated in vascular hyperpermeability during 

inflammation, facilitating plasma protein exit from the vessel lumen.(17) 

 

1.1.2 Function and heterogeneity of endothelial cells  

a) Maintenance of vascular tone 

As part of the circulatory system, ECs regulate blood flow to tissues in 

partnership with the vascular smooth muscle cells present in the tunica media 

layer of blood vessels. The volume of blood reaching the tissues is determined 

by vascular tone, which is regulated by vasodilatory and vasoconstrictive 

factors, many of which are secreted by ECs.(18) An example of an 

endothelium-derived vasodilator is the gaseous mediator, NO, which is 

synthesised by the endothelial NO synthase through the conversion of the 

amino acid L-arginine. As a gas, NO diffuses into the surrounding smooth 

muscle cells to cause relaxation, thus maintaining the basal vasodilator tone of 

blood vessels.(18)  

Cyclo-oxygenase (COX) enzymes are also detected in ECs. The two isoforms, 

COX-1 (see below) and COX-2 differ in action. Prostacyclin (PGI2) is a 

vasodilator produced by ECs, via the COX-2 enzyme. PGI2 acts on platelets to 

inhibit their aggregation, and relaxes the vascular smooth muscle leading to 

dilation similar to the effect of NO.(18) Interestingly, blocking PGI2 synthesis 

does not affect vasodilation when NO is present, however, blocking NO 

synthase leads to increased PGI2 production, inferring the latter’s compensatory 

role in achieving vasodilation.(18)  

Endothelium-derived hyperpolarising factor (EDHF) also causes vasodilation in 

blood vessels; interestingly however, its true identity is yet unknown. It is so 

named because it hyperpolarises the vascular smooth muscle resulting in a 

more negative cell membrane potential.(19) It was discovered that even when 

the effect of NO and PGI2 were blocked, the hyperpolarised state persisted, 

which led to the hypothesis of an alternative activating molecule.(19) The 
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suggested entities of EDHF include carbon monoxide, hydrogen peroxide, 

endothelium-derived peptides, epoxyeicosatrienoic acids or even, endothelial-

derived potassium.(19)  

The COX-1 enzyme, mentioned above, catalyses thromboxane (TXA2) 

production and has roles in platelet aggregation and vasoconstriction. Together, 

the PGI2 and TXA2 contribute to maintenance of homeostasis within the blood 

vessels.(18) 

Endothelin-1 (ET-1) is another major vasoconstrictor secreted by ECs. 

Production is stimulated by inflammatory mediators such as interleukins and 

tumour necrosis factor alpha (TNF-α), and downregulated by NO and PGI2. ET-

1 action on smooth muscle cells causes vasoconstriction similar to TXA2, but its 

autocrine action on ECs stimulates NO and PGI2 to cause vasodilation.(18, 20)  

b) Endothelial cells in haemostasis and thrombosis 

In the regulation of blood coagulation, ECs secrete factors to maintain 

homeostasis. During vascular injury, ECs are activated and secrete tissue factor 

(TF). Within the coagulation cascade, TF binds to other coagulation factors to 

ultimately produce fibrin and form a stable clot to seal off the injury site. The role 

of TF may extend beyond coagulation as ECs also secrete TF in the presence 

of inflammatory mediators such as TNF-α, IL-1β and TXA2.(21)  

Platelet adhesion and aggregation is another feature of the coagulation system 

during vascular injury, with the formation of a haemostatic plug to contain the 

injury site and limit blood loss. Activated ECs release von Willebrand factor 

(vWF) which mediates the initial step in platelet adhesion to the injured site.(21, 

22) At the same time, vWF is capable of binding to and depleting factor VIII, 

which is a coagulation factor present in the plasma.(21) Thus, the pro- and anti-

coagulant roles of vWF contribute to vascular haemostasis. ECs also release 

platelet-activating factor which activates platelets, leading to their adhesion.(22) 

When the clot is no longer required, ECs cells release activating factors to aid 

clot dissolution and restore vessel patency. Tissue-type plasminogen activator 

(tPA) and urokinase-type plasminogen activator (uPA) convert plasminogen to 

the active plasmin enzyme, which degrades the fibrin mesh of blood clots.(22) 

Interestingly, the expression of these plasminogen activators differs between 

ECs originating from different tissues. For example, ECs from the vena cava 
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secrete four times the amount of tPA compared to the aorta, and 20 times more 

than the umbilical vessels.(6) A possible reason for the difference in tPA levels 

may related to the shear forces within the vessels and thus, the tendency to 

form clots.(6) 

ECs further regulate the coagulation cascade through several methods. ECs 

express thrombomodulin, a receptor for thrombin, one of enzymes in the 

coagulation cascade. Thrombomodulin activation by thrombin induces the 

activation of protein C and protein S, which act as anticoagulants to dampen the 

coagulation cascade.(22) Additionally, the glycocalyx layer has anticoagulant 

properties by binding to mediators which can inactivate various pro-coagulant 

components within the coagulation cascade.(23) These mediators include 

thrombomodulin, antithrombin III and heparin cofactor II.(23) 

In physiological conditions, in the absence of vascular injury and inflammation, 

ECs maintain an environment that prevents platelet adhesion and clot 

formation. Aside from their roles in vasomotor functions, NO and PGI2 are 

constitutively secreted by ECs to prevent platelet aggregation and thus reduce 

the risk of thrombus formation.(22) This effect is compounded by enzymes 

(ectonucleotidases) at the EC luminal surface which hydrolyse ATP and ADP, 

which are secreted by platelets to promote platelet aggregation.(6) When the 

endothelium is damaged, this induces an inflammatory state which attracts 

platelets and leucocytes to the damaged area. 

c) Endothelial cells and vascular permeability 

The permeability of the vascular wall is dependent on the structure of the 

endothelium which differs across the vascular system and is broadly 

categorised to three main types: non-fenestrated continuous endothelium, 

fenestrated continuous endothelium and discontinuous endothelium (Figure 3). 

The term ‘continuous’ refers to the anchoring of the endothelium to a continuous 

basement membrane. Non-fenestrated continuous endothelium is found in the 

arteries, veins, and capillaries of major organs such as the brain, skin, heart and 

lung.(9, 22) In terms of permeability, water and solutes with <3nm radius pass 

in between cells, while macromolecules pass through transendothelial channels 

or through caveolae-mediated transcytosis.(9) 
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Figure 3. Heterogeneity of permeability of the endothelial layer. A) non-
fenestrated continuous endothelium, where water and solutes (<3nm) pass 
through the intercellular cleft while macromolecules utilise transendothelial 
channels or caveolae-mediated transcytosis to permeate the endothelium; B) 
fenestrated continuous endothelium, where water and solutes pass through the 
fenestrae in larger quantities compared to the intercellular cleft in (A), while 
macromolecules are transported via transcytosis or filtered through the 
diaphragm of the fenestrae; C) discontinuous endothelium, where the fenestrae 
or intercellular gap is larger than that in (B), and macromolecules, water, and 
solutes are able to pass freely. Diagram adapted from Aird (2007)(9) and 
created on Microsoft Paint. 

 

Fenestrated continuous endothelium is found in capillaries of exocrine and 

endocrine glands, the gastrointestinal mucosa and the renal glomeruli. In these 

locations, the transcellular pores or fenestrae (50-70nm diameter) allow 

transendothelial transport or filtration.(9, 22) Most fenestrae are covered with a 

thin diaphragm layer (5-6nm thickness) which confers size selective 

properties.(9, 22) Heterogeneity also exists in the density of the fenestrae, e.g. 

higher density in the intestinal capillaries compared with those in the pancreas. 

Expectedly, the fenestrations allow more water and solutes to permeate 

compared with non-fenestrated endothelium; however, macromolecule 

transcellular transport is similar between the two as the fenestral diaphragms 

function as molecular filters.(9) 

Discontinuous or sinusoidal endothelium is characterised by larger fenestrae 

(100-200nm diameter) with no diaphragm and poorly formed basement 

membrane.(9, 22) Unlike the continuous endothelium, the discontinuous 
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endothelium does not have tight junctions between ECs.(22) The fenestrated 

gaps are large enough for whole cells, together with water, solutes and 

macromolecules, to pass through. They are often detected in the sinusoids 

(vascular structure similar to capillaries) of the liver, spleen and bone 

marrow.(9, 22) 

d) Macrovascular and microvascular heterogeneity 

It is clear from the discussion above that ECs display structural and functional 

heterogeneity according to tissue needs. Heterogeneity also exists between 

ECs of the macrovasculature and microvasculature.  

For example, ECs from the microvasculature have an essential requirement for 

serum in their in vitro culture media which is not seen in macrovascular ECs. 

Serum is required for human microvascular ECs (HMECs) to maintain an intact 

monolayer. Without serum, the HMEC morphology was altered and more than 

50% of the cells detached from their culture plate; contrastingly, human 

umbilical vein EC (HUVEC) growth appeared unaffected by the absence of 

serum.(24) 

Using DNA microarrays, a study on 53 types of human ECs showed distinct 

gene expression profiles despite the cells being cultured in identical 

conditions.(8) The difference between ECs of macrovascular and microvascular 

origin was pronounced, which may be attributed to their location and thus, 

function. Macrovascular ECs preferentially expressed groups of genes involved 

in the production and remodelling of the extracellular matrix (ECM), in neuronal 

cell migration during development and maturation, as well as in lymphatic 

vessel proliferation and differentiation.(8) On the other hand, microvascular ECs 

preferentially expressed genes for basement membrane protein synthesis, cell 

trafficking, cytoskeleton remodelling and migration during angiogenesis, as well 

as lipid transport and metabolism.(8) It is possible that the macrovascular ECs 

have a larger role in the physical growth and maturation of the ‘circuitry’ 

networks (vascular, neuronal and lymphatic), whereas the microvascular ECs 

are mostly involved in function and homeostasis e.g. transport of molecules, 

pathogen docking and immune cell recruitment. Since the main site of 

angiogenesis is the microvasculature, many genes for the expression key 
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angiogenic proteins, such as angiopoietin 2 and ephrin-A1, were also 

specifically expressed in microvascular ECs.(8) 

Other examples of macrovascular and microvascular heterogeneity in ECs 

include the response of cardiac ECs to oxidised low density lipoproteins in the 

formation of atherosclerotic lesions (macrovascular ECs were more susceptible 

to thrombus formation);(25) the production of prostacyclin upon serum 

stimulation (microvascular ECs produced the least);(26) cell-to-cell 

communication via coupling and connexin expression (junctional 

communication between the microvascular ECs was greater compared with 

macrovascular EC);(27) morphological changes in aged ECs (microvascular 

ECs showed actin cytoskeleton reorganisation not observed in macrovascular 

ECs).(28)  

Thus, it is evident that considerable heterogeneity exists in EC structure and 

function across the vasculature, highlighting the need to study disease specific 

ECs when performing in vitro experiments. 

 

1.1.3 Endothelial cells and angiogenesis 

Angiogenesis is the development of new blood vessels from existing vessels 

and can be broadly divided into two types: intussusceptive or splitting 

angiogenesis, and sprouting angiogenesis.(29) In the former, the vessel wall 

reorganises itself and extends into the lumen to split the vessel in half. 

Intussusceptive angiogenesis occurs throughout life but is thought to have a 

larger role during embryonic development as during this time, rapid growth is 

required but at the same time resource conservation is a priority.(29) Thus, in 

intussusceptive angiogenesis, existing ECs in a vascularised tissue reorganise 

themselves to split the vessel, rather than relying on EC proliferation and 

migration to form or build up a new vessel.(29) 

Sprouting angiogenesis is better understood as it was discovered earlier than 

intussusceptive angiogenesis.(29) As the name suggests, the process involves 

EC growth from an existing capillary by extension of a long pseudopodia (the 

‘sprout’) to form a new capillary which then hollows out to form the luminal 

tube.(29, 30) Sprouting angiogenesis commonly occurs in areas of hypoxia 
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where new blood vessel formation is required to satisfy the nutrient and oxygen 

demands within the hypoxic tissue.(29, 30) Hence in contrast with 

intussusception, sprouting angiogenesis involves new vessel formation into 

areas without pre-existing blood vessels. 

Sprouting angiogenesis is henceforth referred to as angiogenesis, as it is the 

more frequently studied process of the two and is implicated in cancer. The 

main site for angiogenesis is the microvascular network; indeed as discussed 

previously, many angiogenesis-related genes are expressed only in 

microvascular ECs. For example, these genes regulate the secretion and 

activation of necessary mediators, vessel plasticity to facilitate vessel 

remodelling during angiogenesis, and cytoskeletal reorganisation to facilitate 

migration.(8) 

a) Mechanism of angiogenesis 

Proliferatively, ECs are normally quiescent, with a low turnover rate; ranging 

from months in the liver and lungs, to years in the brain and muscle. When 

exposed to pro-angiogenic signals, e.g. during vascular damage or hypoxia, 

they become activated and proliferate rapidly, with a doubling time of days.(30) 

In the adult human, angiogenesis occurs physiologically during wound healing 

and the female menstrual cycle, and is a tightly controlled process.(30) 

Structurally, quiescent ECs in the capillaries are surrounded by pericytes on the 

abluminal surface with their cytoplasmic processes wrapping around the ECs. 

The surface between the EC and pericyte is the common basement membrane. 

Figure 4 depicts the steps in angiogenesis, broadly categorised into 4 steps: 1) 

tip cell selection, 2) stalk cell elongation and tip cell navigation, 3) tip cell fusion, 

and 4) stabilisation and resolution to quiescence.(29, 31) Upon pro-angiogenic 

activation in the first step, pericytes detach from ECs through the action of 

matrix metalloproteinases (MMPs) which degrade their common basement 

membrane. Intercellular spaces between the ECs become larger to allow the 

vessel to dilate. Vascular permeability also increases to allow the extravasation 

of plasma proteins, e.g. fibrinogen and fibronectin, which eventually form a 

provisional ECM surface for the EC to migrate to.(31) 
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Figure 4. Steps in sprouting angiogenesis. In a quiescent vessel, the 

endothelial intercellular junctions are tight with pericyte coverage (A). Upon 

activation by pro-angiogenic factors, a tip cell is formed, which is associated 

with pericyte detachment, basement membrane degradation and endothelial 

cell junction enlargement (B). Trailing behind the tip cell are the endothelial stalk 

cells which elongate the stalk via proliferation (C). Opposing tip cells eventually 

fuse to form a new continuous lumen (D). The newly formed vessel is stabilised 

via pericyte recruitment, basement membrane formation and tightening of 

endothelial junctions (E). Diagram adapted from Carmeliet & Jain (2011)(31) 

and created with BioRender.com. 
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EC migration is led by a tip cell which possesses filopodia to navigate within the 

ECM. Adjacent to the tip cell are the stalk cells which proliferate to elongate the 

stalk. Both the tip and the stalk form the ‘sprout’ of sprouting angiogenesis. 

Within the stalk cells, vacuoles are formed to eventually develop the vessel 

lumen. Additionally, the tip cell secretes membrane type-1 MMP to degrade 

ECM and pave the way for the growing sprout.(29, 31, 32) 

Eventually, tip cells from developing sprouts fuse together, or the tip cell fuses 

with an existing blood vessel to form a continuous lumen; this fusion is termed 

anastomosis. Stabilisation of this new capillary involves the establishment of EC 

intercellular junctions, pericyte recruitment and ECM deposition. The ECs then 

return to their quiescent state.(31, 33) 

b) Mediators in angiogenesis 

The key mediator of angiogenesis is VEGF, or also known as VEGF-A. Several 

isoforms of VEGF-A exist, which are a result of alternative splicing of the 

VEGFA gene.(34) Common isoforms are represented as VEGFxxxa and 

VEGFxxxb (xxx denotes the number of amino acids); the former was shown to 

be pro-angiogenic and the latter to be anti-angiogenic.(34, 35) The most studied 

isoform is the VEGF165a, so much so that it is synonymous with the term 

VEGF.(34)   

VEGF’s corresponding receptors are the VEGF receptor 2 (VEGFR2) and 

VEGF receptor 1 (VEGFR1), both of which have roles in angiogenesis.(31) A 

major regulator of VEGF is hypoxia. In a hypoxic environment, tissues 

upregulate the production of hypoxia-inducible factor 1 (HIF-1) which in turn 

increases their own VEGF production as an angiogenic stimulus.(30, 31) The 

filopodia of the EC tip cell possess VEGFR2 and thus are able to detect the 

VEGF gradient originating from hypoxic tissue areas and navigate towards 

it.(29, 31) 

Delta-notch signalling drives sprout development and tip cell selection. The 

presence of VEGF guides the migration of the tip cell and stimulates 

proliferation in the stalk cells. VEGFR2 activation by VEGF stimulates delta-like 

ligand 4 (DLL4) expression in tip cells, which activates the notch receptor in the 

stalk cells.(29, 31) Notch activation results in VEGFR2 downregulation in the 

stalk cells, such that they do not acquire the migratory behaviour observed in 
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the tip cells. At the same time, notch signalling upregulates VEGFR1 in stalk 

cells, which functions as a ‘decoy’ to divert VEGF away from VEGFR2. Thus, 

the role of tip cells and stalk cells are a result of the ratio between VEGFR2 and 

VEGFR1 expression, i.e. a lower VEGFR2:VEGFR1 ratio leads to a stalk cell 

phenotype.(29, 31) 

Accordingly, the EC exposed to the highest concentration of VEGF would be 

‘selected’ as the tip cell; however, despite the high VEGF exposure, tip cell 

proliferation is less than that of stalk cells. Indeed, while VEGF deficiency leads 

to vascular defects, excess concentrations of VEGF lead to the overproduction 

of tip cells and disorganised vasculature; the latter is commonly observed in 

tumour angiogenesis where tumour cells secrete VEGF (refer to section 1.1.3d). 

In short, stalk cells are prevented from becoming tip cells and take on a 

proliferative phenotype; this allows for efficient angiogenesis by limiting the 

number of sprouts.(29, 31, 36) Additionally, increased vascular permeability to 

allow plasma protein extravasation during sprout formation is also attributed to 

VEGF.(31)  

Tip cell navigation is not only guided by the VEGF gradient, but also by 

guidance molecules such as semaphorins and ephrins expressed within the 

surrounding tissue. Signalling downstream of semaphorin activation affects 

actin and microtubule dynamics to result in EC migration.(37, 38) Some 

subtypes of the ephrin family modulate VEGF signalling or induce cytoskeletal 

reorganisation in ECs to facilitate angiogenesis.(39) 

To stabilise the newly formed vessel, ECs secrete platelet-derived growth factor 

(PDGF) as a chemoattractant for pericytes which possess the corresponding 

receptor, PDGF receptor-β (PDGFR-β). Pericyte coverage reinforces the 

vessel, prevents leakage and the pericytes secrete factors in concert with EC to 

maintain vascular homeostasis.(31) After the new vessel has formed, the 

previously hypoxic tissue is now perfused. The rise in oxygen concentration 

downregulates HIF-1 activity and VEGF secretion decreases accordingly, 

halting the angiogenic process.(30) 

Aside from VEGF, other molecules are also implicated in the angiogenic 

process either directly or indirectly. For example, PDGF indirectly contributes to 

angiogenesis through the vessel stabilisation function of pericytes. Pericytes 
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produce VEGF and thus protect ECs from VEGF withdrawal or blockade.(30, 

31) Other angiogenic-related molecules are the fibroblast growth factor (FGF) 

superfamily which can directly stimulate their receptors (FGFRs) on ECs or 

stimulate production of further angiogenic mediators from other cells.(31) These 

include the angiopoietin superfamily. Similar to PDGF, angiopoietins stimulate 

pericyte coverage of ECs and basement membrane deposition to stabilise 

vessels. Angiopoietins also contribute towards sprout formation during 

angiogenesis.(31) 

Since ECs are normally quiescent, in physiological conditions anti-angiogenic 

mediators balance the effect of the pro-angiogenic mediators discussed earlier. 

Thrombospondin-1 (TSP-1) and -2 (TSP-2) are endogenously secreted by EC 

and are postulated to interfere with VEGF signal transduction by decreasing 

VEGFR2 activation.(40) Separately, TSP-1 and TSP-2 are implicated in the 

suppression of EC migration and cell cycle progression; mechanisms which are 

important in angiogenesis.(40) 

Proteases such as MMPs regulate angiogenesis by cleaving and allowing the 

release of pro-angiogenic factors (e.g. FGF and VEGF) from the ECM.(31) The 

pro-angiogenic actions of MMPs are modulated by tissue inhibitor of MMP 

(TIMP), which is derived from the ECM and acts as a natural anti-angiogenesis 

factor.(31)  

Endostatin is another ECM-derived factor with anti-angiogenic qualities. 

Endostatin is formed from the cleavage of collagen type XVIII by proteases (e.g. 

cathepsins and MMPs).(41) It inhibits angiogenesis by acting as a competitive 

inhibitor for VEGFR2 and thus disrupts the VEGF pro-angiogenic signalling.(41) 

It also upregulates TSP-1 expression, which also has anti-angiogenic 

properties.(41) In addition, endostatin binds to EC surface integrin receptors to 

inhibit EC migration.(41) Similar to endostatin, tumstatin is cleaved from 

collagen type IV in the ECM, and it has an anti-angiogenic role by stimulating 

EC apoptosis, as well as inhibiting EC proliferation and tube formation.(42) 

c) Endothelial cell heterogeneity and angiogenesis 

As discussed above, MMPs are crucial for angiogenesis. Jackson and Nguyen 

(1997) observed heterogeneity between human ECs obtained from the umbilical 

vein (HUVECs, to represent the macrovasculature) and from skin (HMECs, to 
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represent the microvasculature) in the secretory profiles of the different MMP 

subtypes and their inhibitor, TIMP.(24) For example, HUVECs secreted high 

levels of MMP-1, MMP-2 and TIMP-1 compared with HMECs in basal 

conditions. Treatment with phorbol myristate acetate, an angiogenic promoter 

which induces protease activity in ECs, stimulated at least ten-fold increase in 

the secretion of MMP-9 and TIMP-1 in HMECs compared with HUVECs.(24) 

These data implied that the microvascular ECs were more susceptible to pro-

angiogenic stimulus compared with the macrovascular ECs, which is consistent 

with angiogenesis primarily occurring in capillaries.(8)  

Another study compared HUVECs and human placental microvascular ECs 

(HPMECs), i.e. two types of ECs from the same anatomical structure.(43) 

Alongside VEGF and FGF-2, endocrine gland-derived VEGF (EG-VEGF, or 

prokineticin 1) is involved in angiogenesis in the human placenta. In vitro, VEGF 

and FGF-2 induced the proliferation and migration of both HUVECs and 

HPMECs. However, EG-VEGF induced proliferation and migration in HPMECs 

and inhibited these processes in HUVECs. This finding was attributed to the 

location of the corresponding receptors for EG-VEGF, prokineticin receptor 1 

and 2 (PROKR1 and PROKR2), which were more abundantly expressed in 

HPMECs compared to HUVECs.(43) The study also reported differences in the 

signalling pathways of EC proliferation and migration. VEGF and FGF-2 

activated the ERK1/2 and AKT1 signalling pathways in both HUVECs and 

HPMECs. With EG-VEGF treatment, the ERK1/2 pathway was activated in 

HPMECs and in HUVECs the AKT1 pathway was activated.(43) The expression 

of genes related to angiogenesis also varied between the two EC types; 

notably, the genes related to PROKR1 and PROKR2 were expectedly 

upregulated in the HPMECs. These data reinforced the functional differences of 

ECs in their respective cellular environments (macrovasculature versus 

microvasculature) despite originating from the same placental tissue.(43) 

d) Tumour angiogenesis 

EC proliferation and migration are two key functions required for angiogenesis 

and are highly regulated in physiological conditions. However, this highly 

controlled regulation is lost during angiogenesis in tumours. One of the 

hallmarks of cancer is angiogenesis.(44) As with non-malignant cells, tumour 

cells require nutrients and oxygen to survive which can initially be obtained by 
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diffusion from nearby vessels. The diffusion limit, however, is approximately 

100-500 micron, beyond which the tumour requires its own vascular supply and 

initiates angiogenesis to achieve this.(45) This is a critical requirement for both 

primary tumour and metastasis development.(44, 45) 

As mentioned previously, ECs are normally quiescent with a slow turnover rate. 

During this time, pro- and anti-angiogenic factors are in equilibrium as part of 

vascular homeostasis.(30, 33) In the development of cancer, the term 

‘angiogenic switch’ refers to the process by which pro-angiogenic signals 

become dominant to give rise to new blood vessel formation and tumour 

progression.(33)  

A possible trigger for this switch includes genetic alterations in the tumour cells 

themselves which leads to enhanced proliferation.(33) Oxygen consumption is 

increased in line with rapid proliferation of tumour cells, leading to hypoxia in the 

tumour tissue. As part of adapting to the hypoxic environment, genes 

responsible for pro-angiogenic mediators are also upregulated, leading to 

increased secretion of VEGF, PDGF and FGF from cancer cells.(46) The role of 

VEGF and PDGF in angiogenic activation (endothelial proliferation, sprouting, 

migration) and subsequent resolution (vessel stabilisation) were discussed 

previously (section 1.1.3b). Of the FGF family, specifically FGF-2, exerts pro-

angiogenic activity by stimulating ECs to secrete proteases such as uPA to 

degrade vessel basement membrane in the first step of angiogenesis.(47) 

Additionally, ovarian cancer secreted FGF-2 stimulates uPA expression in an 

autocrine manner, as reported from an in vitro study.(48) 

Another possible trigger for tumour angiogenesis is tumour-associated 

inflammation and the subsequent recruitment of immune cells such as 

macrophages, myeloid-derived suppressor cells (MDSCs) and neutrophils. The 

angiogenic role of macrophages is further discussed in section 1.4.3b. Tumour-

associated macrophages induce EC sprouting and neovessel stabilisation 

through the secretion of angiogenic factors and enzymes.(33) MDSCs are 

immature myeloid cells recruited to tumour sites via inflammatory cytokines 

such as IL-1β and IL-6.(49) Their role in tumour angiogenesis is similar to 

macrophages, i.e. through the secretion of angiogenic factors, which not only 

stimulate angiogenesis but further recruit more MDSCs to the tumour site in a 

vicious cycle.(33) Tumour-induced STAT3 activation is thought to be 
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responsible for the production of angiogenic factors in immune cells; for 

example, in the secretion of VEGF, FGF-2, IL-8, TNF-α and hepatocyte growth 

factor (HGF).(50)  

Neutrophils have VEGF-secretion properties in the physiological context (e.g. 

vascular repair), but this function becomes pathological in the context of 

tumorigenesis when they are recruited to the tumour site.(33) Aside from VEGF, 

and similar to ECs, the recruited neutrophils also secrete MMPs which are 

involved in the early steps of angiogenesis. Furthermore, these neutrophils lack 

the TIMPs, the physiological inhibitor of MMPs, which exacerbates their pro-

angiogenic potential.(51) 

In essence, the growing tumour initiates angiogenesis and to achieve this, the 

cancer cells secrete pro-angiogenic factors or stimulate other cells to do so. 

However, tumour angiogenesis is considered pathological angiogenesis; the 

angiogenic cascade is persistent, uncoordinated and is driven by the 

uncontrolled production of pro-angiogenic mediators, unlike physiological 

angiogenesis which resolves when perfusion between co-joined vessels is 

established.(52) 

The aberrant tumour angiogenic process is evidenced by the leaky and 

convoluted (tortuous) architecture of the tumour vasculature.(53, 54) There is 

no clear distinction between the different types of vessels, e.g. arterioles and 

venules; blood flow direction is irregular and some vessels are blunt-ended.(53, 

54) Tumour vessel diameter varies from very dilated, to the lumen being 

compressed.(53, 54) Compared to highly regulated physiological angiogenesis, 

tumour vessels have defective basement membrane (irregular thickness or 

even absent) and disrupted tight junctions between ECs. Vascular smooth 

muscle cells, which form part of the vessel wall, may be absent in tumour 

vessels and tumour cells may take their place.(53)  

Pericytes normally provide mechanical support to the endothelium, induce tight 

junction formation between the ECs and limit angiogenic sprouting.(53) In 

tumour vessels, pericytes are detached or loosely wrapped around the tumour 

vessel or sometimes not present at all.(53, 54) This may result in uncontrolled 

sprouting leading to fragile vessels and vessel leakiness due to the lack of 

developed tight junctions between ECs.(53) The increased hyperpermeability of 
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the tumour vasculature also results in increased interstitial pressure within the 

tumour tissue, which impedes the delivery of anti-tumour drugs to deeper 

areas.(54) Detached pericytes may differentiate into cancer-associated 

fibroblasts and contribute towards tumour dissemination. For instance, freshly 

isolated pericytes from human tumours were injected into tumour xenografts in 

mice and these pericytes dissociated from the tumour vasculature and 

expressed fibroblast markers.(55).   

Given the importance of tumour angiogenesis to both primary and secondary 

tumour growth it is perhaps not surprising that considerable effort has been 

expended to develop anti-tumour treatments that target the angiogenic 

process.(56) 

 

 

1.2 Ovarian cancer 

1.2.1 Epidemiology 

Globally, ovarian cancer is the eighth most common cancer amongst females 

and coincidentally the eight most common cause of death. It is also the third 

most common gynaecologic cancer after cancers of the cervix and uterus.(1) 

The female reproductive system is shown in Figure 5. 

 

 

Figure 5. The female reproductive system. Diagram created with 

BioRender.com. 
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In the UK, ovarian cancer ranks sixth, both in incidence and common cause of 

cancer death; with the 70-79 age group having the highest incidence. In terms 

of cancer survival, the 5-year survival rate is less than half, at 43%, dropping 

further to 35% at ten years.(57) Expectedly, the survival rates are higher when 

the cancer is diagnosed at earlier stages: 93% at stage I, dropping to a paltry 

13% when presented at stage IV (58) (staging of ovarian cancer is detailed in 

section 1.2.4). In earlier stages the cancer is limited to the ovaries, fallopian 

tubes and the pelvic area; while in later stages, the cancer has spread beyond 

the pelvis and to other distant sites.(59) 

Unfortunately, most patients in the UK present at later stages (stages III and IV; 

15,125 cases between 2013 and 2017) compared to stages I and II (10,614 

cases).(58) The link between cancer stage at presentation and survival rates is 

not surprising; ovarian cancers detected at an early stage are mostly indolent or 

slow growing tumours with limited metastases and thus, have a good 

prognosis.(60) 

A reason for the late presentation of ovarian cancer is the non-specific early 

symptoms which are often treated as gastrointestinal conditions or urinary tract-

related disorders.(61, 62) Furthermore, in the UK, there is a lack of ovarian 

cancer symptom awareness, which in turn delays patients from seeking medical 

help.(63) The low positive predictive value of these vague symptoms, combined 

with the low frequency of an average general practitioner encountering a case 

of ovarian cancer (as infrequently as one case every 5 years) further 

compounds the issue.(61) 

The lack of specific screening tools for ovarian cancer is another contributory 

factor for its late detection.(63) Other female cancers such as breast and 

cervical cancers have established procedures to detect pre-malignant or early 

abnormalities (mammogram and smear test, respectively), but none are 

available for ovarian cancer.  

In short, the high mortality rate of ovarian cancer is linked to its late 

presentation; this can be attributed to the disease’s non-specific symptoms, the 

lack of awareness on the part of patients and heathcare providers, as well as, 

the unavailability of effective screening methods for early disease detection. 
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Alongside these factors, survival rates are also linked to the type of ovarian 

cancer. 

 

1.2.2 Classification of ovarian cancer 

Ovarian cancers are categorised based on where the tumour appears to 

originate from, mainly, from three different sites. The most common, consisting 

of more than 90% of all ovarian cancers, are epithelial tumours(64) (Figure 6). 

As the name suggests, they are thought to be derived from the epithelial 

surface of the ovaries. However, this is a misnomer as new findings suggest 

peri-ovarian origins, which will be elaborated later. 

 

 

Figure 6. Cross section of an ovary. The sites which may give rise to ovarian 

cancers are the epithelial surface, the ovarian stroma, and the germ cells. 

Diagram created with BioRender.com. 

 

The second type of ovarian cancer are germ cell tumours. They originate from 

the gonadal germ cells within the ovary and are less commonly encountered (3-

5% of ovarian cancers). Compared to epithelial ovarian cancer (EOC), germ cell 

tumours tend to occur at a younger age (below 30 years of age; peak incidence 

between 15-19 years old). Although germ cell tumours tend to grow rapidly, and 

most patients present with a large abdominal mass accompanied by abdominal 

pain, they are highly curative. In early stage disease, cure rates can be up to 
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100% with chemotherapy; whereas in advanced stages, even in the presence of 

metastasis, cure rates reach as high as 75%.(64-67) 

Sex-cord-stromal tumours are also rare (2-7% of ovarian cancers) and are 

derived from the ovarian stroma, the connective tissue which surrounds the 

ovarian follicles. These tumours are unique in that they are usually detected and 

managed in the early stages (due to the large abdominal mass sometimes 

accompanied by clinically visible hormonal changes such as menstrual 

dysfunction or hirsuitism), but their recurrence may occur up to 40 years from 

the initial diagnosis. Due to their rarity and lack of specific guidelines, the 

treatment for these tumours (mainly surgery and chemotherapy) is similar to 

that given in epithelial or germ cell tumours.(64, 65, 68, 69) 

EOCs are divided to type I and type II. Histologically, type I tumours are classed 

as clear cell, endometrioid, mucinous or serous (low grade). Both the 

endometrioid and clear cell histology subtypes account for approximately 10-

20% of EOCs. They tend to grow slowly and are genetically stable, thus, are 

usually detected in the early stages when the disease is still localised. Patients 

generally have good prognosis; the 5-year survival rate of both subtypes is at 

least 80%.(64, 70-72) The mucinous carcinoma subtype is the rarest of all 

EOCs, at 3% incidence. Most patients (80%) with this subtype are diagnosed 

early, which again leads to a good prognosis; with a 90% 5-year survival 

rate.(73) 

Type II EOCs are aggressive and are genetically unstable. Because they grow 

and spread rapidly, they were often detected at an advanced stage. Type II 

tumours consist of serous (high grade), carcinosarcomatous, mixed morphology 

or undifferentiated morphology.(60, 64, 74, 75)  

Approximately 70 to 80% of EOCs are high grade serous carcinomas (HGSC). 

Most women with HGSC (81-85%) present at advanced stages and 

subsequently, the ten-year mortality rate is as high as 70-75%.(60, 64) In 

practical terms, the HGSC is synonymous with the type II classification, as it is 

the most common and also the most lethal of ovarian cancers. 
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1.2.3 The origin of epithelial ovarian cancer 

There are many theories as to how EOCs develop. The endometrium, fallopian 

tubes or ovarian surface epithelium have been proposed as the original tumour 

site and are discussed below. A representative diagram is shown in Figure 7. 

  

 

Figure 7. Ovarian cancer may originate from non-ovarian sources. 

Endometrial cells migrate outwards via the fallopian tube to implant onto the 

ovarian surface (A); tubal cells from the fimbriae implant onto the ovarian 

surface to form an inclusion cyst (B); they may migrate to distant sites via the 

angiolymphatic network (C); or tumour from nearby tissues may invade into the 

ovarian surface (D). Diagram created with BioRender.com. 

 

a) The endometrium as the origin of ovarian cancer 

The endometrioid and clear cell ovarian carcinomas are thought to arise from 

endometriotic lesions. The speculation that the endometrium could be 

implicated in ovarian cancer was derived from the concept of retrograde 

menstruation in endometriosis, where endometrial tissue ‘escapes’ via the 

fimbria end of the fallopian tubes, and implants outside of the uterus including 

onto the ovaries. The ability of the endometrial tissue to survive and invade 

outside of its original site was postulated to be due to intrinsic abnormalities 

within the cells themselves which can activate oncogenic pathways.(75-77)  
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This theory was supported by the finding that tubal ligation, a contraceptive 

procedure wherein fallopian tubes are surgically blocked, was associated with a 

lower risk of clear cell and endometrioid cancers, but not of the other 

histological types. The role of oestrogens in the development of oestrogen-

responsive carcinomas, such as the clear cell and endometrioid type, has also 

been implicated. Tubal ligation or hysterectomies reduces oestrogen production 

in the ovaries, and thus, are associated with a lower risk of these cancers.(75-

77) Furthermore, a gene profile study showed that endometrioid and clear cell 

tumours resembled the endometrium.(78) 

b) The fallopian tube as the origin of ovarian cancer 

The role of the fallopian tube was noted when pre-cancerous lesions were 

detected in women with a predisposition to ovarian cancer, e.g. those 

associated with inherited BRCA mutations (these mutations confer an average 

cumulated risk between 11% to 39% of being diagnosed with EOC by age 70). 

These lesions were not microscopically detected in the adjacent ovaries.(79-81) 

Additionally, a gene-profiling study found that the gene expression of serous 

tumours showed more resemblance to the fallopian tube than the epithelial 

surface of the ovaries.(78) 

Another argument to support the role of the fallopian tube in ovarian cancer 

formation is the close proximity of the fimbria (ends of the fallopian tube) to the 

ovaries. Currently, there is evidence that up to 80% of HGSC originate from the 

fimbria.(82) Anatomically, the fimbria are in direct contact with the outer surface 

of the ovary. During ovulation, when the epithelial surface of the ovary is 

disrupted, epithelial cells from the tubal fimbria may be dislodged and implant 

onto the ovary to form an inclusion cyst. This hypothesis came from the 

observation that tubal epithelial cells are easily dislodged and collected via 

flushing of the fallopian tube, and also because of the incidence of 

endosalpingiosis whereby tubal-type epithelial cells are found on other pelvic 

and abdominal organs.(75, 83) 

An interesting feature of the fimbria is its close proximity to the angiolymphatic 

network (which consists of both vascular and lymphatic circulation), where tubal 

epithelial carcinomas would have easy access to metastasise to distant 

sites.(75) This access to the angiolymphatic route means that distant 
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metastases may occur before the primary tumour grows large enough to be 

detected, which may contribute to late stage diagnosis.  

Another theory has suggested that ovarian tumours can arise from tissues 

surrounding the ovaries (para-ovarian) or the fallopian tubes (para-tubal). When 

the tumour enlarges, it erodes into the nearby ovarian tissue, and can therefore 

appear as though it originated from the ovary.(75, 84) 

c) The ovarian surface epithelium as the origin of ovarian cancer 

Many ovarian cancers are thought to arise from the surface epithelium. A 

predominant theory for the development of EOC is the incessant ovulation 

hypothesis, first put forward in 1971.(85) Ovulation damages the ovarian 

surface leading to epithelial proliferation to repair the wound; when these events 

continually occur there is an increased chance of errors during cell replication, 

leading to cancer. When ovulation is suppressed and the proliferative processes 

are interrupted, for example in pregnancy, lactation or oral contraceptive use, 

the cancer risk is reduced. This is supported by the observed decreased risk of 

ovarian cancer in women of high parity and with oral contraceptive use.(85-87) 

During ovulation, the damage to the ovarian epithelium may also initiate an 

inflammatory reaction. The epithelia initially proliferate to accommodate the 

growing follicle and then disintegrate via apoptosis to allow ovum release, which 

is a cycling process. Leucocyte infiltration and secretion of inflammatory 

cytokines are involved in this ovarian tissue remodelling and DNA repair. Thus, 

the repeated damage caused by inflammatory mediators may lead to the 

transformation of the surface epithelial cells into ovarian cancer cells.(86, 88) 

Another theory for EOC development is related to excessive gonadotrophin 

hormone exposure, which stimulates the ovarian surface epithelium directly or 

via oestrogen stimulation. This over-stimulation then leads to malignant 

transformation, similar to that in breast cancer.(86, 89) Interestingly, levels of 

gonadotrophin increase with age; this is consistent with the older, often 

postmenopausal, age of ovarian cancer diagnosis.(86) 

Aside from oestrogen and gonadotophins, androgens were also linked to 

ovarian cancer tumorigenesis. Androgen receptors are expressed in the 

different histological subtypes of EOC, especially in the serous subtype. The 

hypothesis that androgens are linked to ovarian cancer development coincides 
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with the observation that those with polycystic ovarian syndrome (a 

hyperandrogenic condition) have a higher risk of ovarian cancer, that the 

progestogen-only contraceptive (which suppresses ovarian androgen synthesis) 

has protective effects against ovarian cancer, and that androgen deprivation 

therapy offers some benefit in ovarian cancer.(90) Additionally, the growing 

follicles during the pre-ovulatory phase produce androgens. The proximity of 

these follicles to the ovarian surface epithelia mean that they are exposed to 

high levels of androgen, which may lead to their proliferation and subsequent 

transformation to a malignant state.(86) 

 

1.2.4 Staging of ovarian cancer 

The International Federation of Gynaecology and Obstetrics (FIGO) is widely 

accepted as an authority in matters of women’s health, with their guidelines on 

gynaecologic cancer staging utilised globally. In 2014, a revised staging 

classification, which incorporated ovarian, fallopian tube and peritoneal cancer 

into one system, was released. Previously these three types of cancers were 

staged individually.(82) 

The updated FIGO staging system is listed in Table 1, and is based on 

anatomical observations during surgery and also international consultation. 

While the three cancer types are staged under one system, the primary tumour 

site should be determined as much as possible, together with the histologic type 

when the cancer is staged.(82) 
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Table 1. The FIGO staging system for cancer of the ovary, fallopian tube, 

and peritoneum. The staging system was revised in 2014, adapted from Berek 

et al (2018).(82) 

 

Stage Description 

I Tumour confined to ovaries or fallopian tube(s). 

 

IA Tumour limited to one ovary (capsule intact) or fallopian tube; 

no tumour on ovarian or fallopian tube surface; 

no malignant cells in the ascites or peritoneal washings. 

IB Tumour limited to both ovaries (capsules intact) or fallopian tubes;  

no tumour on ovarian or fallopian tube surface;  

no malignant cells in the ascites or peritoneal washings. 

IC 

 

IC1 

IC2 

 

IC3 

Tumour limited to one or both ovaries or fallopian tubes, with any of the 

following: 

Surgical spill 

Capsule ruptured before surgery or tumour on ovarian or fallopian tube 

surface 

Malignant cells in the ascites or peritoneal washings 

II Tumour involves one or both ovaries or fallopian tubes with pelvic 

extension (below pelvic brim) or peritoneal cancer. 

 

IIA Extension and/or implants on uterus and/or fallopian tubes and/or ovaries. 

IIB Extension to other pelvic intraperitoneal tissues. 

III Tumour involves one or both ovaries or fallopian tubes, or peritoneal 

cancer, with cytologically or histologically confirmed spread to the 

peritoneum outside the pelvis and/or metastasis to the retroperitoneal 

lymph nodes. 

 

IIIA1 

 

IIIA1(i) 

IIIA1(ii) 

Positive retroperitoneal lymph nodes only (cytologically or histologically 

proven): 

Metastasis ≤ 10 mm in greatest dimension 

Metastasis > 10 mm in greatest dimension 

IIIA2 Microscopic extrapelvic (above the pelvic brim) peritoneal involvement with 

or without positive retroperitoneal lymph nodes. 

IIIB Macroscopic peritoneal metastasis beyond the pelvis ≤ 2 cm in greatest 

dimension, with or without metastasis to the retroperitoneal lymph nodes. 

IIIC Macroscopic peritoneal metastasis beyond the pelvis > 2 cm in greatest 

dimension, with or without metastasis to the retroperitoneal lymph nodes 

(includes extension of tumour to capsule of liver and spleen without 

parenchymal involvement of either organ) 

IV Distant metastasis excluding peritoneal metastases 

 

IVA Pleural effusion with positive cytology 

IVB Parenchymal metastases and metastases to extra-abdominal organs 

(including inguinal lymph nodes and lymph nodes outside of the abdominal 

cavity) 
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Ascites is the accumulation of fluid within the peritoneal cavity and is one of the 

hallmarks of ovarian cancer, so much so that it is specifically mentioned in the 

FIGO staging system. Ascitic fluid accumulation occurs when the inflow of the 

peritoneal fluid exceeds its outflow within the peritoneal cavity. This pathologic 

condition is also associated with poor prognosis, as ascites is usually present 

with HGSC or in advanced stages (91) and ascitic volume at diagnosis was 

observed to be inversely correlated with survival.(92) The mechanism for ascitic 

fluid build-up in ovarian cancer is thought to be due to the increased 

permeability of vessels within the abdomen (mostly driven by the increased 

VEGF expression from the growing tumour) and concomitant reduction in 

lymphatic drainage (blockage of lymphatic channels due to tumour 

invasion).(93) As a comparison, approximately 100 mL of peritoneal fluid is 

present in the peritoneal cavity under physiological conditions to reduce friction 

between tissue surfaces,(93) but in ovarian cancer ascitic volume can 

accumulate to more than 2 litres.(92) 

 

1.2.5 Management of ovarian cancer 

The two main modes of ovarian cancer management are surgery and 

chemotherapy, which are further discussed, together with targeted therapy. 

a) Surgical management 

As most patients present with advanced stage disease (stages III and IV), 

debulking or cytoreductive surgery is recommended, to reduce the volume of 

residual disease. Complete removal of macroscopic disease during surgery is a 

predictor of overall survival.(94) Debulking surgery involves the removal of the 

uterus, both ovaries and fallopian tubes, the omentum and other intra-

abdominal tissues if obvious tumour sites are noted.(82) The location of the 

omentum within the abdomen and its involvement in ovarian cancer is further 

discussed in section 1.4.  

Primary debulking surgery is performed prior to any chemotherapy, whereas 

interval debulking is performed after 3 to 4 cycles of chemotherapy.(82) The 

latter is applicable for patients who are not clinically fit (e.g. poor performance 



54 
 

status, significant co-morbidities) for primary debulking surgery at diagnosis, or 

if the primary debulking was deemed suboptimal.  

Although, these initial treatments have a high response rate and initiate a period 

of remission, EOC has a very high rate of progression or recurrence.(95) In 

recurrent disease, secondary cytoreduction is currently being evaluated in 

clinical trials and is not standard practice.(82) 

b) Chemotherapy 

In advanced stage cancer, adjuvant chemotherapy follows primary debulking 

surgery. Current guidelines recommend 6 cycles of combination cytotoxic 

chemotherapy comprising of a platinum and a taxane drug. The same 

chemotherapy regime is given in combination with interval debulking to achieve 

the recommended total of 6 cycles.(82) Most chemotherapy is administered 

intravenously, although an intraperitoneal option is available. In early stage 

cancer, i.e. stage IA and IB, when prognosis is very good, chemotherapy is 

usually not recommended.(82) 

Chemotherapy is also offered in recurrent ovarian cancer with the type of 

chemotherapy drug being dependent on the treatment-free interval. If the 

interval to recurrence is less than 6 months, the patient is considered platinum-

resistant. Those with cancer progression during treatment or within 4 weeks of 

ceasing chemotherapy are considered as platinum-refractory. In both cases, 

patients are usually offered subsequent non-platinum-based chemotherapy. If 

the interval is more than 6 months, patients are considered platinum-sensitive 

and would be given platinum-based chemotherapy again.(82) 

The combination of platinum and taxane as a standard for ovarian cancer 

chemotherapy was first established in the GOG111 study, published in 

1996.(96) Up until now, ovarian cancer chemotherapy is still centred on this 

same platinum-taxane combination, but with amendments in the platinum or 

taxane drug type, drug dosages and/or duration of infusion.(95, 97) Addition of 

another class of chemotherapy drug to the platinum-taxane combination did not 

yield additional clinical benefits.(97) 
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c) Targeted therapy 

Unlike the traditional cytotoxic chemotherapy used for most cancers, targeted 

therapy refers to the targeting of specific molecules involved in tumour growth. 

Due to their specific nature, targeted therapies are expected to be less harmful 

to non-cancerous cells compared with the indiscriminative conventional 

chemotherapy.  

For instance, bevacizumab is an anti-VEGF monoclonal antibody therapy that 

inhibits angiogenesis by specifically targeting VEGF and thus angiogenesis, 

(discussed in section 1.1.3). It was originally used in the treatment of metastatic 

colorectal cancer, but its indication was later extended to ovarian cancer.(98) 

Bevacizumab is often given in combination with conventional chemotherapy in 

both the first-line setting and in disease recurrence.(98, 99) It may also be given 

on its own as treatment for malignant ascites, since increased levels of VEGF 

are associated with the enhanced vascular permeability which contributes to 

ascites.(100) 

It is interesting to note that trials with bevacizumab have shown relatively little 

benefit to patient outcomes. For example, a gold-standard in clinical endpoint is 

overall survival, an aspect in which the costly addition of bevacizumab did not 

significantly improve in two landmark clinical trials, the GOG218 and 

ICON7.(101, 102) Progression-free survival, another important clinical endpoint, 

showed modest improvement of less than 4 months.(101-103) 

Resistance to bevacizumab is also a clinical challenge.(98) In ovarian cancer 

cells in vitro, exposure to bevacizumab was linked to the upregulation of 

adaptive resistance genes resulting in HIF-1 (a pro-angiogenic stimulus 

described in section 1.1.3) degradation and downregulation, thus suppressing 

VEGF secretion from the cancer cells, leading to bevacizumab inaction.(104) In 

colon cancer cells resistant to bevacizumab, hypoxia tolerance was higher in 

cells resistant to bevacizumab compared to those which are sensitive. 

Contrasting to ovarian cancer cells, the HIF-VEGF-VEGFR autocrine signalling 

loop is upregulated as a resistance mechanism towards bevacizumab.(105) 

This raises the possibly that angiogenesis induced in metastatic ovarian cancer 

tumours is not solely VEGF dependent and this suggestion is supported by 

previous work in this laboratory and other studies.(104, 106, 107) The activation 
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of receptors such as EphB4, or action of ligands such as IL-8 and HGF, have 

been put forward as potential angiogenic mediators.(104, 106, 107) The 

complex tumour microenvironment in the target organs for metastatic disease 

may therefore contribute to new tumour growth independently of VEGF and will 

be discussed in later sections. One of the aims of this thesis is to better 

understand the mechanisms underlying angiogenesis during EOC metastasis 

since without this knowledge, development of more successful therapies 

targeting angiogenesis is challenging. 

Another class of drugs approved for use in ovarian cancer is the poly(ADP-

ribose) polymerase (PARP) inhibitors. These drugs inhibit the action of PARP to 

disrupt the DNA repair pathways, which then leads to cancer cell apoptosis. 

PARP inhibitors are indicated for tumours with BRCA1/2 mutations, which are 

associated with the HGSC ovarian cancer subtype.(108) These drugs are used 

as maintenance therapy post-adjuvant chemotherapy, or in recurrent 

disease.(82) As a new class of drugs, PARP inhibitors were hailed as a new 

frontier in ovarian cancer treatment; however, treatment with PARP inhibitors 

does not improve overall survival,(109, 110) as a clinical endpoint in evaluating 

cancer treatment effectiveness.(111) 

 

1.3 Ovarian cancer metastasis 

The activation of invasion and metastasis is another one of the hallmarks of 

cancer.(44) For solid tumours to spread, cell migration from the primary site to 

secondary or distal sites must occur. The classical model of cancer metastasis, 

and the metastatic mechanisms of ovarian cancer spread are discussed in the 

following sections.  

1.3.1 The metastatic cascade 

In the classical or ‘traditional’ model of solid tumour metastasis, metastatic 

tumour cells journey to distal sites in 5 distinct steps, also termed the metastatic 

cascade: 1) infiltration of basement membrane and migration into adjacent 

tissue, 2) intravasation into the vascular or lymphatic circulatory system, 3) 

survival within the circulatory system, 4) extravasation from the circulation, 5) 

colonisation at the secondary tissue. With every step of the cascade, there is an 



57 
 

attrition in viable tumour cell numbers, hence metastasis is considered an 

inefficient process.(112) It has been postulated that only 0.01% of the 

circulating tumour cells are successful in forming distant colonies at secondary 

sites.(113) 

In the first step, the cells need to survive being detached from the primary 

tumour since during detachment the usual cellular signals for growth and 

maintenance are disrupted. Cancer cells also require an ability to degrade ECM 

to journey towards the circulatory network. For the cancer cells to enter and exit 

the circulatory system in the second and fourth steps, they take advantage of 

available vasculature structures, e.g. valves within lymphatic drainage and 

fenestrations within the blood vessels, or they squeeze between the ECs lining 

the vasculature in response to a chemoattractant gradient, such as VEGF 

secreted by distant hypoxic tissue (previously discussed in section 1.1.3). Once 

in the circulation in step three, the cells must survive fluid movement-generated 

shear stress and immune cells. Upon arriving at a distant tissue in the final step, 

the cells adhere in a suitable niche which ensures their survival and subsequent 

growth.(112, 114, 115) A schematic of the metastatic cascade is depicted in 

Figure 8. 

In the context of ovarian cancer, initial metastases are confined to the abdomen 

and the route of metastasis is unique compared with other types of solid 

tumour. Several potential mechanisms of ovarian cancer metastasis are 

discussed in the following subsections. 

 

Figure 8. The metastatic cascade. Tumour cells dissociate from the primary 
tumour and migrate into adjacent tissue (A), before intravasating into the 
vascular (pictured) or lymphatic circulation (B). Tumour cells survive and travel 
via the circulation (C), before arresting and extravasating to the secondary site 
(D). Tumour cells invade into the new tissue to form metastases (E). Diagram 
adapted from Jiang et al (2015)(115) and created with BioRender.com. 
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1.3.2 Metastasis via direct extension 

Patients with ovarian cancer often present with locally advanced disease with 

the cancer confined to the reproductive organs. Direct extension or spreading 

occurs when the ovarian capsule is breached and the tumour has grown 

beyond the boundaries of the ovary, commonly observed in the early stages, 

i.e. stage II onwards. This results in the cancer extending and even engulfing 

adjacent organs such as the ovary itself, uterus, fallopian tubes and 

occasionally the rectum and bladder.(116-118) 

 

1.3.3 Metastasis via the lymphatic route 

The lymphatic route in ovarian cancer metastasis is also of importance as pelvic 

and para-aortic nodal metastasis is frequently observed in advanced stages 

and/or in type II ovarian cancers; with 70-75% of stage III and IV EOC involving 

nodal metastasis.(119) Lymph node status is an important, but not the sole, 

prognostic factor in ovarian cancer. Indeed, survival rates are nearly three-fold 

lower in patients with lymph node metastases compared to those without, 

regardless of cancer histology. The risk of recurrent disease is also linked to 

nodal metastasis.(119, 120) 

Considering the close proximity of the fallopian tube fimbria to the lymphatic 

network and the direction of lymphatic drainage from the ovary,(75, 121) nodal 

involvement is often anticipated in ovarian cancer, such that lymph node status 

is part of disease staging in the FIGO system (Table 1). As discussed in section 

1.2.4, the formation of ascites may also be due to lymphatic invasion or 

obstruction by the metastatic tumour cells, which subsequently leads to 

decreased lymph resorption into the lymphatic circulation.(122) 

 

1.3.4 Metastasis via the haematogenous route 

The haematogenous spread of cancer is when the detached cancer cells from 

the primary tumour enter the blood circulation to be transported to other distant 

tissues, as described earlier (in section 1.3.1).(123) The haematogenous route 

in ovarian cancer metastasis was thought to be uncommon, since it was rarely 
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detected at diagnosis with the cancer mostly confined to the abdominal 

area.(118) Although circulating cancer cells were detected in the peripheral 

circulation, this did not translate to increased incidence of distant metastases. 

This finding was based on a study using peritoneovenous shunts, where 

abdominal pressure build up was alleviated using shunts to direct the ascitic 

fluid into the circulatory system. In this intervention, exfoliated cancer cells 

suspended in the ascites were continuously infused into the blood for up to 27 

months; surprisingly, autopsy revealed no clinically significant metastatic lesions 

outside of the abdomen.(124) 

However, more recent studies have showed that circulating cancer cells were 

associated with advanced tumour staging, poor treatment response and 

ultimately, poor prognosis and poor survival.(125-127) Thus, circulating cancer 

cells may be partly implicated in ovarian cancer metastases and there is 

potential in using these cells as a prognostic biomarker.(126, 127) 

A recent animal study supports a haematogenous route for metastasis for 

ovarian cancer. In a parabiosis mouse model, where two mice were surgically 

joined such that they shared the same circulatory system, ovarian cancer cells 

injected into the ‘host’ mice resulted in metastasis in the omentum of both the 

conjoined mice.(128) This observation strengthened the notion of the 

omentum’s ‘receptivity’ towards colonisation by metastatic ovarian cancer cells. 

It is also possible that haematogenous spread to other parts of the body may 

occur when the metastatic cancer colony has been established in the omentum, 

which is a highly vascularised organ.(129) 

 

1.3.5 Metastasis via the transcoelomic route 

Transcoelomic metastasis refers to the dissemination of cancer cells throughout 

the peritoneal cavity by penetration of the peritoneal surface, which lines the 

abdominal and pelvic cavities.(118) The transcoelomic route of metastasis is 

commonly accepted as the predominant method of ovarian cancer spread. This 

is mostly attributed to the ease of cell movement from the primary tumour site to 

the peritoneal cavity due to the lack of anatomical barriers.(116, 122) The 

process of transcoelomic metastasis is divided into several steps: cells exfoliate 
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from the primary tumour and suspend in peritoneal fluid; acquire resistance to 

anoikis (apoptosis when detached from the ECM; explained in the following 

subsection); disperse within the peritoneal cavity via peritoneal fluid flow; attach 

onto peritoneal surfaces of organs such as the omentum (mainly composed of 

mesothelial cells); and finally, invade and grow at this secondary site.(116, 122, 

130) As a result of this spread to the peritoneal area, malignant ascites 

formation is common and is a classical sign of ovarian cancer especially in the 

later stages.(116, 118, 122, 130) 

The steps in transcoelomic metastasis are outlined in greater detail below.  

a) Detachment from primary tumour and resistance to anoikis 

The mechanism of cell detachment from the primary tumour may be due to the 

upregulation of integrin αvβ6 within the cancer cells. This upregulation is linked 

to the degradation ECM via the secretion of enzymes, uPA and MMPs, leading 

to tumour cell detachment from the ECM.(131) Aside from proteolytic roles, 

integrin αvβ6 also interacts with the uPA receptor, and separately, activates 

transforming growth factor beta (TGF-β, a factor upregulated in cancer cells); 

both these are associated with increased ovarian cancer cell proliferation and 

invasion.(132) 

In addition, the cell adhesion molecule E-cadherin is downregulated in cancer 

cells. This membrane glycoprotein is detected in lower levels in the detached 

cancer cells compared with the original tumour.(116, 118) Downregulation of E-

cadherin is associated with loss of cell-cell contact due to decreased anchorage 

and the cells undergo epithelial-mesenchymal transition (EMT). In EMT, the 

cells transform by losing their epithelial features and acquiring 

mesenchymal/stem cell phenotype such that they become less susceptible to 

apoptosis and are able to migrate efficiently to the new tissue site.(119) Thus, 

such transformation confers survival advantage on the metastatic cells. Low E-

cadherin expression, from immunohistochemical studies in ovarian cancer 

tissue, is also linked to poor survival rates and invasive phenotype.(133, 134) 

The invasiveness of the mesenchymal-like cells was evident in a xenograft 

mouse study whereby the cells were able to form tumours similar to the original 

human tumour.(135) Morphologically, mesenchymal-like cells aggregate as 

multicellular spheroids which have advantages in cancer compared to single 
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cell units – they are more resistant to chemotherapy and to anti-tumour 

antibodies (decreased exposure of the outer surface area and also expression 

of the anti-apoptotic protein, BclxL) and are more invasive upon reaching the 

secondary site (better interaction with the peritoneal surface).(119, 135) 

In a multifaceted manner, the EMT process is thought to be involved in 

resistance to anoikis, which is programmed cell death or apoptosis upon 

detachment from the ECM. The upregulation of several proteins are implicated. 

The overexpression of RAB25 is linked to chemotherapy resistance, tumour 

proliferation and aggressiveness, as well as, being associated with advanced 

disease and poor survival rates.(136) The surface protein B7-H4 is also 

implicated in the inhibition of anoikis, based on the observation that B7-H4 

knockdown in cancer cells increased apoptosis.(137) The protein is detected in 

serous ovarian cancer cells but not in normal ovarian tissue, and its expression 

increases with higher cancer stages.(137, 138) In vitro studies on B7-H4-

transfected ovarian cancer cells showed enhanced proliferation, adhesion, 

migration and invasion; while in vivo, tumorigenesis was observed in mouse 

models.(139) 

b) Migration via the peritoneal fluid 

The detached metastatic cells follow peritoneal fluid dynamics to be transported 

to the peritoneal cavity. This migration within the peritoneal fluid, or ascites, is 

influenced by the fluid volume: the greater the volume, the easier the 

dissemination within the cavity. High ascitic volume has been linked to worse 

survival rates.(91, 92) The ascitic fluid itself contains factors and other cells 

which promote tumour growth and invasion, e.g. growth factors, proteinases, 

CXC chemokine ligand 12 (CXCL12), cancer-associated fibroblasts, 

platelets.(91, 117) Thus, the ascites is considered to be a self-sustaining tumour 

microenvironment in its own right.  

Due to the passive flow of the ascitic fluid, the shear stress generated by this 

fluid movement is thought to be negligible, as opposed to the high shear levels 

generated within blood vessels. However, a study showed that even the low 

shear stress (less than 0.1 dyne/cm2) of the ascitic fluid promotes EMT and 

cancer cell ‘stemness,’ as observed by the increase in stem cell markers within 

the spheroid cells.(140) Example of stem cell markers include Oct-4 (regulates 
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tumorigenesis and metastasis), c-Kit (regulates tumorigenesis and increases 

chemoresistance) and P-gp (also involved in chemoresistance).(140) 

Considering their tumour-promoting characteristics, advanced cancer stages 

are often accompanied by these upregulated stem cell markers.(140) 

Additionally, an increase in ascitic volume with a corresponding decrease in 

shear stress (e.g. from 0.02 to 0.002 dyne/cm2), further induces the expression 

of stem cell markers.(140) 

c) Adhesion and invasion within the peritoneal cavity 

The first step of secondary metastasis formation by cancer cells in the ascitic 

fluid is their adhesion to the mesothelial cells which line the surface of the 

omentum and the peritoneum. Upon reaching the secondary site, the cells 

undergo the reverse of EMT, i.e. the mesenchymal-epithelial transition (MET). 

E-cadherin expression is upregulated to facilitate attachment to the new 

site.(119) Both the EMT and MET events demonstrate the dynamics of E-

cadherin expression for cancer cell detachment and reattachment. The 

transition to the epithelial phenotype also allows the cells to respond better to 

growth factors secreted from nearby cells,(117) thus advancing the metastatic 

colonisation process. 

Several mechanisms that drive adhesion between the cancer cells and 

mesothelial cells have been put forward. ECM proteins such as collagen, 

laminin and fibronectin were detected on the outer surface of mesothelial cells. 

Consequently, the cancer cells may gravitate and bind to these proteins via 

integrins present on cancer cells. Some proposed interactions include the 

binding of α5β1-integrin with fibronectin, α6β1-integrin with laminin and α2β1-

integrin with collagen type IV, although there is evidence that the integrins may 

interact with more than one type of ECM protein.(141-143) An in vitro study 

showed that the inhibition of the β1 subunit, which is common to the integrins 

aforementioned, abolished ovarian cancer cell migration towards the ECM 

proteins.(143) 

Aside from integrins, the interaction between the CD44 receptor on the cancer 

cells and hyaluronan on the mesothelial cells may be partly implicated in the 

metastatic adhesion process.(144) A recent study suggested that the role of 

CD44 in metastasis was not merely binding between receptor and ligand or 
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surface-level adhesion; but rather, the cancer cells transport exosomes of CD44 

to the mesothelial cells. The mesothelial cells internalise these exosomes, 

transform into a mesenchymal phenotype, and secrete MMP to enzymatically 

clear the mesothelial layer and thus lead to cancer cell invasion.(145) 

After the initial adhesion to the peritoneal surface, the cancer cells then invade 

through the mesothelial cell layer. This could occur by induction of mesothelial 

cell apoptosis through the binding of the CD95 receptor on mesothelial cells to 

the Fas ligand secreted by the cancer cells, as observed in an in vitro study 

using a colon cancer cell line and human peritoneal mesothelial cells.(146) This 

ligand-receptor binding interaction also induces tumour growth.(147) When 

mesothelial cells are cleared, the metastatic tumour cells have access to, and 

can thus invade, deeper layers. 

Another molecule of interest is lysophosphatidic acid, which is secreted from 

ovarian cancer cells and mesothelial cells.(148) and is found in malignant 

ascites, but is not detected in non-malignant ovarian cells or in the peritoneal 

fluid in health.(149) Lysophosphatidic acid activation of the Ras/MEK kinase 1 

pathway within the ovarian cancer cells is related to cell migration.(119) 

Lysophosphatidic acid also induces the secretion of proteases, uPA and MMPs, 

by the ovarian cancer cells which degrade ECM leading to enhanced tumour 

invasion, and also EMT.(148, 150) 

The mesothelial cells themselves, being the first point of contact for the 

metastatic cancer cells, are thought to affect the behaviour of the attached 

cancer cells. For example, the mesothelial cells stimulate changes in the gene 

expression profiles of the cancer cells, leading to increased invasiveness and 

proliferation – qualities which promote the establishment of cancer at the new 

site. An example is the downregulation of a tumour suppressor micro RNA, 

miR-193b, upon ovarian cancer cell interaction with peritoneal mesothelial cells 

in vitro and also with human omental tissue ex vivo.(151) The observed 

increased invasion of the ovarian cancer cells was attributed to the induction of 

uPA when miR-193b was downregulated.(151) 

Conversely, the adhesion of the cancer cells induces inflammation of the 

mesothelial cells, which in turn increases their cytokine secretion (e.g. 

interleukin-1,-6,-8), and subsequently VEGF secretion leading to tumour 
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angiogenesis and the formation of ascites.(119) This interplay of events at the 

microenvironment level renders the peritoneal cavity suitable for cancer 

invasion and growth. 

Within the peritoneal cavity and lined by mesothelial cells, both the omentum 

and the peritoneum are the most common sites for initial metastasis in 

EOC.(117, 152) Indeed, debulking surgery usually involves omentectomy to 

treat or prevent secondary spread.(153) Although listed as two separate 

entities, developmentally, the omentum is derived from the peritoneum (via a 

peritoneal fold), and the mesothelial cell layer is the common outer surface of 

these structures. Considering the structure and myriad functions of the 

omentum, it is considered as an organ in its own right as opposed to the 

peritoneum, which is a membrane lining the entire peritoneal cavity.(154) Thus, 

moving forward, cancer metastasis specific to the omentum is further 

discussed. 

 

1.4 The omentum 

The preference of metastatic ovarian cancer cells for the omentum is not a 

chance event and is termed ‘organ tropism.’ This concept is also referred to as 

the ‘seed and soil’ theory, which was proposed by a surgeon, Stephen Paget, in 

his work on breast cancer using post-mortem data.(155) In this theory, the 

metastatic cancer cells are considered the ’seeds’ which require a suitable 

microenvironment (the ‘soil’) for metastatic colonisation to occur. The focus of 

this theory is the role of the microenvironment in determining the success of the 

‘seedlings,’ i.e. the metastatic tumour cells, and not so much on the location of 

the primary tumour.(112, 155) 

 

1.4.1 Structure of the omentum 

The omentum is a large adipose tissue organ in the peritoneal cavity, formed by 

folds of the peritoneum to give rise to the greater omentum and the lesser 

omentum. The latter is smaller in size and is connected to the lesser curvature 

of the stomach, the duodenum and the liver. Structurally, the lesser omentum 
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supports the blood and lymph circulation between the liver and the 

stomach.(156) 

The greater omentum forms the majority of the organ and is connected to the 

greater curvature of the stomach and the transverse colon. It appears as a 

‘hanging’ sheet from the stomach which extends to the large colon and 

intestines, similar to a hanging apron (Figure 9).(156) The bulk of research on 

the omentum’s diverse physiological functions, as well as its role in ovarian 

cancer metastasis is concentrated on the greater omentum, which is henceforth 

simply referred to as the omentum. 

 

 

Figure 9. Location of the omentum within the abdomen. The lesser 
omentum is connected to the lesser curvature of the stomach, the duodenum 
and the liver. The greater omentum is connected to the greater curvature of the 
stomach and the transverse colon and extends over the small intestine and 
large colon. Diagram created with BioRender.com. 

 

The omentum may weigh up to 2kg, and has a large surface area, up to 

1500cm2. The outer surface of the omentum consists of mesothelial cells, which 

envelope the visceral adipose tissue underneath. The omentum is mostly 

composed of adipocytes and due to its size, it is a major storage site for 

abdominal fat.(157, 158) Grossly, the omentum appears yellow in colour due to 



66 
 

the high lipid content of the adipocytes, and was initially thought of as an inert 

organ solely for fat storage or energy reserve.(159) Over time, especially after 

the era of microscopy when its intricate structures were visualised, the 

omentum’s role in peritoneal immunity was duly recognised.(160) 

The omentum is highly vascularised, with capillary beds running underneath the 

outer mesothelial cell layers. The vascular network is dotted with knot-like 

structures similar to renal glomeruli which are termed the omental glomeruli. 

Leucocytes aggregate to these glomeruli to form lymphoid structure-like areas 

termed as ‘milky spots,’ so named due to the white-coloured appearance of the 

leucocytes embedded in the yellow-coloured background of adipocytes.(157, 

158) 

The various functions of the omentum, in tissue repair and in immune 

regulation, are explored in subsequent sections, as well as, how the structure 

and composition of the omentum contributes to the ‘seed and soil’ theory of 

ovarian cancer metastasis. 

 

1.4.2 The omentum in tissue regeneration and mechanical defence 

The omentum plays a major role in the repair of peritoneal injury and in immune 

defence. In response to inflammation (due to injury, contamination or infection), 

in rat models, the omentum switches to an activated state and the omental 

volume increases drastically, more than 20-fold increase.(161, 162) For 

perspective, adipocytes usually make up 95% of the omentum in the native 

state but only 30% in the activated state.(161) The increase in volume is a 

result of new tissue production, consisting of mesenchymal stromal cells, as 

well as blood and lymphatic vessels.(161, 162) The ‘milky spot’ areas are also 

expanded in the activated omentum.(162) 

In tissue injury and inflammation, the omentum functions as a ‘bandage.’ In rat 

studies, the activated omentum mechanically adhered to and wrapped around 

foreign particles such as polydextran beads or a polyvinyl chloride rod.(161, 

162) The expanded mesenchymal stromal cell population in the activated 

omentum may contribute to this regenerative process since they express stem 

cell markers and pluripotent embryonic markers (e.g. SDF-1α, Oct-4, 
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Nanog).(161, 162) Increased density of blood and lymphatic vessels 

accompanied the volume expansion of the omentum, possibly due to the 

increased VEGF detected in the media cultured with the omental samples.(161, 

162) These findings thus support the role of the omentum in tissue repair. 

Infection or contamination within the peritoneal cavity initiates a similar early 

sequence of events. In a rat study, the activated omentum adhered to the 

affected site to seal it off and thus contain spread to the rest of the peritoneal 

cavity. Fibrin secreted by the omentum adheres to the affected area and then 

progressively, new blood vessels, fibroblasts and collagen are laid down to form 

dense adhesions. This is achieved through the secretion of similar factors, e.g. 

VEGF to increase blood flow to the affected area.(156, 163) 

Concurrently at the site of inflammation, any pathogens or necrotic tissues are 

absorbed by the omentum and degraded. This is achieved by the activation of 

macrophages located in the milky spots, which phagocytose the offending 

particles.(156) 

1.4.3 The omentum in immune regulation 

Omental ‘milky spots,’ as mentioned above, play a key role in peritoneal 

immune defence. Structurally, they lie in close proximity to the omental 

glomeruli, and possess fenestrated or discontinuous capillaries. Above this 

vascular network, the mesothelial cells have intercellular pores between them 

(stomata) and an absent basal membrane underneath them.(157) A schematic 

of the omental milky spot is depicted in Figure 10.  

When peritoneal inflammation occurs, the milky spots increase in size and 

number with the increased recruitment of lymphocytes and macrophages. This 

observation supports the hypothesis that the omentum functions as a secondary 

lymphoid structure and thus, has immunological roles.(164, 165) Fluid from the 

peritoneal cavity, together with any foreign particulates, is drained via the 

omental lymphatics and ‘filtered’ into the milky spots.(156) The population of 

immune cells in the milky spots then detect and inactivate these pathogens. The 

fenestrated capillaries facilitate the transmigration of immune cells.(156, 158, 

166) 
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Figure 10. Schematic of the omental milky spot. The outermost layer of the 
omentum consists of mesothelial cells. Underneath this layer is the omental 
stroma consisting mostly of adipocytes, with capillary beds termed the omental 
glomeruli. Resident immune cells such as B cells, T cells and macrophages are 
present in the surroundings of the glomeruli. The structure of the milky spot 
(mesothelial cell stomata, absent basement membrane, fenestrated capillary 
wall), and the presence of immune cells allows for peritoneal immune 
surveillance and induction of immune response. Diagram adapted from Di 
Nicola (2019)(156) and created with BioRender.com. 

 

Many types of immune cells are found in the environs of the milky spots, 

although the majority are B cells. The chemokine CXCL13, constitutively 

expressed in the omentum and also in peritoneal macrophages, is thought to be 

the main attractant for B cells to home towards the milky spots.(166) The B1 

subclass of B cells are considered permanent residents within the omentum and 

the peritoneal cavity, but the B2 subclass circulates between the omentum and 

other lymphoid tissues.(158, 166) Additionally, the milky spots themselves are a 

main development site of a unique subtype of B cells, the CD5+ B cell, which 

mature in the milky spots independently from the bone marrow, where 

conventional B cells are developed.(156) It is postulated that the contribution of 

B cells to local immunity is to stimulate natural antibody production in response 

to intercepted foreign pathogens.(166) 

T cells have also been detected within the omentum and may be involved in the 

inactivation of foreign pathogens.(158) Memory T cells generated from other 

sites, e.g. from the gastrointestinal and respiratory systems, have also been 

shown to home to the omentum,(165) strengthening the role of the omentum as 

part of the larger lymphoid system. Additionally, inhibitor and knockout studies 
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in mice indicated that the adipose tissue-associated T cells may have roles in 

regulating metabolism and inflammation, e.g. relating to weight gain and insulin 

resistance.(158) 

As part of peritoneal defence, macrophages play an important role. Aside from 

their role in secreting CXCL13 to attract B cells,(166) they also engulf and lyse 

invading pathogens and execute antigen-presenting functions to stimulate the 

adaptive immune response.(167) Macrophages are resident within the 

omentum and peritoneal cavity, with macrophage colony-stimulating factor 

being produced within the milky spots to stimulate macrophage 

proliferation.(168) Inflammation within the peritoneal cavity rapidly stimulates 

the influx of macrophages and other cells to the omentum resulting in an 

increase in size and number of the milky spots.(158, 169, 170) This is not 

limited to cells already present in the peritoneal cavity but is also from the 

circulatory system, e.g. neutrophils, which jointly phagocytose and overcome 

invading pathogens.(171) 

Despite its peritoneal defence capability, the omentum is still susceptible to 

tumour metastases. It was observed that in early stage ovarian cancer patients, 

microscopic metastases were not detected in the omental adipose tissue but 

only limited to the milky spots.(172) It is possible that the features designed for 

immune regulation, especially the milky spots, inadvertently render the 

omentum to become the ‘soil’ for the metastatic tumour ‘seeds.’ This is further 

elaborated in terms of the peritoneal fluid flow, the characteristic of the 

macrophages, as well as the properties of the mesothelial cells. 

a) Peritoneal fluid flow through the milky spots facilitates tumour 

metastasis 

Rat studies have shown that metastatic colon cancer cells suspended in the 

peritoneal fluid, which also have the propensity to metastasise to the omentum, 

are passively flowed through the omentum and inevitably encounter the milky 

spots first.(169, 173) In the first 8 to 72 hours, cancer cell numbers in the 

peritoneal fluid decreased which led to conclusion that the invading cancer cells 

were successfully eliminated by the macrophages already concentrated at the 

milky spots.(169, 173) However, parts of the omentum outside of the milky 

spots showed increased tumour proliferation.(170, 173) In a pseudo-positive 
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feedback loop, new milky spots are formed on parts of the omentum with 

adhered tumour clusters as a result of macrophage influx to the infiltrated 

tumour area, part of the immunological response to tumour cell invasion.(169, 

170) 

Eventually, after as few as 7 days, the milky spots were overrun with tumour 

cells and were indiscernible from other parts of the omentum.(169, 170) After 

overwhelming the omentum’s defence mechanism, omental metastases had 

formed.(170) The enlargement of the metastases can then cause lymphatic 

obstruction, resulting in the accumulation of peritoneal fluid or ascites.(174) 

b) Macrophage characteristics facilitate tumour metastasis 

Like a double-edged sword, it has been reported that the omental macrophages 

may also enhance metastasis as well as providing peritoneal defence. Studies 

using murine and human ovarian cancer cell lines showed that omental 

colonisation was independent of other immune cells such as B- and T-

cells.(175) However, in a mouse study, macrophage depletion prior to the 

intraperitoneal injection of ovarian tumour cells was associated with an 11-fold 

decrease in omental metastatic colonisation when compared to no macrophage 

depletion.(172) This observation was not replicated when the macrophage 

depletion procedure was performed after the introduction of tumour cells 

intraperitoneally, suggesting a role for macrophages in the early metastatic 

process.(172) 

It was postulated that the resident omental macrophages secrete CCL23, a 

chemokine ligand which binds to the CCR1 receptor found on ovarian tumour 

cells, thus promoting tumour colonisation in the milky spots.(172) CCL23 was 

found to increase the proliferation of other cells that express CCR1, such as 

ECs.(176) Thus, the CCL23-CCR1 interaction may also be implicated in tumour 

angiogenesis.  

The ‘fluidness’ or plasticity of macrophages is an inherent characteristic of their 

response to their environment. Macrophages can differentiate to different 

functional forms, with the two extreme phenotypes termed the M1 macrophage 

(inhibit/kill type) or the M2 macrophage (heal/growth type). The purpose of this 

M1/M2 balance is for tissue homeostasis and to provide primary host 

defense.(167) 
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Tumour-associated macrophages were observed to skew towards the M2 

phenotype, possibly due to interactions with the tumour itself.(177) The M2 

phenotype macrophages have immunosuppression functions (reduced antigen-

presenting abilities, as well as secreting immune suppressor factors and tumour 

growth factors).(177, 178) Additionally, they have pro-angiogenic functions 

(migration to hypoxic areas to stimulate angiogenesis, which includes ECM 

degradation and EC proliferation) and also contribute towards stromal tissue 

transformation (mesenchymal cells differentiate into cancer-associated 

fibroblasts, as well as ECM and basement membrane degradation to allow 

tumour growth).(178) These functions allow the metastatic tumour cells to avoid 

immunological destruction and gain a stronger foothold in the invaded tissue.  

c) Mesothelial cells at the milky spots facilitate tumour metastasis 

The role of the mesothelial cells in the milky spot areas is also relevant to the 

omental metastasis event. Structurally, the lack of basement membrane 

underneath the mesothelial cells means that the connective tissues of the 

omental stroma are in direct contact with these surface mesothelial cells.(179) 

Additionally, through the gaps in between the mesothelial cells, there is direct 

communication between the underlying connective tissue and the peritoneal 

cavity itself.(179) Thus, tumour cells suspended in peritoneal fluid can easily 

access, and later invade, the omental stroma.  

Furthermore, the mesothelial cells at the milky spot express adhesion 

molecules such as ICAM-1 and VCAM-1. As part of the peritoneal defence 

mechanism, the expression of these adhesion molecules is upregulated in 

peritoneal inflammation, in a bid to increase macrophage numbers at the milky 

spots, since macrophages express receptors which bind to these adhesion 

molecules.(179) 

However, this feature of mesothelial cells may be their Achilles heel, as tumour 

cells can also express ICAM-1. In some cancers, e.g. breast and gastric 

cancers, ICAM-1 expression is linked to tumour aggressiveness and metastatic 

potential.(180, 181) In breast cancer, the homophilic interaction between ICAM-

1 molecules of the tumour cells and that in the bone marrow facilitates 

metastasis.(182) It is possible then that ovarian cancer metastasis may occur in 
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a similar manner, since the expression of ICAM-1 in HGSC is linked to poor 

prognosis.(183) 

 

 

1.5 Adipocytes in tumour metastasis to the omentum 

Due to the high adipose tissue content, adipocytes are the most abundant type 

of cells within the omentum. The omentum’s role as a fat depot was easily 

presumed due to the adipocyte’s large cellular lipid droplet, or fat reservoir, 

which takes up most of the cell volume. However, recent findings revealed the 

endocrine function of adipocytes, in that they secrete a range of factors, e.g. 

cytokines, hormones, growth factors; these factors are collectively termed 

adipokines.(159, 184) Adipokines regulate a range of normal physiological 

processes, e.g. insulin sensitivity, blood flow, energy metabolism.(185) 

Given the propensity of EOC to metastasise to the omentum it is also possible 

that the high density of adipocytes in the omentum inadvertently creates a 

microenvironment that supports cancer progression. Some of the proposed 

mechanisms include low grade inflammation within the adipose tissue 

environment in obesity, promotion of cancer cell EMT, phenotypic alteration of 

adipocytes to fibroblasts, supplying fatty acids as an energy source, as well as 

roles in cancer anti-apoptosis, chemoresistance and angiogenesis.(159, 186) 

 

1.5.1 Possible link between obesity and cancer 

The role of adipocytes or the adipose tissue in cancer progression has been 

highlighted by the association between obesity and increased risk of several 

female cancers (e.g. endometrium, breast) and gastrointestinal cancers (e.g. 

oesophagus, gallbladder, pancreas, liver).(184) Poor treatment outcomes and 

poor survival are also associated with obesity, which may also be explained by 

co-morbidities arising from obesity, such as cardiovascular disease, renal 

disease, or metabolic syndrome.(187) 

The evidence to support an association between ovarian cancer incidence and 

obesity is inconsistent.(188) However, obesity is associated with poorer ovarian 
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cancer survival,(189, 190) with a 5-unit increment in body mass index (BMI) 

conferring a 10% increment in mortality.(189) It is possible that the larger 

omental mass associated with obesity may partly contribute to enhanced 

metastatic growth and thus poorer outcomes in these individuals. Compared to 

individuals with normal body weight, being obese also increases the risk of 

postoperative complications (e.g. bleeding, infection, venous blood clots) and is 

linked to poorer survival rates in ovarian cancer;(190) this is pertinent as 

surgical management is usually the primary treatment for ovarian cancers 

(discussed in section 1.2.5a). 

Despite this, the mechanisms underlying the link between obesity and cancer 

are not well understood and it is likely that the highly complex adipose tissue 

microenvironment supports tumour growth in both individuals with healthy and 

overweight BMI. 

 

1.5.2 Adipocytes in transcoelomic metastasis 

When ovarian cancer cells detach from the primary tumour they undergo EMT 

to form spheroids, a phenotype which is more resistant towards anoikis, and 

allowing the metastatic cells to survive before reaching the omentum. In EMT, 

the cell adhesion protein E-cadherin is downregulated, a process driven by 

growth factors and cytokines within the tumour microenvironment.(191) A 

possible source of these factors are the omental adipocytes.(192, 193) 

IL-8 is a cytokine associated with the reduction of E-cadherin expression in 

ovarian cancer cells,(194) and higher levels of IL-8 have been detected in the 

serum and ascitic fluid of patients with ovarian cancer compared with those with 

non-ovarian cancer.(195, 196) Similarly, IL-6 was detected in ascites of ovarian 

cancer patients (195) and was secreted by adipocytes.(193) E-cadherin 

downregulation is also induced by IL-6 via the activation of the intracellular 

STAT3 pathway.(197) Both IL-8 and IL-6 were notably higher in malignant 

ascites compared with non-malignant ascites, which supports their potential role 

as ovarian cancer markers.(195) 

IL-11 is another cytokine secreted by adipocytes, with a corresponding receptor 

expressed on the ovarian cancer cells. As IL-11 belongs to the IL-6 family, its 
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action in downregulating E-cadherin is similar to that of IL-6, i.e. via the 

activation of STAT3.(198, 199) Aside from the STAT3 pathway, the ERK 

pathway has also been implicated in the regulation of E-cadherin during EMT. 

This was most likely achieved by IL-33, expressed in ovarian cancer as well as 

adipocytes.(200, 201) 

Insulin-like growth factor 1 (IGF-1) secretion by adipocytes is another possible 

contributor to the resistance of cancer cells to anoikis, through the activation of 

the Src/Akt/ERK pathway.(202, 203) Hence, the activation of STAT3 and ERK 

pathways, by driving the EMT process, enhances metastatic cell survival. 

As previously mentioned, ovarian cancer is often associated with build-up of 

ascites and this can play an important role in transporting the metastasising 

cells to the omentum. The development of malignant ascites is thought to be 

linked to increased VEGF levels, for example, VEGF levels were higher in 

malignant ascites than in ascites associated with cirrhosis and 

tuberculosis.(204) While VEGF is commonly secreted by ovarian cancer cells, 

adipocytes themselves also secrete VEGF (205, 206) and stimulate ovarian 

cancer cells to do so by activating the STAT3 pathway via IL-6 secretion.(207) 

The omental adhesion of the ascites-suspended metastatic cancer cells is not a 

random event. Adipocytes, being a major constituent of the omentum, may 

attract these cells to the omentum, possibly through the secretion of attractant 

adipokines. In vitro studies showed the migration of ovarian cancer cells toward 

adipocytes and also adipocyte-conditioned media.(193) Using antibody-based 

inhibitors, the adipokines IL-6 and IL-8 were shown to be responsible for these 

observations.(193) 

The mesothelial cells on the outer surface of the omentum are the first point of 

contact for metastatic cancer cell adhesion. A proposed mechanism of adhesion 

is the interaction between the hyaluronan on the mesothelial cells and the CD44 

receptor on the ovarian cancer cells (in section 1.3.5c).(144) Adipocytes may 

contribute to this through the secretion of TNF-α into the tumour 

microenvironment which increases CD44 expression, thus facilitating cancer 

cell adhesion to the mesothelial cells.(208, 209) Indeed in ovarian cancer, 

increased expression of CD44 is associated with chemoresistance, formation of 

spheroids in the EMT process, tumour growth and recurrence;(210) metastatic-
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related events linked to the STAT3 pathway.(211) Additionally, CD44 has been 

investigated as a prognostic marker for ovarian cancer as its expression on 

tumour cells correlates with a worse clinical outcome and poorer 5-year survival 

rate.(212) 

Another adipokine which may contribute to CD44 upregulation is HGF, also 

secreted by adipocytes.(213) HGF was associated with CD44 signalling in 

breast, pancreatic and colorectal cancers;(214) thus, it is possible that HGF 

may have a role in ovarian cancer, which requires further study.  

 

1.5.3 Adipocytes as an energy source for cancer cells 

Due to the large surface area of the omentum, the adipose tissue within it is a 

major energy storage depot.(157, 158) Adipocytes possess intracellular lipid 

droplets containing triglycerides which can be broken down to form free fatty 

acids as an energy source. Interestingly, to fuel themselves, ovarian cancer 

cells can induce lipolysis in the adipocytes and the fatty acids released can then 

be taken up by the tumour cells.(193) This was observed at the adipocyte-

tumour cell interface in omental metastasis, where tumour cells in contact with 

adipocytes contained more intracellular lipids compared with those without 

adipocyte interaction; similar observations were noted at the interface between 

breast and colon cancers with adipocytes.(193) Additionally, co-culture of 

human breast cancer cells and murine adipocytes resulted in adipocytes with an 

altered phenotype, seen as reduced number and size of lipid droplet.(215) 

These phenotypically-altered adipocytes are referred to as cancer-associated 

adipocytes.(215) Interestingly, culturing ovarian cancer cells with adipocytes 

from the omentum or the peritoneum resulted in more lipid accumulation in the 

cancer cells, compared to when co-culturing with subcutaneous or mesenteric 

adipocytes;(193) suggesting a specific affinity of ovarian cancer towards the 

omentum or peritoneum. 

The uptake of fatty acids into cancer cells fuels metastatic tumour growth. Co-

culturing adipocytes and ovarian cancer cell lines induced cancer cell 

proliferation.(193) In mice, subcutaneous injection of ovarian cancer cells 

together with omental adipocytes resulted in tumours three-fold larger than if 
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ovarian cancer cells were injected alone.(193) Knockout mice and inhibitor 

studies pinpointed the fatty acid–binding protein 4 (FABP4) as a main mediator 

in this cancer cell-adipocyte interaction. FABP4, which transports fatty acids, 

was upregulated in the ovarian cancer cells only in the presence of omental 

adipocytes.(193) This finding was substantiated in a study on human breast 

cancer cells where treatment with exogenous FABP4 increased the expression 

of fatty acid transport proteins.(216) 

The transfer of fatty acids from adipocytes to the cancer cells suggests changes 

in lipid metabolism. Activation of lipolysis is normally induced by stimulation of 

the β-adrenergic receptor, leading to activation of lipolytic enzymes (hormone-

sensitive lipase, HSL, and perilipin A) and triglyceride breakdown, with a 

resulting increase in free fatty acids.(193) In an in vitro study, in the presence of 

ovarian cancer cells these lipolytic enzymes were activated in human omental 

adipocytes (observed as phosphorylated HSL and increased mRNA levels of 

perilipin A), leading to the increased fatty acid release from the adipocytes. In 

addition, β-adrenergic receptor inhibition partially reversed HSL 

phosphorylation.(193) These observations inferred that adipocyte lipid 

metabolism is altered by the presence of the cancer cells. Interestingly, in 

prostate cancer cells, altered lipid metabolism resulted in lipogenesis where 

excess lipids were stored intracellularly as lipid droplets.(217) 

Metabolism within the ovarian cancer cells is also affected by this interaction 

with adipocytes. Co-culture of ovarian cancer cells and adipocytes resulted in 

the activation of AMP-activated protein kinase (AMPK) in the former. This leads 

to the deactivation of enzymes involved in lipogenesis and activation of 

catabolic processes such as fatty acid β-oxidation.(193, 218) This finding was 

supported by the increased mRNA levels of carnitine palmitoyltransferase-1, an 

enzyme downstream of this AMPK pathway, whose function is to regulate 

mitochondrial transfer of fatty acids for subsequent β-oxidation.(193) 

 

1.5.4 Phenotypic transition of adipocytes to fibroblasts 

As mentioned previously, the interaction between adipocytes and cancer cells 

can result in phenotypically-altered adipocytes, known as cancer-associated 
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adipocytes. This transition has been primarily studied in breast cancer where 

these host adipocytes acquire fibroblast-like features and are termed adipocyte-

derived fibroblasts.(219) These cells are thought to contribute towards the pool 

of cancer-associated fibroblasts,(219) which are also postulated to originate 

from resident fibroblasts, progenitor cells from the bone marrow or even ECs 

through endothelial-mesenchymal transition.(220) 

Dissimilar to fibroblasts which are normally quiescent, cancer-associated 

fibroblasts are considered ‘activated’ and they promote tumour progression by 

secreting mediators which can promote chemoresistance within the cancer cells 

(e.g. the secreted HGF in lung cancer tissue confers resistance to tyrosine 

kinase inhibitor therapy).(220, 221) They also promote angiogenesis (e.g. the 

secreted SDF-1 in pancreatic cancer mobilises endothelial precursor cells to 

form new blood vessels) and modulate ECM (e.g. the secreted MMPs degrade 

ECM to provide space for tumour growth, to release VEGF for angiogenesis, 

and to detach cancer cells for EMT).(220) 

The transition of omental adipocytes into fibroblasts has only been recently 

reported. Iyoshi et al (2021) showed that in vitro, human omental adipocytes 

dedifferentiate into fibroblasts when incubated with ascites from ovarian 

cancer.(222) 

 

1.5.5 Adipocytes and chronic low-grade inflammation within the adipose 

tissue 

In obesity, lipid accumulation from the weight gain causes the enlargement of 

adipocytes and growth of adipose tissue which may outstrip its blood supply. 

This leads to hypoxia and eventually adipocyte death.(223) Infiltrating 

macrophages surround the dead adipocytes and release inflammatory 

cytokines such as TNF-α, IL-1β and IL-6.(159, 223) This inflammatory 

microenvironment within the adipose tissue is then able to support the growth of 

metastatic ovarian cancer leading to tumour progression.(159) Interestingly, a 

mouse study reported that the inflammation associated with ovarian cancer 

metastasis is mostly mediated by macrophages. The depletion of peritoneal 

macrophages decreased levels of VEGF detected in the ascites, which is a 
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reflection of amount of tumour present, implying that macrophage depletion was 

partly responsible for reduced tumour dissemination.(224) 

 

1.5.6 Adipocytes and cancer chemoresistance 

The adipocyte microenvironment also promotes anti-apoptosis of ovarian 

cancer cells. This occurs via the mitochondrial apoptotic pathway, which is 

regulated by the B-cell lymphoma/leukemia 2 family of proteins. Anti-apoptotic 

proteins, Bcl2 and BclXL, are upregulated in ovarian cancer cells, and regulate 

the caspase enzymes responsible for cell death.(225) Upregulation of these 

anti-apoptotic proteins was associated with the presence of IL-6 and IL-8,(225-

227) adipokines which may originate from nearby adipocytes.  

Adipocytes can also contribute to tumour progression by inactivating 

chemotherapeutic agents. A proof-of-principle finding by Sheng et al 

(2017)(228) reported that adipocytes absorb and enzymatically metabolise 

daunorubicin, an anthracycline chemotherapy drug. This has implications, 

especially in adipocyte-rich tissues such as the omentum. Cytotoxic activity may 

be decreased in these areas, potentially leading to drug-resistant cancer cells 

and subsequent treatment failure. 

 

1.5.7 Adipocytes in tumour angiogenesis 

Once metastatic cancer cells have adhered to the omentum, they proliferate 

and eventually invade into the omental stroma. In the early steps, cancer cells 

obtain nutrients from nearby cells via diffusion; the transfer of fatty acids directly 

from the adipocytes is an example.(117, 193) Tumour growth then requires 

angiogenesis (section 1.1.3d). Adipocytes are known to release angiogenesis-

associated factors and the most studied of these factors is VEGF. 

Aside from its role in EMT formation and as a chemoattractant for ovarian 

cancer cells to home towards the omentum, IL-6 has also been shown to 

stimulate EC migration, proliferation and formation of new blood vessels(229, 

230) to levels similar to that induced by VEGF stimulation.(230) 

Correspondingly, the receptor for IL-6, IL-6R, was expressed in ECs of the 
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human ovary.(229) In mice, increased expression of IL-6 by adipocytes and 

macrophages in the tumour microenvironment was also implicated in resistance 

to anti-angiogenic treatment.(231) Furthermore, serum IL-6 levels in overweight 

breast cancer patients treated with anti-angiogenic therapy correlated with poor 

outcomes e.g. less response to treatment and larger tumour size.(231)  

Several other adipokines which have also been implicated in tumour 

angiogenesis, such as HGF and PDGF, are also secreted from adipocytes.(213, 

232) Individually, HGF and PDGF stimulate the proliferation and migration of 

ECs.(106, 233, 234) Additionally, receptors for HGF and PDGF were detected 

in HOMECs (106, 234) thus supporting their role in tumour angiogenesis and 

progression. 

 

 

1.6 Mesothelial cells 

Mesothelial cells line the body’s cavities and their internal organs, mainly the 

pleural, pericardial and peritoneal cavities. Morphological and histochemical 

studies of the mesothelium show that mesothelial cells are generally similar 

across many mammalian species and across anatomical sites.(235) 

In the context of ovarian cancer metastasis, the focus is on the mesothelial cells 

of the peritoneal cavity and especially of the omentum. As the outer layer of the 

omentum, they are the first point of contact for metastasising ovarian cancer 

cells; the possible mechanisms of interaction between the omental mesothelial 

cells and the cancer cells were previously outlined in section 1.3.5c.    

The structure and functions of mesothelial cells, and also their role in cancer 

metastasis, are discussed in the following sections. 

 

1.6.1 Structure of the mesothelial cell 

Structurally, mesothelial cells appear flat and squamous-like, similar to epithelial 

cells. In this quiescent state, at any one time, fewer than 0.5% of mesothelial 

cells are undergoing mitosis.(236) Additionally, cuboidal mesothelial cells have 
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been observed. The cuboidal cells were assumed to be mesothelial cells in an 

activated state, as their cytoplasmic components contained a larger nucleus, as 

well as higher numbers of mitochondria, endoplasmic reticulum, microfilaments 

and other organelles, compared with the squamous-like cells.(235) It is possible 

that the flat resting mesothelial cells are involved in membrane transport 

whereas the cuboidal cells are involved in several metabolic activities.(235) The 

flat mesothelial cell is also capable of transforming into the cuboidal morphology 

in situations requiring high metabolic activity, such as in wound healing.(237) 

Notably, cuboidal cells were detected on the milky spots of the omentum,(235) 

which may be expected in an area with high immune activity (discussed in 

section 1.4.3).  

Mesothelial cells are situated atop a basement membrane layer, with microvilli 

on their exposed luminal surface.(235, 238) The density of microvilli fluctuates 

in response to, or in adaptation with, their environment.(235) Alteration in 

mesothelial surface membrane charge is related to these changes in the 

microvilli, through changes in the composition of the mesothelial glycocalyx (a 

negatively charged surface layer) and also the charged molecules trapped 

within the microvilli.(235) 

The role of hyaluronan was earlier discussed in section 1.3.5c in relation to its 

adhesion with the CD44 receptor expressed by cancer cells. Hyaluronan is a 

major constituent of the mesothelial glycocalyx,(239) and has been implicated in 

peritoneal homeostasis. Some proposed functions of hyaluronan include 

microvilli formation and preservation;(240) maintenance of water balance to 

provide a hydrated environment for cell division and migration;(239) regulation 

of cell surface adhesivity, as well as maintenance of cell structure and integrity 

during proliferation and migration.(241, 242) Hyaluronan is also involved in 

inter- and intracellular signalling; in the context of cancer, hyaluronan interacts 

with CD44 and receptor for hyaluronan-mediated motility to regulate tumour cell 

motility, proliferation and angiogenesis.(243) 

Mesothelial cells also play a key role in material transport across the 

mesothelium as evidenced by their system of vesicles and vacuoles, often 

located near the peritoneal cell surface.(235) 
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1.6.2 Mesothelial cells and mechanical protection 

The mesothelium has protective functions against physical injury and invading 

pathogens due to the tight junctions between the mesothelial cells, as well as 

the secretion of hyaluronan on the outer peritoneal surface.(235) This presence 

of hyaluronan, together with the increased surface area from the microvilli and 

the secretion of phosphatidylcholine (a lubricant similar to the surfactant found 

in lungs), confers mesothelial cells with a non-adhesive surface to reduce 

friction between organs and tissues.(236) The microvilli protrusions on the 

mesothelial cells may also physically entrap pathogens.(240) 

 

1.6.3 Mesothelial cells in host defence mechanisms 

Situated on outer surfaces of organs, mesothelial cells are the first line of 

defence against pathogens, or other chemical or physical insult. This is 

achieved by the secretion of relevant mediators such as cytokines, growth 

factors, and adhesion molecules. The secretion is usually induced by the 

inflammation which follows the initial infection or the exposure to foreign 

particulates.(235) The immunological functions of mesothelial cells were mostly 

studied in the lung (pleural mesothelial cells). In the case of peritoneal 

mesothelial cells, many studies have focused on peritonitis, which is a frequent 

consequence of peritoneal dialysis. 

Although mesothelial cells phagocytose bacteria, it is the subsequent release of 

IL-8, leading to neutrophil influx, which forms the main mechanism of 

defense.(244) Exposure to asbestos in rat pleural mesothelial cells,(245) and 

exposure to talc in human pleural mesothelial cells(246) stimulated an 

inflammatory response evidenced by release of proinflammatory cytokines such 

as IL-8 and monocyte chemoattractant protein-1 (MCP-1).(245, 246) 

Other inflammatory cytokines released by mesothelial cells include stromal cell-

derived factor-1 (SDF-1, or CXCL12) which is involved in the migration and 

proliferation of B cell precursors;(247) eotaxin which is a chemoattractant for 

eosinophils;(248) and IL-6 which is able to stimulate lymphocytes and has 

antiviral properties.(249)  



82 
 

Mesothelial cells induce leucocyte migration to the site of inflammation, through 

the secretion of granulocyte colony-stimulating factor (G-CSF) and granulocyte-

monocyte-CSF (GM-CSF).(249) Lymphocyte function-associated antigen-1 

(LFA-1/ αLβ2) and Mac-1 (αMβ2) are integrins found on macrophages and 

lymphocytes which bind to the ICAM-1 expressed on mesothelial cells, leading 

to macrophage and lymphocyte migration.(179) Activated mesothelial cells, as a 

result of bacterial lipopolysaccharide stimulation, express higher amounts of 

VCAM-1 which then binds to the VLA-4 integrin of macrophages and 

lymphocytes and stimulate their migration across the mesothelial cells.(179) 

 

1.6.4 Mesothelial cells in tissue repair 

Mesothelial cells are involved in several aspects of tissue repair following injury. 

Sites of tissue injury are associated with inflammation, and activated 

mesothelial cells release mediators such as cytokines, growth factors, and 

adhesion molecules to modulate the inflammatory response.(235) As part of 

tissue repair, mesothelial cells secrete ECM components such as collagens, 

fibronectin and laminin. They also regulate the turnover of ECM via the 

secretion of MMPs and TIMPs.(250) 

The hyaluronan on the surface of mesothelial cells may play a role in tissue 

repair. At sites of injury, hyaluronan synthesis is increased to form cross-linked 

intercellular cables to retain the migrated leucocytes.(251) The hyaluronan-

bound leucocytes secrete growth factors, which may contribute to the healing 

process.(251) The hyaluronan cross-links also serve as a physical barrier to 

prevent the loss of ECM components.(251) 

Following an injury, the fibrin deposition is one of the first steps in wound 

healing; but without eventual degradation, the wound area becomes overloaded 

with fibrin which later leads to fibrosis.(250) Mesothelial cells regulate fibrin 

deposition by the secretion of tissue factor (a procoagulant involved in the 

coagulation cascade which ultimately forms fibrin) and fibrinolytic enzymes (e.g. 

tPA and uPA). The balance between these pro- and anti-fibrinolytic mediators is 

regulated by other inflammatory-related factors such as TNF-α, IL-1, and TGF-

β.(250) Thus, a disruption in the mesothelium can lead to fibrin accumulation 
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and the laying down of ECM, eventually leading to fibrous tissue formation and 

adhesion between tissue surfaces.(250) This is often observed in peritoneal 

dialysis, where frequent injury and inflammation on the peritoneal mesothelial 

cells can lead to peritoneal thickening and fibrosis.(252) 

 

1.6.5 Mesothelial cells in tumour progression 

In previous sections, the properties of mesothelial cells which aid tumour 

adhesion and invasion were described. The interaction between mesothelial 

cells and metastatic cancer cells is the first step of cancer invasion, resulting in 

alteration of the invading cancer’s genetic profile to increase invasiveness and 

was discussed in section 1.3.5. The presence of mesothelial cells in the milky 

spots of the omentum also contributes to ovarian cancer metastasis, as 

discussed in section 1.4.3c. Other mechanisms by which mesothelial cells may 

contribute towards tumour progression are discussed below.  

a) Injury and inflammation 

The inflammatory repair processes induced by mesothelium injury generate 

leucocyte chemoattractants and growth factors. However, this mechanism 

inadvertently creates a suitable microenvironment for tumour cell growth.(253, 

254) A study on rats showed that adhesion of colon cancer cells within the 

peritoneal cavity was greater following conventional surgery compared with a 

laparoscopic procedure, suggesting that tumour growth was increased with 

greater surgical wounding, and by extension, mesothelium damage.(253) The 

authors concluded that the inflammatory response post-surgical trauma 

upregulated adhesion molecules on the mesothelial cells, which enhanced 

tumour cell adhesion. At the same time, mesothelium-secreted growth factors 

could also inadvertently contribute to tumour growth.(253) 

Separately, a mouse study showed that fewer numbers of injected melanoma 

cancer cells were required to cause tumour growth at a surgical injury wounded 

site compared to a non-wounded site.(255) However, eventually tumours also 

occurred at sites distant to the wound. The authors concluded that the growth 

factors released at the wounded site eventually affected the non-wounded site. 

They linked these observations to tumour recurrence, both local and distant, 
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which often occurs after surgical removal of the primary tumour.(255) The 

findings of both these studies are highly applicable in ovarian cancer, where 

surgery is the primary treatment and the subsequent recurrence rate is still 

high.(256) 

The same mouse study also tested the ability of TGF-β or FGF-2 (individually or 

in combination) to promote tumour growth in mice.(255) Increased tumour 

growth was induced when the hind limb surgery site was injected with 

melanoma cells plus a combination of TGF-β and FGF-2, which suggested a 

tumour-promotion role of TGF-β and FGF-2.(255) In the context of ovarian 

cancer, both TGF-β and FGF-2 were detected in the tumour microenvironment, 

secreted by the cancer cells themselves, and also by the omental adipocytes 

and mesothelial cells.(257-263)  

In vitro studies also showed the role of inflammatory cytokines and growth 

factors in tumour adhesion to the mesothelium. Pre-treating rat mesothelial cells 

with IL-1β increased colon cancer cell adhesion, possibly through the 

upregulation of mesothelial adhesion molecules such as ICAM-1 and VCAM-

1.(254) Mesothelial cell pre-treatment with epidermal growth factor (EGF), a 

known growth factor for mesothelial cells, increased their proliferation and also 

tumour adhesion.(254) These data suggest that the increased tumour adhesion 

may be attributed to the increase in adhesion molecule expression (with IL-1β 

pre-treatment), or increased cell numbers available for adhesion (with EGF pre-

treatment).(254) 

Physiologically, the upregulation of adhesion molecules on mesothelial cells 

may have similar functions to that in ECs. In the latter, inflammatory cytokines 

upregulate adhesion molecules to allow leucocyte rolling and migration via the 

interaction with these molecules.(254) Likewise, in their immune defence role, 

mesothelial cells are also involved in leucocyte adhesion and movement. 

Metastatic tumour cells take advantage of this inflammation-induced expression 

of adhesion molecules in order to implant onto mesothelial cells.(254)  

b) Secretion of tumour-promoting mediators 

Mesothelial cells also secrete other mediators which can interact with cancer 

cells. An example is the CXCL12-CXCR4 axis; CXCL12 is a chemokine 

secreted by both mesothelial and ovarian cancer cells, with the corresponding 
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CXCR4 receptor expressed in the cancer cells.(264)  An in vitro study showed 

that the activation of this CXCL12-CXCR4 axis was associated with the 

proliferation and migration of ovarian cancer cells, as well as, their adherence 

and invasion through a mesothelial cell layer.(264) In immunohistochemical 

studies on malignant and non-malignant ovarian samples, the expression of 

CXCR4 was inversely associated with both progression-free and overall 

survival, and was a potential prognostic factor. Furthermore, CXCR4 expression 

positively correlated with lymph node metastasis and CXCL12 expression 

positively correlated with ascites volume.(265) 

Fibrin deposition during mesothelial tissue repair may trap the metastatic 

tumour cells facilitating binding of the cancer integrins to the ECM components 

of the submesothelial tissue.(250) Although, metastatic cancer cells may bind to 

ECM already present in the submesothelial region, it has also been reported 

that they can stimulate the mesothelial cells to produce more fibronectin, a 

component of the ECM, via TGF-β signalling, aiding metastasis.(263) This is 

supported by the observation that inhibition of fibronectin secretion from 

mesothelial cells reduced cancer migration, adhesion and invasion.(263) 

Mesothelial cells are also capable of secreting and remodelling collagen type I 

in the presence of ovarian cancer cells, creating a suitable environment for 

metastatic initiation.(266) The deposition of collagen also promotes 

angiogenesis by supplying pro-angiogenic factors and mediating EC 

migration.(267) 

c) Ovarian cancer and mesothelial-associated molecules 

As previously mentioned, the hyaluronan on the mesothelial cell surface was 

proposed as a target which binds to the CD44 receptor of metastatic ovarian 

cancer cells leading to cancer cell adhesion in the study by Cannistra et al 

(1993) (section 1.3.5c).(144) Contrastingly, a study by Jones et al (1995) 

reported that an intact hyaluronan coating in mesothelial cells is protective 

against ovarian tumour adhesion, as treating mesothelial cells with 

hyaluronidase disrupted hyaluronan, leading to increased cancer cell 

adhesion.(268) The presence of exogenously added hyaluronan or mesothelial 

cell conditioned media (containing free-floating hyaluronan) reduced cancer cell 

adhesion to mesothelial cells in in vitro experiments,(268) possibly because the 

free hyaluronan functioned as a ‘decoy’ for the ovarian cancer cell to bind to. 
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However, this protective effect was not as extensive as that observed in the 

presence of constitutive hyaluronan on mesothelial cell surface.(268) The 

authors then proposed that the hyaluronan coating contributes to the protection 

of mesothelial cells against cancer cell adhesion.(268)  

The seemingly contradictory findings that the mesothelial hyaluronan promotes 

or inhibits cancer adhesion may be explained by the different CD44 variants 

present on ovarian cancer cells. Specifically, hyaluronan binds to the CD44H 

variant and different ovarian cancer cell lines have been shown to express 

different variants of CD44, which give rise to different levels of mesothelial 

adhesion.(269) The ovarian cancer cell lines used in the Jones et al and 

Cannistra et al studies were different, thus resulting in different observations. 

In the study by Jones et al, it was possible that the hyaluronan coat refers to the 

mesothelial glycocalyx, where other molecules alongside the hyaluronan may 

also be protective against cancer cell adhesion, as they reported that the 

constitutive hyaluronan better protected mesothelial cells from cancer cell 

adhesion compared to exogenous hyaluronan. Additionally, this finding has 

implications during surgical resection of peritoneal tumours. At the end of such 

surgery, peritoneal lavage is performed to remove surgical debris. This step 

may inadvertently flush away the protective coating on the mesothelial cell 

surface and thus pave the way for residual tumour cells to adhere to the 

exposed surface.(235) 

The integrins present on ovarian cancer cells can interact with ECM molecules 

such as fibronectin, collagen type IV and laminin (discussed in section 1.3.5c) 

which are present in the submesothelial region. An in vitro study showed that 

treating the ovarian cancer cells with antibodies against the integrins inhibited 

cancer cell migration towards these ECM molecules.(143) Interestingly, when 

the ovarian cancer cells were treated with a CD44 antibody, their migration 

towards these ECM molecules also showed a 60% reduction which the authors 

attributed to the different variants of the CD44 receptor which are able to bind to 

the ECM molecules.(143) These data suggest that both the integrins and CD44 

present on the ovarian cancer cells are responsible for their adhesion to 

mesothelial cells.  
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Another possible role of mesothelial cells in ovarian cancer adhesion is the 

expression of another cell membrane surface molecule, mesothelin, on both the 

mesothelial and cancer cells.(270) It was reported that CA125, a glycoprotein 

highly detected in ovarian cancer and often used as a marker for diagnosis and 

treatment monitoring, binds to mesothelin.(270) This was postulated as a first 

step in ovarian cancer implantation within the peritoneal cavity in transcoelomic 

metastasis. 

d) Clearance of the mesothelial cell layer 

Another method by which ovarian cancer cells can access submesothelial 

tissue is via the physical clearance of the mesothelium layer. After adhering to 

the fibronectin on the mesothelium via the α5β1 integrin (previously mentioned 

in section 1.3.5c), the cancer cells use traction force to physically displace the 

mesothelial cells from their monolayer (mesothelial clearance).(271)  

A study on ovarian cancer cell lines showed that those expressing more 

mesenchymal markers generally have greater mesothelial clearance 

ability.(272) Considering the EMT process when cancer cells dissociate from 

the primary tumour, the resulting mesenchymal phenotype is thus related to 

cancer invasiveness. 

e) Mesothelial-mesenchymal transition 

Similar to the EMT process where cancer cells convert to a mesenchymal 

phenotype during metastasis (discussed in section 1.3.5), mesothelial-

mesenchymal transition (MMT) can be induced in mesothelial cells by the 

ovarian cancer cells. This process has been reported to be mediated by TGF-

β1, IGF-1 and HGF secreted from the cancer cells.(273, 274) In MMT, the 

mesothelial cells acquire a fibroblast-like shape (as opposed to a cobblestone 

appearance), have decreased E-cadherin expression (similar to EMT) and 

increased vimentin expression (an intracellular marker for fibroblasts).(274) 

When ovarian cancer cells were added to a collagen matrix layer seeded with 

mesothelial cells of the mesenchymal phenotype, the cancer cells invaded to a 

deeper layer compared with non-transitioned mesothelial cells (of the epithelial-

like phenotype) indicting that the mesenchymal phenotype enhances cancer 

invasion.(273) Scanning electron microscopy confirmed that the cancer invasion 
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occurs through interaction between the cancer and mesothelial cells, and not 

the adhesion of cancer cells to the underlying ECM.(273) 

In a mouse model, the MMT process contributed to the pool of cancer-

associated fibroblasts,(273) which are associated with tumour proliferation, 

survival and invasion. Indeed, immunohistochemical studies on tissue samples 

of peritoneal metastases of ovarian, endometrial and colon cancers showed the 

dual nature (mesothelial and fibroblast-like) of the cells surrounding the tumour; 

suggesting the mesothelial origin of the cancer-associated fibroblasts.(273) 

Furthermore, the mesenchymal-type mesothelial cells secrete high levels of 

pro-angiogenic VEGF.(275) Increased angiogenesis was confirmed by greater 

CD34-positive staining in tissue samples (from ovarian, pancreatic, colorectal 

cancers) with micro-metastases present, than staining in tumour-free areas of 

the same tissue sample.(273) CD34 is a marker of angiogenesis, commonly 

detected in the tip cells of angiogenic sprouts.(276)  
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1.7 Chapter summary and research aims 

It is clear that patients with ovarian cancer often present with advanced 

metastatic disease and that current treatments are relatively ineffective. 

Globally, the overall 5-year survival for ovarian cancer is relatively unchanged 

since 1995 (<4% increase) and still remains below 50%.(277) Clearly new 

therapies are urgently needed and thus it is critical that the mechanisms 

involved in the metastasis and growth of secondary tumours are better 

understood. Only then can better therapies be developed. Thus, this thesis aims 

to better understand, using relevant human cells, the mechanism of ovarian 

cancer metastasis to the omentum – a major site for secondary tumour 

formation. 

Ovarian cancer cells metastasising to the omentum via the transcoelomic route  

initially adhere to the mesothelium surface, which consists of mesothelial 

cells.(117) Varied mechanisms support this including the release of mediators 

which act as chemoattractants for tumour cells to migrate towards the 

mesothelial cells, clearance of the mesothelial layer for tumour cells to invade 

submesothelial tissues, as well as expression of adhesion molecules or ECM 

secretion by mesothelial cells for tumour cells to bind to. 

Once the tumour cells have invaded the omental stroma beneath the 

mesothelial cell layer, the metastatic cells proliferate, induce angiogenesis and 

establish a secondary tumour. The initiation of angiogenesis in the local 

microvasculature requires EC activation by pro-angiogenic factors derived from 

omental mesothelial cells, tumour cells themselves, and the resident cells within 

the omentum such as the omental adipocytes. Indeed, adipocytes have a 

complex cross talk with the growing tumour via secretion of a range of 

adipokines. Thus, the omentum provides an ideal ‘soil’ for the metastatic tumour 

to establish and grow, although the mechanisms by which the omentum 

supports metastasis growth and angiogenesis are poorly understood. 

Support for an interaction between the omental adipose tissue and tumour 

growth can be found in other cancers where adipokines contribute to cancer 

progression, e.g. breast cancer. Indeed, the omentum is increasingly 

recognised as an ‘active’ secretory organ, hence it seems plausible that the 

secreted adipokines influence cells in the vicinity such as the ECs and the 
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mesothelial cells. Yet, there is a paucity of literature investigating the effect of 

omental-secreted adipokines in inducing angiogenesis of human omental ECs 

and in facilitating the adhesion of metastatic ovarian cancer cells to the omental 

mesothelium. Human omental ECs are not commercially available, which could 

explain why most studies on angiogenesis are performed on non-disease 

relevant ECs.  

Therefore, the hypothesis behind the work presented of this thesis is that: 

Adipokines secreted from omental adipocytes support metastasis of EOC to the 

omentum. 

The overall aim is to examine, using disease-relevant human cells, whether 

adipokines secreted from omental adipocytes enhance (a) initial binding of EOC 

to the mesothelium and (b) pro-angiogenic phenotypic changes in the local 

omental microvascular ECs. It is hoped that a greater understanding of the 

mechanisms involved in these processes will identify potential future therapeutic 

targets that may ultimately improve the current poor prognosis or women 

presenting with advanced EOC. 

The specific objectives are to: 

a) develop an improved method to isolate primary microvascular ECs from 

the human omentum (chapter 3) 

b) investigate the pro-angiogenic effects of omental adipokines on human 

omental microvascular endothelial cells (HOMECs) (chapters 3 and 4);  

c) develop a method to isolate and culture primary human omental 

mesothelial cells (chapter 5);  

d) investigate the effect of omental adipokines on adhesion of EOCs to a 

mesothelial layer (chapter 6) 

  



91 
 

Chapter 2. Materials and Methods 

2.1 Sources of materials by manufacturer 

Abcam plc, Cambridge, UK: Human adiponectin ELISA kit; anti-vimentin mouse 

monoclonal antibody; anti-cytokeratin 18 rabbit monoclonal antibody; anti-ZO1 

rabbit monoclonal antibody; recombinant human adiponectin; recombinant 

human leptin; recombinant human lipocalin-2; recombinant human MIF. 

Bio-Rad Laboratories Ltd, Watford, UK: Cell-counting slides. 

Corning, New York, USA: Phosphate buffered saline (PBS) 1x without calcium 

and magnesium; PBS 1x with calcium and magnesium; multichannel pipette 

reservoir; multiwell plates – 6-well, 24-well, 96-well. 

Enzo Life Sciences Ltd, Exeter, UK: Collagen I rat tail. 

Fisher Scientific UK Ltd., Loughborough, UK: Calcium chloride solution; Nunc® 

cryovial 1.8mL; D(+)-glucose anhydrous; sodium chloride powder; 

microcentrifuge tubes – 0.6mL, 1.5mL, 2mL, 5mL; paraformaldehyde 4% 

solution; pipette tips - 10µL, 200µL, 1000µL. 

Invitrogen (part of Thermo Fisher Scientific Inc, Waltham, USA): Dynabeads™ 

CD31 endothelial cell; eBioscience™ calcein-AM viability dye; goat anti-rabbit 

Alexa Fluor 594 secondary antibody; goat anti-mouse Alexa Fluor 488 

secondary antibody; ProLong™ Diamond antifade mountant; human cathepsin 

L ELISA kit; human NGAL ELISA kit; human leptin ELISA kit. 

Life Technologies (part of Thermo Fisher Scientific Inc, Waltham, USA): 

Collagenase type I and type II; gentamicin 50mg/mL; 

Merck Life Science UK Limited, Gillingham, UK: BrdU cell proliferation assay kit; 

cathepsin L from human liver; human MIF ELISA kit; Millicell EZ 8-well glass 

chamber slide; nylon net 30µm filter; phosphatase inhibitor cocktail 2 and 3; 

potassium chloride powder; protease inhibitor cocktail; syringe filter unit 

0.22µm.  

Miltenyi Biotec, Surrey, UK: Anti-fibroblast microbeads; LS+ positive selection 

column. 
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PromoCell GmbH, Heidelberg, Germany: Endothelial cell basal medium MV2; 

supplement pack endothelial cell growth medium MV2. 

Premier Healthcare & Hygiene Ltd, Tyne & Wear, UK: Sterile non-woven 

swabs; Swann Morton disposable scalpel size 10. 

R&D Systems Inc, Minneapolis, USA: Human adipokine array kit; human 

phospho-RTK array kit; human phospho-kinase array kit; human FGF basic 

DuoSet ELISA, human TGF-beta 1 DuoSet ELISA, human VEGF DuoSet 

ELISA; human VEGFR3 monoclonal antibody; DuoSet ELISA ancillary reagent 

kit 1 & 2; sample activation kit 1. 

Sarstedt AG & Co. AG, Nümbrecht, Germany: Pipettes – 25mL, 10mL, 5mL, 

2mL; tissue culture flasks – T75, T25; petri dish 60x15mm; 12-well Cell+ plate. 

Scientific Laboratory Supplies, Nottingham, UK: Coverslips – 10mm diameter, 

22x50mm. 

Sigma-Aldrich (part of Merck Life Science UK Limited, Gillingham, UK): 

Amphotericin B solution; anti-CD31 mouse monoclonal antibody; anti-von 

Willebrand Factor rabbit monoclonal antibody; anti-occludin monoclonal mouse 

antibody; bovine serum albumin (BSA); cell counting kit-8; collagen type IV from 

human placenta; Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture 

F-12 (DMEM/F12); Dulbecco’s Modified Eagle’s medium (DMEM) low glucose; 

dimethyl sulfoxide (DMSO) solution; ethylenediaminetetraacetic acid (EDTA) 

powder; foetal bovine serum (FBS); gelatin from bovine skin; goat serum; 

Hanks' balanced salt solution 10x; HEPES powder; HEPES 1M solution; 

hydrogen peroxide 30% w/w solution; L-glutamine 200mM solution; trypan blue 

solution; trypsin-EDTA 1x solution. 

Thermo Fisher Scientific Inc, Waltham, US: Pierce™ bicinchoninic acid (BCA) 

protein assay kit; Sterilin™ polystyrene 7mL container. 
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2.2 Equipment and software packages 

Equipment Manufacturer Function 

Azure 500 Azure Biosystems Inc. Chemiluminescence 
imaging 
 
 

EVOS Fluo Life Technologies (part 
of Thermo Fisher 
Scientific Inc) 
 

Fluorescence microscopy 

EVOS XL Core Life Technologies (part 
of Thermo Fisher 
Scientific Inc) 
 

Phase contrast microscopy 

ImageJ v1.51j8 National Institutes of 
Health, USA 
 

Image and data analysis 

JuLI™ Stage Real-
Time Cell History 
Recorder 
 

NanoEnTek Inc Cell migration imaging 

JuLI™ Stat Cell 
Analysis Software 
 
 

NanoEnTek Inc Image and data analysis 

Leica DM4000 B LED Leica Microsystems 
(UK) Ltd 
 
 

Fluorescence microscopy 

Prism v7.03 & v8 GraphPad Software 
Inc 
 
 

Data analysis and graphing 

SpectraMax® M2e 
Microplate Reader 

Molecular Devices LLC Absorbance and 
fluorescence reading of 
multiwell plates 
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2.3 Cell culture buffers and solutions 

2.3.1 Human omental tissue samples 

Sample collection medium 

Hanks' balanced salt solution (HBSS) 10x 50mL 

HEPES 1M      5mL 

Amphotericin B 250µg/mL    5mL 

Gentamicin 50mg/mL    500µL 

Autoclaved distilled water    440mL 

 

2.3.2 Human microvascular omental endothelial cells (HOMECs) 

Complete growth medium 

Endothelial cell basal medium MV2  500mL 

Gentamicin 50mg/mL    500µL 

Supplement pack endothelial cell growth media MV2 comprising: 

Foetal bovine serum (FBS)   25mL 

Ascorbic acid 1mg/mL   500µL 

Basic fibroblast growth factor 10µg/mL 500µL 

Epidermal growth factor 5µg/mL  500µL 

Hydrocortisone 200µg/mL   500µL 

Insulin-like growth factor 20µg/mL  500µL 

VEGF165 0.5µg/mL    500µL 

 

Starvation medium 

Endothelial cell basal medium MV2 500mL 

FBS      5mL 

Gentamicin 50mg/mL   500µL 
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HOMEC freezing solution 

FBS      7mL 

Complete HOMEC growth medium 2mL 

DMSO     1mL 

 

Enzyme solution for HOMEC isolation procedure 

BSA     7.5g 

Calcium chloride 1M  500µL 

Collagenase type I or II  0.75g 

D-glucose    0.45g 

HEPES    2.98g 

Potassium chloride   1.87g 

Sodium chloride   3.5g 

Distilled water   to 500mL 

Adjusted to pH 7.4, then sterile-filtered (0.22µm) into 50mL aliquots and stored 

at -20°C. 

 

BSA in PBS (10% w/v) for HOMEC isolation procedure 

BSA      10g 

PBS 1x without calcium, magnesium to 100mL 

Adjusted to pH 7.4, then sterile-filtered (0.22µm) into 10mL aliquots and stored 

at -20°C. 

 

BSA in PBS (0.1% w/v) for HOMEC isolation procedure 

BSA      100mg 

PBS 1x without calcium, magnesium to 100mL 

Adjusted to pH 7.4, then sterile-filtered (0.22µm) into 5mL aliquots and stored at 
-20°C. 
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Lysis buffer for HOMEC lysate collection 

RIPA buffer      4365µL 

Protease inhibitor cocktail   45µL 

Phosphatase inhibitor cocktail 2  45µL 

Phosphatase inhibitor cocktail 3  45µL 

 

2.3.3 Human omental mesothelial cells 

Complete growth medium 

Dulbecco's Modified Eagle Medium (DMEM) 500mL 

FBS       100mL 

L-Glutamine 200mM    5mL 

Gentamicin 50mg/mL    500µL 

 

Modified PBS for mesothelial cell isolation procedure 

BSA      5g 

Calcium chloride 1M   100µL 

PBS 1x without calcium, magnesium to 100mL 

Adjusted to pH 7.4, then sterile-filtered (0.22µm) into 10mL aliquots and stored 
at -20°C. 

 

Anti-fibroblast microbead buffer 

BSA      0.5g 

EDTA      0.744g 

PBS 1x without calcium, magnesium 100mL 

Adjusted to pH 7.4, then sterile-filtered (0.22µm) and stored at 2-8°C. 

 

Mesothelial cell freezing solution 

FBS       7mL 

Complete mesothelial cell growth medium 2mL 

DMSO      1mL 
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2.3.4 Ovarian cancer cell lines (SKOV3, A2780) 

Complete growth medium 

DMEM/F12    500mL 

FBS     50mL 

Gentamicin 50mg/mL  500µL 

 

2.3.5 Serum-free basal medium for collection of conditioned medium 

Endothelial cell basal medium MV2 500mL 

Gentamicin 50mg/mL   500µL 

 

2.3.6 Coating of tissue culture plasticware 

All plasticware (culture flasks, multiwell plates, multiwell slides) were coated 

with at least 50 µL/cm2 of coating solution and left for at least 2 hours in 37°C, 

prior to removal by aspiration. 

 

Gelatin 2% w/v 

Bovine gelatin powder    2g 

Distilled water     100mL 

Mixture autoclaved, then stored in 50mL aliquots at 2-8°C. 

 

Gelatin 0.2% w/v 

Bovine gelatin powder    0.2g 

Distilled water     100mL 

Mixture autoclaved, then stored in 50mL aliquots at 2-8°C. 

 

Collagen I 3.33 µg/mL or 0.00025% (w/v) 

Collagen type I (from rat tail) 100µg/mL  1mL 

PBS without calcium, magnesium   30mL 

Mixture made immediately before use. 
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Collagen IV 5µg/mL or 0.0005% (w/v) 

Collagen type IV (from human placenta) 1mg/mL 100µL 

Autoclaved distilled water     20mL 

Mixture stored in 50mL aliquots at 2-8°C. 

 

 

2.4 Isolation of human omental microvascular endothelial cells (HOMECs) 

Two protocols were employed in the isolation of HOMECs. The initial isolation 

procedure was adapted from Winiarski et al (2011),(278) and this was later 

amended to produce the final protocol (further detail in section 3.2.1). 

Human omental samples were obtained from adult female patients undergoing 

elective surgical procedures within the gynaeoncology department at the Centre 

for Women’s Health, Royal Devon and Exeter NHS Foundation Trust. All 

patients gave their written informed consent for use of their omental tissue 

(ethical approval 2003/2/26; South West LREC). Only healthy (non-diseased) 

omental tissue was collected and all tissue was received anonymised. The 

samples were collected in sample collection media (section 2.3.1) and 

processed within 24 hours of collection.  

 

2.4.1 Isolation of HOMECs (initial protocol) 

Visible blood vessels and fibrotic portions of the tissue sample were dissected 

and removed, and the remaining tissue was dissected to approximately 1 cm3 

pieces. These were mixed with pre-warmed enzyme solution (containing 

collagenase type II), at a tissue : enzyme solution ratio of 1 : 1.5 v/v, and placed 

on a rotary mixer at 37°C for 25 minutes. 

At the end of the digestion, the tissue pieces were manually removed and 

washed multiple times in cold PBS until the washings were clear. The tissue 

pieces were further minced until a porridge-like consistency was obtained, 

before being mixed with pre-warmed enzyme solution (containing collagenase 

type I), at the same ratio of 1 : 1.5 v/v. The mixture was placed on a rotary mixer 

at 37°C for 2 hours. 
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At the end of this second digestion, the mixture was strained and compressed 

through two layers of gauze swab in order to remove the undigested tissue. The 

filtrate was collected and centrifuged at 350g at 4°C for 5 minutes. The cell 

pellet was washed in cold BSA in PBS (10% w/v), and then in cold PBS (both 

times centrifuged at 600g at 4°C for 3 minutes). The cells were then suspended 

in cold 5mL serum-free endothelial cell medium and syringe-filtered in a 

Swinnex filter holder with a 30μm nylon filter within. The nylon filter was 

removed and agitated in a petri dish filled with cold serum-free endothelial cell 

medium to remove any cell clumps. The filter was fitted back into the Swinnex 

filter holder and the filtration procedure repeated thrice. The cells in the petri 

dish were transferred to a centrifuge tube and centrifuged at 600g at 4°C for 3 

minutes. 

For the immunoselection procedure, the cell pellet was resuspended in 500µL 

cold BSA in PBS (0.1% w/v) solution, and 5µL of anti-CD31 antibody-coated 

Dynabeads (washed beforehand with the BSA in PBS (0.1% w/v) solution) was 

added to the suspension. The Dynabead mixture was placed on a roller mixer at 

4°C for 20 minutes. The ‘magnetised’ HOMECs were selected using a magnetic 

particle concentrator (MPC-E magrack 1) four times, with BSA in PBS (0.1% 

w/v) washes in between. The final pellet was suspended in complete growth 

medium and cultured in a gelatin (2% w/v)-coated well of a 6-well plate. 

 

2.4.2 Isolation of HOMECs (final protocol) 

Visible blood vessels and fibrotic portions of the tissue sample were dissected 

away, and the remaining tissue was dissected to approximately 1 cm3 pieces. 

These were mixed with pre-warmed enzyme solution (containing collagenase 

type II), at a tissue : enzyme solution ratio of 1 : 1.5 v/v, and placed on a rotary 

mixer at 37°C for 25 minutes. 

At the end of the digestion (digestion 1), FBS was added to the mixture at 1:10 

v/v to neutralise the enzyme solution. The tissue pieces were manually removed 

and washed twice in cold PBS. The remaining neutralised enzyme solution was 

kept aside for mesothelial cell isolation (refer to section 2.5). The tissue pieces 

were further minced until a porridge-like consistency was obtained, before being 
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mixed with pre-warmed enzyme solution (containing collagenase type I), at the 

same ratio of 1 : 1.5 v/v. The mixture was placed on a rotary mixer at 37°C for 5 

hours. 

At the end of this second digestion (digestion 2), the mixture was strained 

through two layers of gauze swab in order to remove the undigested tissue. The 

filtrate was collected and centrifuged at 350g at 4°C for 5 minutes, resulting in 

multiple layers of oil, adipocytes, enzyme solution and cell pellet (Figure 11). 

The adipocyte layer was removed at this point for conditioned media collection if 

required (refer to section 2.7.2). The cell pellet was washed in cold 10% w/v 

BSA in PBS, and then in cold PBS (both times centrifuged at 600g at 4°C for 3 

minutes) to remove any residual enzyme solution.  

 

 

Figure 11. A photograph showing the layers of oil, adipocytes, enzyme 

solution and cell pellet. This was observed after digestion of omental tissue 

with collagenase I followed by centrifugation. 

 

For the immunoselection procedure, the cell pellet was resuspended in 1mL 

cold BSA in PBS (0.1% w/v) solution, and then split into two microcentrifuge 

tubes (500µL each) containing 3µL of anti-CD31 antibody-coated Dynabeads. 

The Dynabeads were washed beforehand with the BSA in PBS (0.1% w/v) 

solution. The Dynabead mixture was placed on a roller mixer at 4°C for 30 

oil layer 

adipocyte layer 

enzyme solution 

cell pellet 



101 
 

minutes. The ‘magnetised’ HOMECs were selected using a magnetic particle 

concentrator (MPC-E magrack 1) four times, with BSA in PBS (0.1% w/v) 

washes in between. The final pellet in both microcentrifuge tubes were each 

cultured into a gelatin (2% w/v)-coated well of a 6-well plate filled with complete 

growth medium. 

When the wells were confluent, the cells were trypsinised (refer to section 2.6), 

pelleted and resuspended in 500µL BSA in PBS (0.1% w/v). To purify the 

HOMEC population, the cells were subjected to another round of Dynabead 

immunoselection with 5µL Dynabeads added to the cell suspension in a 

microcentrifuge tube. The mixture was incubated on a roller mixer at 4°C for 30 

minutes and subjected to a magnetic particle concentrator as described 

previously. The final pellet was cultured in complete growth medium in a T25 

flask pre-coated with gelatin 2% w/v. 

To expand the HOMEC population, subsequent passaging was capped at a 

maximum split ratio of 1:5. For experiments, the HOMECs were utilised 

between passages 4 and 7. 

 

2.5 Isolation of human omental mesothelial cells (final protocol) 

The neutralised enzyme solution from digestion 1 (section 2.4.2) was processed 

to isolate mesothelial cells using a method modified from that of Takahashi et al 

(1991).(279) The solution was passed through one layer of gauze swab to 

remove any undigested tissue, and then centrifuged at 300g at 4°C for 10 

minutes. The resultant cell pellet was resuspended in 1mL of mesothelial 

complete growth medium, and then gently layered onto 10mL cold modified 

PBS and allowed to separate at room temperature. After 10 minutes, this top 

layer seeped downwards into the modified PBS. The top and bottom 1mL 

‘layers’ were discarded, and the middle 9mL portion was centrifuged at 300g at 

4°C for 10 minutes. 

The cell pellet was resuspended and layered again in the same manner. Again, 

the middle 9mL portion was retained and centrifuged at 300g at 4°C for 10 

minutes. The final cell pellet (consisting mostly of erythrocytes and mesothelial 

cells) was resuspended in 1mL of complete medium and seeded into a collagen 
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IV-coated well of a 6-well plate. After 2 to 3 days, the medium was changed to 

fresh growth medium to remove any erythrocytes. 

When the wells were confluent, the cells were trypsinised (refer to section 2.6) 

and transferred to T25 flasks. To expand the mesothelial cell population, 

subsequent passaging was capped at a maximum split ratio of 1:5. For 

experiments, the cells were utilised between passages 2 and 5. 

 

2.6 Trypsinisation and passaging of cells 

When cells reached at least 90% confluency within their flasks or multiwell 

plates, the media was aspirated and cells were washed twice with warmed 

PBS. Warmed trypsin/EDTA (0.05%/0.02% w/v) solution was added to the cells 

(1.5mL in a T75 flask, or 1mL in a T25 flask, or 500µL in a 6-well plate) and 

incubated at 37°C between 1 to 5 minutes. Cell detachment was confirmed by 

microscope and the trypsin was neutralised with warmed complete media (at 

least 8.5mL for a T75 flask, or 4mL for a T25 flask, or 2mL for a 6-well plate). 

The cell suspension was centrifuged at 200g for 5 minutes, and the supernatant 

aspirated off. The cell pellet was resuspended in warmed complete media and 

seeded into fresh flasks or multiwell plates. 

 

2.7 Collection of conditioned media 

2.7.1 Omental adipose tissue conditioned medium 

In earlier procedures, the dissected adipose tissue pieces (approximately 1 

cm3) were washed twice in cold PBS and placed into 7mL polystyrene 

containers pre-filled with 1 to 2mL serum-free basal medium. The tissue pieces 

were added or removed, weighing each time, to obtain a tissue-volume 

concentration of 1g/mL. However, it was difficult to fit the forceps through the 

narrow opening of the container. 

The method of collecting conditioned medium was amended. Instead of 

polystyrene containers, the washed and dissected omental adipose tissue 

pieces (approximately 1 cm3) were placed into previously-weighed petri dishes 

(10cm diameter) and weighed. The net weight of the tissue pieces determined 
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the volume of serum-free basal medium to be added in order to obtain a tissue-

volume concentration of 1g/mL. Petri dishes were incubated at 37°C/5% CO2 

for 24 hours. The conditioned medium was filtered through a syringe-driven 

0.22µm filter into labelled microcentrifuge tubes. Each filter was only used for a 

maximum of 10mL conditioned media volume, as larger volumes would clog the 

filter. The tubes were stored at -80°C for future use. 

As a control, serum-free basal medium which was not exposed to the omental 

tissue was placed in a separate petri dish and also incubated. This medium was 

also syringe-driven 0.22µm filtered and frozen at -80°C. This method for 

collection of control media was also applied for the following conditioned media 

collection (section 2.7.2 and 2.7.3). 

2.7.2 Omental adipocyte conditioned medium collection 

Omental adipocytes, obtained after digestion 2 during the isolation of HOMECs 

(described in section 2.4.2), were washed twice in PBS and then placed into 

7mL polystyrene containers containing serum-free basal medium (Figure 12). 

As it was not possible to quantify adipocytes by cell number (as they float due to 

their high fat content and are very adhesive), they were weighed together with 

the medium; the amount of adipocytes ranged from 2 to 4g per mL of medium. 

After gently swirling them, the containers were incubated at 37°C/5% CO2 for 24 

hours. As it was not possible to separate the adipocytes from the medium, the 

whole suspension was pipetted into a 10mL syringe fitted with a 0.22µm filter. 

The filtered conditioned medium was aliquoted into labelled microcentrifuge 

tubes and stored at -80°C for future use. 
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Figure 12. A photograph showing the method used to collect omental 

adipocyte conditioned medium. Washed adipocytes clump together and float 

on top of the medium. 

 

2.7.3 Adherent cell conditioned medium collection 

Ovarian cancer cell lines (SKOV3, A2780) and omental mesothelial cells were 

cultured in T75 flasks until a confluent monolayer was observed. Cells were 

washed twice with PBS and then incubated at 37°C/5% CO2 for 24 hours with 

10mL serum-free basal medium. The conditioned medium was syringe-driven 

0.22µm filtered into labelled microcentrifuge tubes and stored at -80°C for future 

use. 

 

2.8 Freezing and thawing of cells 

After the cells were trypsinised and pelleted (section 2.6), they were suspended 

in freezing medium and placed in labelled cryovials. Each T75 flask of cells was 

split 1:3 into 3 separate cryovials for HOMECs, 1:2 for mesothelial cells and 1:6 

for ovarian cancer cell lines; with a minimum cell density of 500,000 cells per 

500µL freezing medium per cryovial. The cryovials were placed in a controlled-

rate freezing container at -80°C at least overnight, and then moved to long term 

storage in liquid nitrogen or the -150°C cryofreezer. 

When thawing cells, each cryovial was thawed rapidly at 37°C, filled with 1 to 

2mL warmed complete media and pipetted gently up and down. The whole 

mixture was then transferred to a fresh flask filled with warmed complete media. 
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After 24 hours, the media was exchanged with fresh complete media to remove 

the initial freezing media.  

For cells isolated from omental tissue, namely the HOMECs and mesothelial 

cells, the cell population were expanded prior to freezing them; thus, they were 

commonly frozen at the 3rd or 4th passages.  

 

2.9 Immunocytochemistry 

All incubations and washes were performed at room temperature, unless 

otherwise specified. The treatment volume was 150µL per well or dish, or 

250µL in 24-well plates. 

Cells were cultured in glass-bottomed culture dishes, 8-well chamber slides or 

24-well plates; cell seeding densities are indicated in later chapters. When 

confluent, media was aspirated and the cells were fixed with paraformaldehyde 

4% (w/v) in PBS for 20 minutes. The paraformaldehyde was washed away with 

PBS, and the cells rinsed with PBS four times. If the protocol required staining 

of intracellular components, then a permeation step was performed: the cells 

were treated with methanol at -20°C for 10 minutes. The methanol was also 

washed away with PBS four times. 

To block non-specific binding sites, the fixed cells were treated with a mixture of 

5% (v/v) goat serum and 2% (w/v) bovine serum albumin in PBS for 30 minutes. 

Thereafter, primary antibodies (diluted in PBS) were applied and the cells were 

incubated for one hour at room temperature, or overnight at 2-8°C. Primary 

antibody was substituted with PBS only for the negative control well or dish. 

Before the addition of secondary antibodies, cells were washed four times with 

PBS. Depending on the animal species of the primary antibody, the cells were 

incubated with either fluorescently labelled goat anti-mouse or goat anti-rabbit 

IgG secondary antibody for 30 minutes, before another round of four PBS 

washes. All antibodies were diluted in PBS according to manufacturer 

guidelines, detailed in Table 2. 

Nuclei staining was performed using DAPI (1µg/mL) which was added for 10 

minutes after the secondary antibody staining, and then removed with two PBS 

washes, followed by a final wash with distilled water, and air dried. Cells were 
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mounted with coverslips and mounting media, and then imaged on a 

fluorescence microscope. 

 

Table 2. Details of the antibodies used for immunocytochemistry, their 

species of origin and their dilution factor. All antibodies were monoclonal. 

Primary antibodies were of mouse or rabbit origin; while secondary antibodies 

were only of goat origin to ease sample preparation as goat serum was used to 

block non-specific binding sites. 

Antibody 
Type 

Antibody Species of 
origin 
 

Brand and product code Dilution 
with PBS  
(v/v) 

Primary 
antibodies 

Anti-CD31 Mouse Sigma-Aldrich (P8590) 1:100 

Anti-cytokeratin 18 Rabbit Abcam (ab133272) 1:500 

Anti-occludin Mouse Sigma-Aldrich (CB1044) 1:250 

Anti-vimentin Mouse Abcam (ab8069) 1:200 

Anti-VEGFR3 Mouse R&D Systems (MAB3491) 1:50 

Anti-von Willebrand factor Rabbit Sigma-Aldrich (F3520) 1:200 

Anti-ZO1 Rabbit Abcam (ab276131) 
 

1:50 

Secondary 
antibodies 

Anti-rabbit with Alexa 
Fluor 594 

Goat Invitrogen (A-11012) 1:1000 

Anti-mouse with Alexa 
Fluor 488 

Goat Invitrogen (A-11001) 1:1000 

 

 

2.10 Cell seeding and treatment 

Cells were plated into 96-well flat-bottomed plates coated with gelatin (2% w/v) 

at 10,000 cells per well. The cells were incubated in complete growth media 

(100µL per well) at 37°C/5% CO2 for at least 24 hours. For wells designated as 

the complete media control, media in the experimental wells was substituted for 

starvation media (100µL per well) and then incubated overnight. For 

consistency with the starvation step, the complete media control wells were 

replaced with fresh complete growth media. 

The next day, the starvation media in the experimental wells was exchanged for 

fresh media with different treatment conditions depending on the experimental 

procedure. Treatment (100µL per well) consisted of CM from adipose tissue 

and/or ovarian cancer cells (collected as described in section 2.7), or of 

exogenous compounds (adiponectin, cathepsin L, leptin, lipocalin-2, or MIF) 



107 
 

reconstituted in starvation media; all treatments were diluted to required 

concentrations. Again, for consistency with the treatment addition step, 

complete media control wells were replaced with fresh complete growth media. 

Cells were then incubated for 24 to 72 hours as indicated. 

 

2.11 Bromodeoxyuridine assay to assess cell proliferation 

The bromodeoxyuridine (BrdU) proliferation assay kit, which is a colorimetric-

based assay, was utilised to determine HOMEC and mesothelial cell 

proliferation. In principle, the BrdU reagent, a thymidine analogue, added to 

cells would be integrated into the DNA of proliferating cells. Anti-BrdU 

antibodies detect and bind to this incorporated BrdU. Due to the peroxidase 

enzyme attached to the antibody, a blue colour was observed after substrate 

addition. The more BrdU present, the more antibody would be bound, hence the 

stronger the blue colour observed. Stop solution was added to halt the 

enzymatic reaction and the absorbance of the resultant yellow colour was 

measured at 450nm wavelength. The absorbance values correlate with DNA 

synthesis; thus, a greater measured absorbance value implied greater 

proliferative activity. 

In the experiments, cells were seeded in 96-well plates and treated as 

described in their relevant sections. Some wells were designated as blanks 

(media only, with no cells) and background wells (see below). The BrdU reagent 

(diluted according to manufacturer’s recommendation) was added to all wells, 

except those designated as background wells, after 24 hours of treatment 

incubation. The duration of BrdU incubation differed between experiments and 

is described in later chapters. All media were then aspirated, and cells fixed with 

the given fixing solution (200µL per well, incubated for 30 minutes). As per 

manufacturer’s protocol, the subsequent steps of anti-BrdU antibody addition 

(100µL per well, incubated for one hour), plate washes and substrate addition 

(100µL per well, incubated for 20 minutes), as well as absorbance value 

measurements (at 450nm wavelength) were performed immediately or within a 

week of cell fixation.  

As for the controls, the blank wells indicate the non-specific binding of the BrdU 

reagent to the plastic surface of the plate, while the background wells provide 
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information on the non-specific binding of the anti-BrdU antibody to the cells 

without the BrdU reagent. Both these controls should have absorbance values 

below 0.1 according to manufacturer’s protocol, to infer that the procedure is 

valid. During results analysis, the mean readings from the background wells 

were subtracted from that of the corresponding treatment wells. This is to 

indicate the ‘net’ amount of BrdU incorporated within the cells, based on the 

binding of the anti-BrdU antibody. The readings from the blank wells were not 

utilised in results analysis. 

 

2.12 Water-soluble tetrazolium salt 8 assay to assess cell proliferation 

To complement the BrdU assay, the water-soluble tetrazolium salt 8 (WST8) 

assay was also utilised to assess cell proliferation. In principle, the WST8 

reagent does not enter the cells but stays in the culture media. Via an electron 

mediator, 1-methoxy-5-methylphenazium methylsulfate (1-mPMS),(280) the 

WST8 reagent (tetrazolium) is reduced by cellular dehydrogenases to produce 

a yellow-orange formazan dye (Figure 13). The greater the cell number, the 

more cellular dehydrogenases are present, the more WST8 reagent is reduced 

to form the coloured dye. Thus, the intensity of this yellow-orange colour, by 

which the absorbance was measured at 450nm wavelength, is proportional to 

the number of living (and thus, metabolising) cells in culture. 

 

Figure 13. Principle of the WST8 assay. The conversion of the WST8 reagent 

into its formazan dye is achieved through the action of the electron mediator 1-

mPMS. The amount of the yellow-orange formazan dye generated is 

proportional to the cellular dehydrogenases within the cells. 1-mPMS: 1-

methoxy-5-methylphenazium methylsulfate; NADP+/NADPH: nicotinamide 

adenine dinucleotide phosphate. Diagram based on information from Chamchoy 

et al (2019) (280) and created on Microsoft Powerpoint. 
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In the experiments, cells were seeded in 96-well plates and incubated with 

treatment media for varying duration, as indicated in their relevant sections. As 

this is a colorimetric assay, several empty wells were designated as blanks (i.e. 

media only with no cells) to account for the spontaneous absorbance of the 

WST8 reagent and for the phenol red present in the media. To run the assay, 

10µL/well of the WST8 reagent was added into every well and the plate 

incubated for at least 90 minutes in 37°C/5% CO2, prior to absorbance 

measurement on a spectrophotometer set to 450nm. During data analysis, the 

average reading from the blank wells was subtracted from that of the 

corresponding treatment wells; thus, the absorbance values of the reagent itself 

and of the phenol red within the media were removed. 

 

2.13 Scratch wound healing assay to assess cell migration 

Alongside cell proliferation, endothelial cell migration is another indicator of 

angiogenesis. Hence, HOMEC migration was assessed via a scratch wound 

healing assay. 

HOMECs were seeded in 96-well plates at 10,000 cells/well. After at least 24 

hours incubation at 37°C/5% CO2, the media was exchanged for starvation 

media and cells incubated overnight. As with the proliferation experiments, 

some wells were designated as the complete media controls. For consistency 

with the starvation step, the complete media control wells were replaced with 

fresh complete growth media. 

A scratch wound was etched across the well diameter using a 200µL pipette tip 

(P200) and the starvation media aspirated to remove cell debris as a result of 

wounding. Treatment media were added into wells (100µL per well), with 

complete media control wells replaced with fresh complete growth media. 

The 96-well plate was incubated at 37°C/5% CO2 in the JuLI™ Stage Real-

Time Cell History Recorder. Using the 4x objective lens, the focal point of each 

well’s etch was adjusted and positioned. Images of each well were taken at 15-

minute intervals for at least 20 hours to follow cell migration and subsequent 

closure of the wound.  
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The area of the scratch wound was calculated in square pixels using ImageJ. 

Images obtained at the 12- and 20-hour timepoints were compared with the 

images from the 0-hour timepoint, and expressed as a percentage of scratch 

closure. The 0-hour scratch gaps were interpreted as 0%, while a fully closed 

gap is considered 100%. 

 

2.14 Bicinchoninic acid protein assay to determine total protein 

concentration 

The Pierce™ Bicinchoninic acid (BCA) Protein Assay Kit was utilised to 

determine the concentration of proteins (adipokines) secreted by the adipose 

tissue and adipocytes, as well as, the concentration of HOMEC lysates. This 

colorimetric-based assay quantifies total protein through the reduction of cupric 

(Cu2+) to the cuprous ion (Cu+) by the proteins. The intensity of the colour, as a 

result of BCA and cuprous binding together, corresponds to total protein 

concentration. 

The assay was performed with slight modification to the manufacturer’s 

protocol. The albumin standard or BSA ampoule was diluted with serum-free 

basal medium to give final BSA concentrations, for a standard curve, between 

5µg/mL to 2000µg/mL. These were prepared in labelled centrifuge tubes. The 

basal medium on its own was used as a blank. A 25µL volume of each BSA 

standard and of the samples were pipetted into three separate wells (triplicate) 

of a 96-well plate. To prepare the working reagent, Reagent B (containing 4% 

w/v cupric sulfate) was added to Reagent A (containing bicinchoninic acid) at a 

ratio of 1:25 v/v. The working reagent was freshly diluted each time for the 

assay. The working reagent (200µL per well) was pipetted into wells containing 

albumin standards and samples, and the plate was incubated at 37°C for a 

maximum of 5 hours. 

Absorbance was measured at the 562nm wavelength, at intervals of 30 minutes 

for a duration of 5 hours initially. In later experiments, absorbance 

measurements were taken at 2 hours only as further colour development (and 

the corresponding calculated protein concentration) beyond 2 hours did not 

differ substantially (average reads were ±5% of the reads at the 2-hour time 

point). The average absorbance of the blank wells (basal medium only) was 
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subtracted from each individual absorbance value to give the net absorbance. 

The net absorbance of the BSA standards were plotted to form a standard 

curve (Figure 14) and the total protein concentration of each sample was 

interpolated from this curve using GraphPad Prism. The albumin standards 

were freshly prepared for each experiment, and the corresponding standard 

curve was utilised only for samples within the same plate. 

The assay was repeated several times if the absorbance values of the samples 

were beyond the standard curve. In such cases, the samples were 

subsequently diluted with basal medium to achieve a concentration between 1:2 

to 1:100 v/v. 
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Figure 14. A representative bovine serum albumin (BSA) standard curve. 

BSA was diluted with media to form a range of known concentrations, including 

a blank sample (basal media only). Triplicate samples of the standards were 

mixed with the BCA working reagent in a 96-well plate and absorbance 

measured at 562nm wavelength after incubation at 37°C. Blank absorbance 

values were subtracted from each absorbance value before plotting into the 

standard curve. Values shown are mean ± SD.  
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2.15 Enzyme-linked immunosorbent assay (ELISA) to determine 

concentration of secreted factors 

Commercial ELISA kits were utilised to measure the concentration of 

adipokines secreted by human omental adipose tissue, as well as, factors 

secreted by ovarian cancer cells after adipokine treatment. Table 3 details the 

ELISA kits utilised in the study. 

 

Table 3. Commercial ELISA kits used to quantify analytes in conditioned 

media from omental adipose tissue or adipokine-incubated ovarian cancer 

cells. 

Sample tested Analyte tested Brand and product 

code 

Conditioned media from 

omental adipose tissue 

Adiponectin Abcam (ab99968) 

Cathepsin L Invitrogen (BMS257) 

Leptin Invitrogen (KAC2281) 

MIF Sigma-Aldrich (RAB0360) 

NGAL Invitrogen (BMS2202) 

Conditioned media from ovarian 

cancer cells pre-incubated with 

adipokines 

FGF2 R&D Systems (DY233) 

TGF-β1 R&D Systems (DY240) 

VEGF R&D Systems (DY293B) 

 

The ELISA kits used for the adipose tissue conditioned media contained 12 x 8-

well strip plates pre-coated with capture antibodies for the intended analyte; 

samples were added directly into the plates. However, the kits used to test the 

conditioned media from ovarian cancer cells required more preparation. 

Adhering to manufacturer’s instructions, the capture antibodies were incubated 

in 8-well strip plates overnight and then blocked for an hour prior to sample 

addition. 

After the sample incubation step, a biotinylated detection antibody was added to 

bind with the captured analyte. Streptavidin-HRP was then added to bind with 

the biotin. In the presence of HRP, the addition of substrate resulted in a blue 



113 
 

colour development; the more analyte bound, the stronger the colour. Addition 

of stop solution halted the HRP enzymatic reaction and the resultant yellow 

colour was measured with a spectrophotometer. 

The analyte standards, supplied in the kit, were diluted to a range of 

concentrations as recommended by the manufacturer, with the plain diluent 

buffer as a zero standard (blank). As the amount of targeted analyte in the 

conditioned media was unknown, the conditioned media were diluted between 

1:10 to 1:10,000 v/v with the supplied diluent buffer. The standards and the 

diluted conditioned media were applied to the wells in triplicate and treated 

according to the manufacturers’ protocol, with the absorbance measured at 

450nm. A minimum of three separate conditioned media samples were tested in 

each experimental run (n⩾3).  

The average absorbance values of the blank wells were subtracted from each 

of the analyte standard absorbance values before plotting into a standard curve 

on GraphPad’s Prism. The absorbance of the conditioned media samples, after 

subtracting the average blank absorbance values, were interpolated from this 

standard curve to determine the analyte concentration. The analyte standards 

were freshly prepared for each experiment, and the resultant standard curve 

were utilised only for samples within the same plate. 

Several repeats of this ELISA procedure were performed when the absorbance 

values of the conditioned media fell outside of the standard curve due to under- 

or over-dilution with the diluent buffer. In such cases, the dilution ratio was 

adjusted accordingly. 

 

2.16 Antibody arrays to detect adipokines or phosphorylated cellular 

targets 

Three different commercial antibody arrays were utilised in this study; all arrays 

were sourced from R&D Systems. The adipokine array kit (ARY024) were used 

to detect the adipokines secreted by omental adipocytes and omental adipose 

tissue. The phospho-kinase array kit (ARY003B and ARY003C) and the 

phospho-receptor tyrosine kinase (phospho-RTK) kit (ARY001B) were used to 
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examine kinase targets activated within HOMEC lysates after treatment with 

conditioned media. 

The main component of these kits are the nitrocellulose membranes with pre-

spotted control and capture antibodies for the defined target molecule (e.g. 

adipokines, kinases). Each type of antibody was spotted in duplicate. Ultimately, 

the relative amount of target analyte bound to these antibodies were quantified 

by chemiluminescence. 

Unless otherwise noted, all reagents were supplied in the kit and the 

manufacturer’s protocol was adhered to. Methods of sample preparation are 

explained in their relevant sections in chapters 3 and 4. Prior to use, the 

nitrocellulose membranes were incubated with a blocking buffer on a plate 

rocker for an hour. Thereafter, the membranes were incubated with their 

samples (conditioned media/ cell lysate) overnight on a plate rocker at 2-8°C. 

In between multiple washing steps to eliminate any unbound material, 

biotinylated detection antibodies, streptavidin-HRP and chemiluminescent 

reagents were applied. The chemiluminescence emitted was captured using an 

Azure c500 Imaging System at varying exposures ranging from 2 to 10 minutes. 

The ImageJ programme was used to determine the chemiluminescent signal 

intensity by measuring the pixel density of each spot. Depending on the array 

type and after preliminary testing, it was determined that a chemiluminescence 

exposure time between 5 to 20 minutes was optimal for pixel density analysis. 

The desired membrane images should have clear contrast between the spots 

and membrane background (i.e. not underexposed), and the spots should not 

overlap each other (i.e. not overexposed).  

To analyse the data, the images were first converted to 32-bit, which is the 

highest setting for non-colour images within ImageJ. The images were digitally 

magnified to 600% of its original size to better visualise the spots. A circular 

region of interest approximately 50% smaller than each spot, was drawn to 

define the boundaries of the measured pixel density. To account for background 

signal, the average pixel density values of the negative control spots were 

subtracted from each individual pixel density value. The reference spots on the 

membrane indicated that the streptavidin-HRP was correctly applied during the 

procedure as well as denoting the orientation of the membrane. An example of 
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the membrane coordinates and the chemiluminescent image of an antibody 

array is shown in Figure 15. 

 

Figure 15. A sample chemiluminescent image of the adipokine antibody 

array membrane (bottom) with its corresponding coordinate grid (top). 

Each pair of spots represents a specific adipokine as indicated by the co-

ordinates. The reference spots indicated the correct application of reagents and 

also orientated the membrane to match the coordinate grid. The negative 

control spots denoted background signal. 

 

 

2.17 Experimental conduct and statistical analysis 

In all experiments, each treatment condition was conducted in triplicate as a 

minimum (intra-experimental n ≥ 3). Experiments were conducted at least 3 

times (inter-experimental n ≥ 3) unless otherwise noted. For example, the 

individual wells on a multiwell plate represent the intra-experimental n, and the 

multiwell plate itself represents the inter-experimental n. Unless indicated, all n 

numbers in the thesis refer to the inter-experimental n.  

Data were entered into the Prism (GraphPad Inc) software. Only data with inter-

experimental n of 3 and above were subjected to analysis using the Mann-

Whitney U test. This non-parametric test was chosen as the experimental data 
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were in general not normally distributed; for instance, due to the relatively low 

inter-experimental n. A p-value of less than 0.05 (p<0.05) was considered 

statistically significant.  
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Chapter 3. An investigation into the pro-angiogenic effects of adipokines 

on human omental microvascular endothelial cells 

 

3.1 Introduction 

The major component of the omentum, a prime site of ovarian cancer 

metastasis, is the adipocytes. As discussed in section 1.5, adipocytes have 

multiple roles in tumour progression through the actions of their secreted 

adipokines. Therefore, metastatic tumour angiogenesis within the omentum 

may be driven, in part, by adipokine action on ECs. 

Due to the heterogeneity in ECs mentioned in section 1.1.3c, especially in terms 

of their macrovascular versus microvascular origin, as well as their structure 

and function in different vascular beds, it is pertinent to utilise the appropriate 

ECs in in vitro experiments to resemble in vivo conditions more closely. Hence, 

disease-relevant ECs were required to study ovarian cancer metastasis and 

angiogenesis within the human omentum, specifically, human omental 

microvascular endothelial cells (HOMECs). In investigating angiogenesis, EC 

activation can be characterised by cell proliferation and migration. 

This chapter investigates the crosstalk between ovarian cancer cells, 

adipokines and disease relevant ECs, and is divided into sections aimed at: 

a) developing a more consistently reliable HOMEC isolation protocol 

(section 3.2.8); 

b) assessing HOMEC proliferation when treated with omental adipose 

tissue and ovarian cancer conditioned media (section 3.3.3); 

c) identifying and quantifying the adipokines secreted from omental 

adipocytes (section 3.3.4);  

d) assessing HOMEC proliferation when treated with identified adipokines 

from (c) (section 3.3.5); and 

e) assessing HOMEC migration in response to adipose tissue conditioned 

media and identified adipokines (section 3.3.6). 
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3.2 Methods 

3.2.1 Developing a more consistently reliable human omental 

microvascular endothelial cell (HOMEC) isolation protocol 

To obtain disease relevant ECs for further experiments, cells were isolated from 

human omentum samples. Although an existing protocol was in place in the 

laboratories, it was not found to be consistently reliable. Therefore, this section 

outlines the improvements made to the previous HOMEC isolation protocol. 

The initial isolation protocol was that of Winiarski et al (2011),(278) which 

consisted of two digestion steps, filtration and then immunoselection. This 

protocol is summarised in Figure 16 and described in section 2.4.1. Using this 

procedure, only one omental tissue sample out of 18 (6%) successfully yielded 

HOMECs; this prompted some adjustments to the protocol. 

Several observations were noted of the initial isolation protocol: 

• After the two-hour digestion with collagenase type I (step C, Figure 16), 

the enzyme-tissue mixture was strained through gauze swab layers in 

order to separate the undigested tissue from the digest solution which 

contained the HOMECs (step D, Figure 16). It could be seen that the 

undigested tissue was not substantially reduced in size when compared 

to pre-digestion, and the swab required manual compression to 

maximise the collection of the digest solution. 

• After subjecting the cells to filtration with a 30µm nylon filter (step E, 

Figure 16), there were relatively few cells collected in the filter-wash 

medium. This was evident in the final culture post-immunoselection, 

where the anti-CD31 magnetic beads mostly appeared scattered rather 

than being aggregated. This implied that there were few ECs for the 

beads to adhere to. 

• During the immunoselection step (step F, Figure 16), the magnetic 

beads were incubated with the cell suspension for 20 minutes. After 

multiple washings to remove cells which did not adhere to the beads, the 

selected cells were cultured in a well of a 6-well plate. The well appeared 

dense with magnetic beads and generally, more beads were observed 

than the actual number of cells. 
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Figure 16. A schematic of the initial HOMEC isolation protocol. The 

protocol, adapted from Winiarski et al (2011),(278) consisted of two enzymatic 

digestion steps (A & C), filtration steps (D & E) and finally an immunoselection 

step (F) before culturing the isolated cells. 

 

 

Figure 17. A schematic of the amended HOMEC isolation protocol. As with 

the initial protocol, this protocol also consisted of two enzymatic digestions (A & 

C), a filtration step (D) and an immunoselection step (F); however, the duration 

of enzymatic digestion was extended (C) and some filtration steps were omitted. 

Mesothelial cell isolation is detailed in chapter 5. 

 

Based on these observations, the HOMEC isolation protocol was amended as 

follows (summarised in Figure 17): 

• The duration of collagenase I digestion was extended to 5 hours (step C, 

Figure 17). Previous findings from the laboratory showed that the 

prolonged digestion did not significantly alter surface detection of the 

extracellular CD31 marker, which was essential to select ECs cells from 
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other cell types. The enhanced digestion resulted in less wastage of 

undigested tissue and in turn, a larger cell pellet for easier handling of 

subsequent steps. Additionally, with less volume of undigested tissue, 

the enzyme mixture strained easier through the gauze swab, without the 

need for compression (step D, Figure 17). 

• The filtration through the 30µm nylon filter step was omitted to reduce 

cell loss via reduced handling. 

• To optimise the immunoselection procedure, and to better process the 

larger cell pellet obtained, the pellet was split into two microcentrifuge 

tubes prior to addition of the magnetic beads (step E, Figure 17). Each 

tube was mixed with 3µL of anti-CD31 bead suspension, and allowed to 

mix for 40 minutes at 4°C. As the cell : bead ratio was greater than that 

from the earlier protocol, the duration of mixing was increased to 

enhance antibody binding. Ultimately each tube was cultured in a well of 

a 6-well plate. The advantage is twofold; fewer magnetic beads were 

used per well, and with two wells there were higher number of cells to 

expand the population. 

The final protocol used for the isolation of HOMECs from omental tissue is 

described in section 2.4.2. 

 

3.2.2 Immunocytochemistry 

Due to the changes to the initial protocol, it was necessary to confirm that the 

isolated cells were of an EC phenotype. The cells were therefore stained for cell 

membrane markers (CD31, occludin), as well as, intracellular markers (von 

Willebrand factor, vimentin)(278, 281, 282) and visualised with 

immunocytochemistry using methods detailed in section 2.9. 

 

3.2.3 General experimental methods 

HOMEC seeding and treatment were performed as described in section 2.10. 

Conditioned medium (CM) was collected as described in section 2.7. To assess 

cell proliferation, BrdU and WST8 assays were performed as described in 
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sections 2.11 and 2.12 respectively. To assess cell migration, a scratch wound 

healing assay was performed as described in 2.13. 

 

3.2.4 Method development - assessment of HOMEC proliferation using the 

bromodeoxyuridine (BrdU) assay 

The principle of the BrdU assay was described in section 2.11. In initial 

experiments, after the treatment media were added to the HOMECs (section 

2.10), the BrdU reagent was added two hours later to all wells except those 

designated as background wells. The cells were then incubated at 37°C/5% 

CO2 for a further 20 to 22 hours (manufacturer’s protocol states 2 to 24 hours). 

With this BrdU incubation duration, the BrdU incorporation was similar for cells 

treated with complete growth medium and those treated with starvation medium 

(<20% difference). However, cells in complete growth medium were expected to 

show greater proliferation compared to the latter, since starvation media would 

be expected to arrest or impede cell growth. It was possible that this 

observation was due to the prolonged BrdU incubation time; i.e. allowed enough 

time, cells in the starvation medium may incorporate nearly the same total level 

of BrdU into their DNA as those in the complete growth medium. 

Therefore, an experiment to determine the optimum BrdU incubation duration 

was performed. The BrdU reagent was added at various time points after the 

start of treatment, and the cells were incubated with BrdU for varying lengths of 

time (Table 4). It was observed (Figure 18) that the addition of BrdU after at 

least 24 hours of cell growth allowed for a greater differentiation between cells 

grown in starvation and complete growth media. Based on these data, in 

subsequent experiments on HOMECs, BrdU was applied after 24 hours of 

treatment, with a minimum BrdU incubation time of 6 hours.  

The final BrdU protocol used for determining cell proliferation is described in 

section 2.11. 
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Table 4. Design of an experiment to determine optimum timing for BrdU 

addition. The experimental design of Plate 1 was the same as that previously 

described, while Plates 2 to 4 examine BrdU incorporation in HOMECs at 

different time points and with varying incubation duration. 

Plate Time period between treatment addition 
and BrdU addition 

 

BrdU incubation time 
prior to cell fixation 

Plate 1 2 hours 
 

21 hours 

Plate 2 8.5 hours 
 

14.5 hours 

Plate 3 24 hours 
 

6 hours 

Plate 4 26 hours 
 

21 hours 

 

 

Control
(Starvation media)

Plate 1 Plate 2 Plate 3 Plate 4
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Figure 18. Addition of BrdU after 24 hours of cell growth is optimum for 

assessment of HOMEC proliferation. HOMECs were seeded in complete 

growth medium (10,000 cells/well) in 96-well plates and cultured for at least 24 

hours prior to overnight serum starvation in 1% (v/v) FBS media. Freshly 

prepared starvation media (control) and complete growth media (Plates 1-4) 

were used as treatments. BrdU was applied after 2 hours (Plate 1), 8.5 hours 

(Plate 2), 24 hours (Plate 3) or 26 hours (Plate 4); and cells fixed after 21 hours 

(Plate 1 and Plate 4), 14.5 hours (Plate 2) or 6 hours (Plate 3) after BrdU 

application. Results shown are mean ± SD and expressed as percentage of the 

control; intra-experimental n=3-6. 
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3.2.5 Method development - assessment of HOMEC migration using the 

scratch wound healing assay 

EC migration is also a hallmark of angiogenesis and thus migration of HOMECs 

in response to adipose tissue CM was investigated. Although initial studies were 

carried out as described in section 2.13, it was found that the analysis 

methodology needed to be improved.  

Initially, all the time-lapse images from the scratch assay were analysed with 

the wound healing application on the JuLI™ Stat Cell Analysis Software. In 

setting up this application to measure scratch closure, measurement thresholds 

(background and sensitivity) were individually adjusted for each well. In all 

experiments, the background and sensitivity settings ranged from levels 1 to 4, 

and 7 to 10, respectively. The resultant analyses were generated as a 

percentage of wound closure over time. However, using this method, it was 

found that the boundaries of the scratch wound were not accurate, as detailed 

in Figure 19, and this affected the closure percentage calculations.  

 

Figure 19. Representative images showing the difficulty in setting the 
measurement thresholds to define the scratch wound boundary. The 
yellow-shaded regions depict the presence of cells, while the non-coloured 
regions depict the scratch wound. It can be seen that when the default image 
(A) was subjected to different sensitivity and background settings (B-D) on the 
JuLI™ Stat Cell Analysis Software, the software-generated boundaries differed 
substantially and were not accurate. 
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Therefore, an analysis methodology with the ImageJ software was developed 

as an alternative. As all the time-lapse images were taken on the same device, 

the specifications of each image were set to 8-bit with dimensions of 1936 x 

1456 pixels. The area of the scratch wound was manually selected using the 

‘freeform selection tool’ (example in Figure 20) and then measured in square 

pixels. This method of measurement is more accurate than the default analysis 

software. In further experiments to measure HOMEC migration, all images at 

the 0, 12 and 20 hour time points were analysed in this manner and compared. 

The final protocol used for determining cell migration is described in section 

2.13. 

 

 

Figure 20. Representative image shows how the scratch wound boundary 

was manually selected. The freeform selection tool in the ImageJ software 

was utilised to select the region of interest. The selected yellow-edged region 

was determined as the scratch wound and the area measured in square pixels. 
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3.2.6 Determination of protein concentration in omental adipocyte and 

adipose tissue conditioned media 

Secreted adipokines present in the omental adipocyte and adipose tissue CM 

(collected as described in section 2.7) were identified using a commercially 

available adipokine antibody array. Since this required a fixed amount of 

proteins/adipokines (200µg) per sample, the protein concentration in the CM 

was determined using the BCA assay as described in section 2.14. 

Both adipocyte and adipose tissue CM were examined due to the difficulty of 

handling and quantifying the omental adipocytes compared to the adipose 

tissue samples. The latter could be easily weighed, and the CM collection was 

standardised at 1g/mL (detailed in section 2.7.1); such standardisation was not 

possible with the isolated adipocytes due to their adhesiveness and low density. 

 

3.2.7 Identification of adipokines using an antibody array 

A commercial adipokine array kit (ARY024, R&D Systems) was utilised to 

identify secreted adipokines. The array consists of nitrocellulose membranes 

with antibodies specific for 58 different human adipokines, and functions as a 

screening tool to detect adipokines present in a sample. 

For sample preparation, a volume of CM corresponding to 200µg of protein, as 

determined by the BCA protein assay, was diluted to 1mL with the supplied 

blocking buffer. The same volume of basal media served as control and was 

diluted in the same manner. The samples were loaded onto the membranes 

supplied in the kit and processed according to the manufacturer’s instructions. 

The signal intensity of the adipokine spots in the control (basal media only) and 

the adipocyte or adipose tissue CM samples were then compared (detailed in 

section 2.16).  

A diagram of the array membrane and the corresponding adipokine coordinates 

are shown in Figure 21. 
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(A) 

 

 

 

 

(B) 

Membrane 
coordinates 

Adipokine Membrane 
coordinates 

Adipokine 

A1, A2, A23, 
A24, F1, F2 

Reference spots F23, F24 Negative controls 

A5, A6 Adiponectin C19, C20 IL-6 

A7, A8 Angiopoietin-1 C21, C22 IL-8 

A9, A10 Angiopoietin-2 C23, C24 IL-10 

A11, A12 Angiopoietin-like 2 D1, D2 IL-11 

A13, A14 Angiopoietin-like 3 D3, D4 Transforming growth factor beta 
1 (TGF-β1) 

A15, A16 B-cell activating factor/ CD257 D5, D6 Leptin 

A17, A18 Bone morphogenic protein 4 
(BMP4) 

D7, D8 Leukaemia inhibitory factor (LIF) 

A19, A20 Cathepsin D D9, D10 Lipocalin-2/ NGAL 

B1, B2 Cathepsin L D11, D12 Monocyte Chemoattractant 
Protein-1 (MCP-1) 

B3, B4 Cathepsin S D13, D14 Colony stimulating factor 1 
(CSF1) 

B5, B6 Chemerin D15, D16 Macrophage migration inhibitory 
factor (MIF) 

B7, B8 Complement factor D (CFD) D17, D18 Myeloperoxidase 

B9, B10 C-reactive protein (CRP) D19, D20 Nidogen-1/ Entactin 

B11, B12 Dipeptidyl peptidase-4 (DPP-IV)/ 
CD26 

D21, D22 Oncostatin M 

B13, B14 Endocan D23, D24 Pappalysin-1 

B15, B16 Calgranulin C E1, E2 Visfatin 

B17, B18 Fetuin B E3, D4 Pentraxin-3 

B19, B20 Prostatropin/ FGF-2 E5, E6 Preadipocyte factor 1 (Pref1) 

B21, B22 FGF-19 E7, E8 Proprotein Convertase 9 

B23, B24 Fibrinogen E9, E10 RAGE 

C1, C2 Somatotropin 
 

E11, E12 CCL5/ RANTES 

C3, C4 Hepatopoietin A/ HGF E13, E14 Resistin 

C5, C6 Intercellular Adhesion Molecule 1 
(ICAM-1)/ CD54 

E15, E16 Angiotensinogen/ serpin A8 

C7, C8 Insulin-like growth factor-binding 
protein 2 (IGFBP-2) 

E17, E18 Serpin A12 

C9, C10 IGFBP-3 E19, E20 Serpin E1 

C11, C12 IGFBP-4 E21, E22 TIMP metallopeptidase inhibitor 1 
(TIMP-1) 

C13, C14 IGFBP-6 E23, E24 TIMP-3 

C15, C16 IGFBP-7 F5, F6 TNF-α 

C17, C18 Interleukin-1 beta (IL-1β) F7, F8 Vascular endothelial growth 
factor (VEGF) 

Figure 21. A diagram of the adipokine array membrane (A) and the 
coordinates of the 58 adipokines analysed (B). Information adapted from the 
package insert of the Proteome ProfilerTM Array (R&D Systems, ARY024) 
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3.2.8 Quantification of adipokines using ELISA 

Adipose tissue CM from at least 3 different omental samples were examined in 

each ELISA kit (adiponectin, cathepsin L, leptin, lipocalin-2, and MIF). The 

ELISA protocol is detailed section 2.15, and the resultant standard curves of the 

tested adipokines are shown in Figure 22.  

 

Figure 22. Representative ELISA standard curves for adiponectin (A), 
cathepsin L (B), leptin (C), lipocalin-2 (D) and MIF (E). The protein 
concentration of the conditioned media samples were interpolated from these 
standard curves based on their absorbance values. For each kit, the supplied 
protein standards were diluted to the recommended range of concentrations, 
assayed by ELISA on 96-well plates and the absorbance was then read at 
450nm. Absorbance values shown are mean ± SD (n=2). 
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3.2.9 Investigating proliferation in HOMECs incubated with conditioned 

media from adipokine-incubated ovarian cancer cells 

Ovarian cancer cells were seeded in 12-well plates in complete growth media 

(7000 cells/well for SKOV3, 15000 cells/well for A2780) and cultured for 5 days 

until 70-80% confluent. For both the cancer cell lines to achieve similar levels of 

confluence, a higher number of A2780 cells was required at seeding since the 

latter are smaller cells; by eye, A2780 cells have a cell diameter approximately 

half that of SKOV3 cells. Once confluent, each well was rinsed once with 

warmed PBS prior to addition of treatment media at 1200µL/well. Treatment 

consisted of the individual adipokines diluted in starvation media, at a mid-range 

concentration detected via ELISA (section 3.2.6); i.e. adiponectin 5µg/mL, 

cathepsin 6ng/mL, MIF 1 µg/mL, leptin 3ng/mL, and lipocalin-2 3ng/mL. The 

ovarian cancer cells were incubated at 37°C/5% CO2 with the adipokine 

treatment for 24 or 48 hours. As a control, starvation media alone were used to 

treat the ovarian cancer cells in place of the adipokines.  

The CM from treated SKOV3 or A2780 were collected and centrifuged at 437g 

for 5 minutes to remove any cell debris, before being transferred to fresh 

microcentrifuge tubes. The CM were then added as treatments onto HOMECs 

f(which were processed beforehand according to section 2.10) for a duration of 

24 hours, and HOMEC proliferation was assessed using WST8 and BrdU 

assays. A schematic of the experiment design is shown in Figure 23. 

 

Figure 23. The experiment protocol for assessing proliferation in HOMECs 
incubated with conditioned media from adipokine-incubated ovarian 
cancer. Adipokines diluted in starvation media were applied onto ovarian 
cancer cells; cancer cells treated with starvation media alone acted as a control. 
After 24 or 48 hours of incubation, this media was collected from the cancer 
cells and applied onto the HOMECs. Proliferation was assessed after 24 hours 
using WST8 and BrdU assays. Figure created with BioRender.com. 
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3.3 Results 

3.3.1 Cell isolation using the amended HOMEC isolation protocol 

With the amended protocol described in section 3.2.1, the HOMEC yield was 

improved. The cell pellet obtained was visibly larger, which necessitated its 

apportionment into two microcentrifuge tubes for the immunoselection step. The 

selected cells were seeded in a larger growth area (in two wells of a 6-well 

plate, as opposed to one well in the earlier protocol) and the higher cell 

numbers allowed for successful first passage. When transferring or expanding 

the cell population, if other cell contaminants were observed under microscope 

e.g. fibroblasts most commonly, another magnetic immunoselection was 

performed to purify the HOMEC population. 

Using this improved protocol, 7 of 12 omental tissue samples successfully 

yielded HOMECs i.e. a success rate of nearly 60%. Representative 

photographs of successfully isolated cells are shown in Figure 24. For 

subsequent experiments, HOMECs were used up until the seventh passage. 

This was based on a previous finding that their endothelial morphology was 

retained at passage 7;(283) and immunocytochemistry performed showed 

similar patterns of staining to HOMECs at lower passages. 

 

Figure 24. Images of HOMECs isolated using the amended protocol. 

Images, captured at 4x magnification with EVOS XL Core, show isolated 

HOMECs with magnetic anti-CD31 beads seen as black dots. Isolated 

HOMECs after 10 days in culture (A) and first passage HOMECs after a second 

immunoselection step (B). Scale bar 200µm. 
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3.3.2 Characterisation of the isolated cells via immunocytochemistry 

Immunocytochemistry confirmed the endothelial phenotype of the cells isolated 

from the omentum, as depicted in Figure 25 and Figure 26. The isolated cells 

expressed CD31, occludin, von Willebrand factor (vWF) and vimentin. 

Immunocytochemistry performed on previously frozen and thawed HOMECs, as 

well as HOMECs at passage 7 showed similar results to Figure 25 and Figure 

26.  

 

 

Figure 25. Isolated HOMECs expressed CD31 and occludin. HOMECs were 

seeded at 10,000 cells/well in 8-well chamberslides and cultured to confluence. 

Cells were fixed with 4% (v/v) paraformaldehyde and incubated overnight with 

primary antibodies (anti-CD31, A, and anti-occludin, B), or PBS for control; 

followed by incubation with fluorescent-conjugated secondary antibodies 

(green). Cell nuclei were stained blue with DAPI. After mounting with coverslips, 

slides were visualised via fluorescence microscopy. The negative control (C) 

shows background level of staining with PBS in place of anti-CD31 primary 

antibody (identical results were seen with PBS instead of anti-occludin 

antibody). Data show representative images, captured at 10x magnification with 

EVOS Fluo, of one experiment which was repeated twice on different HOMEC 

populations with similar results. Scale bar 200µm. 
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Figure 26. Isolated HOMECs expressed von Willebrand factor (vWF) and 
vimentin. HOMECs were seeded at 10,000 cells/well in 8-well chamberslides 
and cultured to confluence. Cells were fixed with 4% (v/v) paraformaldehyde at 
room temperature and then permeabilised with methanol at -20°C. Cells were 
incubated overnight with primary antibodies (anti-vWF, A, and anti-vimentin, B), 
or PBS for control; followed by incubation with fluorescent-conjugated 
secondary antibodies. Cell nuclei were stained blue with DAPI. After mounting 
with coverslips, slides were visualised via fluorescence microscopy. The 
negative control (C) shows background level of staining with PBS in place of 
anti-vWF primary antibody (identical results were seen with PBS instead of anti-
vimentin antibody). Data show representative images, captured at 10x 
magnification with EVOS Fluo, of one experiment which was repeated twice on 
different HOMEC populations with similar results. Scale bar 200µm. 

 

 

3.3.3 The effect of conditioned media on HOMEC proliferation 

The improved isolation protocol provided a reliable source of HOMECs for use 

in subsequent experiments. Initial studies aimed to assess whether secreted 

mediators from adipocytes and ovarian cancer cells induced ECs responses 

associated with angiogenesis, specifically proliferation, in HOMECs. 

a) The effect of conditioned media from adipose tissue on HOMEC 

proliferation 

To test the hypothesis that factors secreted from the adipose tissue promoted 

HOMEC activation, BrdU and WST8 proliferation assays were performed. The 

HOMECs were seeded and treated according to section 2.10. The adipose 

tissue CM was diluted to 1:2, 1:5 and 1:10 with starvation media prior to 

HOMEC treatment; the control received starvation media alone. The dilutions 

were necessary because in early experiments, adding the undiluted CM 

resulted in HOMEC death, as assessed by microscopy. 
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The effects of adipose CM on HOMEC proliferation assessed by BrdU assay 

are shown in Figure 27. Incubation with 1:2 and 1:5 diluted adipose tissue CM 

significantly increased HOMEC proliferation by more than 120% compared to 

the control (100%), p<0.05. Although not statistically significant, HOMEC 

proliferation was also increased by 88% when treated with the 1:10 diluted CM. 
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Figure 27. Omental adipose tissue conditioned media enhanced HOMEC 

proliferation as assessed by BrdU assay. HOMECs were seeded at 10,000 

cells/well in 96-well plates and cultured for at least 24 hours before overnight 

serum starvation. Diluted adipose tissue conditioned media was added to the 

cells and the BrdU reagent added after 24 hours. Cells were fixed after 6 hours; 

plates were read at 450nm. Results shown are mean ± SD and expressed as 

percentage of the control; data were analysed with Mann-Whitney U tests. n=6-

12; *p<0.05 vs control. 

 

To complement the BrdU assay, the WST8 proliferation assay was also 

performed whereby the HOMECs were treated with diluted CM for 24, 48 or 72 

hours. The results of the WST8 assays are shown in Figure 28. HOMEC 

proliferation was increased by at least 5% compared to control (100%) when 

treated with adipose tissue CM at all timepoints. At the 24- and 48-hour 

timepoints, the increase in HOMEC proliferation was statistically significant after 

treatment with 1:10 diluted CM (increases of 8% at 24 hours and 11% at 48 
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hours, compared to their respective controls, p<0.05). At the 72-hour timepoint, 

all concentrations of CM induced statistically significant increases in HOMEC 

proliferation; the 1:2 dilution induced a 23% increase in proliferation, 1:5 dilution 

a 17% increase, and the 1:10 dilution a 13% increase; all p<0.05. 

 

 

Figure 28. Omental adipose tissue conditioned media enhanced HOMEC 

proliferation as assessed by WST8 assay. HOMECs were seeded at 10,000 

cells/well in 96-well plates and cultured for at least 24 hours before overnight 

serum starvation. Diluted adipose tissue conditioned media was then added to 

the cells and WST8 reagent added after treatment incubation for 24 (A), 48 (B) 

or 72 (C) hours. Plates were then read at 450nm after 2 hours. Results shown 

are mean ± SD and expressed as percentage of the control; data were 

analysed with Mann-Whitney U tests. n=8; *p<0.05 vs control. 

 

 

These data indicate that factors secreted from omental adipose tissue induced 

HOMEC proliferation as assessed by two different assay protocols. At 24 hours, 

the 1:2 and 1:5 dilution of CM significantly increased the rate of DNA synthesis 

of the HOMECs (based on the BrdU assay), while after 72 hours of treatment all 

three dilutions significantly increased proliferation as assessed by cell 

metabolism (based on the WST8 assay). Therefore, the secreted factors 

responsible were investigated further in section 3.3.4. 
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b) The effect of adipose tissue conditioned media plus conditioned media 

from ovarian cancer cells on HOMEC proliferation 

The data described in the previous subsection indicate that factors secreted 

from omental adipocytes induced proliferation of HOMECs, which suggests that 

the omental environment contributes to a switch to a more activated and pro-

angiogenic endothelial phenotype. In vivo, during ovarian cancer cell metastasis 

to the omentum it is possible that this phenotype is also induced by factors 

secreted from the cancer cells themselves as previously discussed in section 

1.3.5. 

Therefore, HOMEC proliferation was also assessed after treatment of cells with 

ovarian cancer CM. CM were collected from two different ovarian cancer cell 

lines (section 2.7.3). The SKOV3 cell line was originally derived from the ascitic 

fluid of ovarian adenocarcinoma,(284) and represents metastatic cells; while the 

A2780 cell line was derived from an adenocarcinoma tumour in untreated 

ovarian cancer.(285) 

To assess HOMEC proliferation, cells were seeded and treated as described in 

section 2.10. Ovarian cancer CM were diluted with starvation media to a 1:2, 

1:5 and 1:10 concentration. Additionally, in some treatments, CM from the 

ovarian cancer cells and the adipose tissue were mixed prior to treating the 

HOMECs. For all treatments, proliferation was assessed by BrdU and WST8 

assays, and the results shown in Figure 29, Figure 30 and Figure 31. 
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Figure 29. SKOV3 and A2780 conditioned media, alone or in combination 

with adipose tissue conditioned media did not enhance HOMEC 

proliferation as assessed by BrdU assay. HOMECs were seeded at 10,000 

cells/well in 96-well plates and cultured for at least 24 hours before overnight 

serum starvation. The diluted conditioned media from SKOV3 (A) and A2780 

(B) were applied onto cells as indicated, and the BrdU reagent added after 24 

hours. Cells were fixed after 6 hours; plates were read at 450nm. Results 

shown are mean ± SD and expressed as percentage of the control; data were 

analysed with Mann-Whitney U tests, n=3. SKOV: SKOV3 conditioned media; 

A2780: A2780 conditioned media; AT: adipose tissue conditioned media. 
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Figure 30. SKOV3 conditioned media alone or in combination with adipose tissue conditioned media did not enhance HOMEC 

proliferation as assessed by WST8 assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and cultured for at least 24 

hours before overnight serum starvation. Cells were then treated with conditioned media as indicated. WST8 reagent was added after 

treatment incubation for 24 (A), 48 (B) or 72 (C) hours, and plates were read at 450nm after 2 hours. Results shown are mean ± SD and 

expressed as percentage of the control; data were analysed with Mann-Whitney U tests, n=3; *p<0.05 vs control. SKOV: SKOV3 

conditioned media; AT: adipose tissue conditioned media. 

  



137 
 

 

 

Figure 31. A2780 conditioned media alone or in combination with adipose tissue conditioned media enhanced HOMEC 

proliferation after 48 and 72 hours as assessed by WST8 assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and 

cultured for at least 24 hours before overnight serum starvation. Cells were then treated with conditioned media as indicated. WST8 

reagent was added after treatment incubation for 24 (A), 48 (B) or 72 (C) hours, and plates were read at 450nm after 2 hours. Results 

shown are mean ± SD and expressed as percentage of the control; data were analysed with Mann-Whitney U tests, n=3; *p<0.05 vs 

control. A2780: A2780 conditioned media; AT: adipose tissue conditioned media. 
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At 24 hours, the CM from neither ovarian cancer cell line significantly increased 

HOMEC proliferation in either assay (Figure 30 and Figure 31). In fact, data 

from the BrdU assay indicate that SKOV3 CM treatment appeared to reduce 

HOMEC proliferation compared to control (Figure 29A), although this was not 

statistically significant. For example, treatment with the 1:2 dilution of SKOV3 

CM reduced HOMEC proliferation to 73% compared to the control, treatment 

with the 1:5 dilution was 83% and treatment with the 1:10 dilution was 91%; all 

p>0.05. 

Interestingly, CM from SKOV3 cells, which are derived from a metastatic 

tumour, also had no effect on HOMEC proliferation at the later time points (48 

and 72 hours) studied by WST8 (Figure 30B and Figure 30C). In contrast, 

treatment with CM from A2780, a cell line derived from the primary ovarian 

tumour, significantly increased HOMEC proliferation after 48 and 72 hours in 

the WST8 assay (Figure 31B and Figure 31C). HOMEC proliferation was 

enhanced by up to 52% (1:2 dilution) compared with control after 48 hours, and 

up to 30% (1:2 dilution) after 72 hours, all p<0.05. At the 24-hour timepoint in 

the WST8 assay, none of the dilutions of CM from A2780 significantly enhanced 

HOMEC proliferation.  

To better recreate the in vivo environment cells were treated with both adipose 

and cancer cell CM. In general, the combination of CM did not enhance 

proliferation above that observed with just cancer cell CM alone. The only 

exception was at the 72-hour timepoint in the WST8 assay (Figure 30C) when 

a combination of SKOV3 and adipose tissue CM increased HOMEC 

proliferation by 19 to 34 percentage points vs SKOV3 CM treatment alone at the 

different dilutions. Of these, only the combination CM at 1:5 dilution was 

significant (a 24% increase vs control 100%, p<0.05). 

These results suggest that there are differences between the factors secreted 

into the CM of SKOV3 and A2780, which are discussed in section 3.4.4b. 
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3.3.4 Identification and quantification of adipokines in omental adipose 

tissue conditioned media 

Since the data demonstrated that omental adipose tissue CM induced HOMEC 

proliferation, an investigation was carried out to elucidate which of the factors/ 

adipokines secreted into the CM caused this effect. This was initially 

investigated using adipokine antibody arrays and confirmed by ELISA (methods 

described in sections 3.2.7 and 3.2.8). 

a) Protein concentration in omental adipocyte and adipose tissue 

conditioned media 

Prior to testing the omental and adipose tissue conditioned media in the 

adipokine antibody array, the total secreted protein concentration in the CM was 

determined using the BCA assay (section 3.2.6).  

From the BCA assay, the concentration of total protein secreted into adipose 

tissue CM (from 1g/mL, i.e. tissue weight per media volume) varied between 

donor samples, ranging from 1800µg/mL to 3800µg/mL (n=4). Total protein 

secreted from adipocytes (when standardised to 1g/mL of adipocyte weight per 

media volume), ranged from 5100µg/mL to 8800µg/mL (n=2).  

Weight for weight, the amount of protein secreted from the adipocytes appeared 

higher than that of the adipose tissue; possibly because an isolated population 

of adipocytes is more densely packed compared to the adipose tissue due to 

the absence of connective tissue, and that adipose tissue is mostly composed 

of adipocytes (286) (this was supported by results obtained in the subsequent 

section). 

b) Adipokines detected in omental adipocytes and adipose tissue 

conditioned media as assessed by adipokine array 

A range of proteins were secreted from both the omental adipose tissue and the 

isolated adipocytes (Figure 32 and Figure 33). These included growth factors, 

hormones, enzymes and other cell signalling molecules. The results are shown 

in Figure 33, presented in average pixel density values as a percentage of the 

control. 
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Figure 32. Sample membrane images obtained using an adipokine array 

with a ten-minute exposure time. Conditioned media and basal media were 

incubated with the antibody-spotted adipokine array membrane overnight. 

Detection antibodies, streptavidin-HRP and chemiluminescent reagents were 

applied in between multiple washings, and the membranes imaged on the 

Azure 500 imager. The membrane incubated with adipose tissue conditioned 

media showed more contrasting spots compared to that incubated with 

adipocyte conditioned media and basal media (control). Key adipokines are 

labelled to show their position on the membrane. 

 

. 
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Figure 33. Omental adipose tissue and adipocytes secrete a range of 
proteins. Using conditioned media collected from the adipocytes and adipose 
tissue from the same omental sample donor, the relative abundance of all 58 
adipokines tested are shown in (A). The ten most abundant adipokines secreted 
in adipocyte CM (n=3) is shown in (B), while (C) shows the most abundant 
adipokines secreted from adipose tissue (n=2). Conditioned media containing 
200µg of total protein, and equivalent volume of basal media as matched 
control, were incubated overnight on nitrocellulose membranes pre-spotted with 
capture antibodies for various adipokines. Following multiple washings, 
chemiluminescent reagents were applied prior to imaging the membranes on 
the Azure 500 imager. After subtracting the negative control, the abundance of 
each adipokine was calculated as a percentage of the basal media’s (control) 
pixel density. CM: conditioned media, CFD: complement factor D, MIF: 
macrophage migration inhibitory factor, IL: interleukin, IGFBP: insulin-like 
growth factor-binding protein, CRP: C-reactive protein, MCP: monocyte 
chemoattractant protein. 
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Figure 33A shows the relative intensities of all 58 adipokines tested from one 

omental tissue sample, using both the adipocyte and the adipose tissue CM. 

Figure 33B shows the top ten adipokines (as determined by % increment 

above control levels) detected in adipocyte CM, while Figure 33C shows the 

top ten in adipose tissue CM. Interestingly, although the conditioned media 

loaded onto the arrays were standardised to 200µg of total protein, the pixel 

density values of the adipokines were higher in the adipose tissue CM than in 

the adipocyte CM. For example, the average pixel density of adiponectin was 

3385% of the control (100%) in the adipose tissue CM but was 468% in the 

adipocyte CM, approximately seven times less.  

The ten most highly secreted proteins in adipose tissue were CRP, MCP-1, IL-

6, CFD, adiponectin, chemerin, lipocalin-2, cathepsin L, IL-8, MIF and in 

adipocytes were CFD, fibrinogen, MIF, adiponectin, cathepsin D, cathepsin L, 

IL-8, nidogen-1, lipocalin-2, IGFBP-7. This experiment also showed that the 

adipokines identified in the adipose tissue were mostly similar to those in the 

adipocytes, which strengthened the assumption that the adipocytes form the 

bulk of the cells in the adipose tissue. 

Highly secreted adipokines with pro-angiogenic effects based on previous 

literature and identified in both the adipocytes and adipose tissue were selected 

for further study. These were adiponectin, cathepsin L, lipocalin-2 and MIF, 

which were initially selected for subsequent experiments. The adipokine leptin 

was later investigated as it was often associated with adiponectin in the context 

of adipose tissue.(286, 287) 

 

c) Quantification of adipokines in omental adipose tissue conditioned 

media 

The adipokine antibody array served as a screening tool to identify the most 

abundant adipokines secreted from the omental adipose tissue. Before testing 

the pro-proliferative activity of selected adipokines (adiponection, cathepsin L, 

lipocalin-2, MIF and leptin), it was necessary to confirm their identity and 

determine the concentrations of each secreted by the adipose tissue. This was 

achieved using their respective commercial ELISA kits (methods described in 

section 3.2.8).  
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From ELISA, the measured adipokine concentrations are listed in Table 5, and 

they provided the approximate concentrations for use in later experiments. Of 

the 5 adipokines, both the leptin and lipocalin-2 were secreted in the ng/mL 

range at no more than 5ng/mL per 1g of adipose tissue. The adiponectin, 

cathepsin L and MIF were secreted in the µg/mL range from the same quantity 

of adipose tissue mass. The concentration of adiponectin was the highest, up to 

12.6µg/mL from 1g of tissue. Cathepsin L was detected up to 9.90µg/mL, and 

MIF up to 2.18 µg/mL. 

 

Table 5. Concentration of adipokines detected in omental adipose tissue 

conditioned media using ELISA. For each ELISA kit, the adipose tissue 

conditioned media were diluted between 1:10 to 1:1000 (v/v), assayed in 

triplicate by ELISA on 96-well plates and the absorbance read at 450nm. The 

absorbance values, after subtracting the blank controls, were interpolated on 

the standard curve to determine the adipokine concentration. The range of 

values obtained were based on at least three different adipose tissue samples. 

Adipokine Concentration detected  

per 1g of adipose tissue 

Adiponectin 
 

2.5 – 12.6 µg/mL 

Cathepsin L 3.35 – 9.90 µg/mL 

Leptin 0.4 – 4.92 ng/mL 

Lipocalin-2 2.014 – 4.05 ng/mL 

MIF 0.28 – 2.18 µg/mL 
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3.3.5 The effect of the selected adipokines on HOMEC proliferation 

It was previously shown that treatment with omental adipose tissue CM induced 

proliferation in HOMECs. To elucidate which secreted adipokines might be 

responsible for this, the selected adipokines were tested individually for their 

ability to induce proliferation at a range of concentrations as guided by the 

concentrations detected by the ELISA. 

Initially, HOMEC proliferation was examined when cells were directly treated 

with adipokines individually. HOMEC proliferation was subsequently also 

assessed when treated with a combination of adipokines to better mimic the 

adipose tissue CM, or with ovarian cancer CM post-adipokine treatment. These 

are elaborated in the following subsections. 

 

a) The effect of individual adipokines at a range of concentrations on 

HOMEC proliferation 

The effect of the selected adipokines (adiponectin, cathepsin L, leptin, lipocalin-

2, and MIF) on HOMEC proliferation was tested using the BrdU and WST8 

assays. All the adipokines utilised were recombinant human in origin and were 

diluted in starvation media prior to treating the HOMECs. 

The results of the BrdU and WST8 assays are shown in Figure 34 and Figure 

35 respectively. The results of the WST8 assay at 24 hours and the BrdU assay 

complemented each other as none of the adipokines enhanced HOMEC 

proliferation. Furthermore, selected concentrations of some adipokines reduced 

HOMEC proliferation, e.g. adiponectin at 0.625 and 5μg/mL (BrdU), and 

0.3125μg/mL (WST8 at 24 hours). At later timepoints (WST8 at 48 and 72 

hours), there was also no significant change in HOMEC proliferation. 
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Figure 34. Individually, the adipokines did not induce HOMEC proliferation 

as assessed by the BrdU assay. HOMECs were seeded at 10,000 cells/well 

in 96-well plates and cultured for at least 24 hours before overnight serum 

starvation. Adipokines diluted in starvation media were applied onto cells and 

the BrdU reagent added after 24 hours. Cells were fixed after 6 hours; plates 

were read at 450nm. Results shown are mean ± SD and expressed as 

percentage of the control. Data were analysed with Mann-Whitney U tests, n=3-

6; *p<0.05 vs control. 
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Figure 35. Individually, the adipokines did not induce HOMEC proliferation after 24, 
48 or 72 hours of incubation as assessed by the WST8 assay. HOMECs were seeded 
10,000 cells/well in 96-well plates and cultured for at least 24 hours before overnight serum 
starvation. Adipokines diluted in starvation media were applied onto cells. WST8 reagent 
was added after treatment incubation for 24 (A), 48 (B) or 72 (C) hours; plates were read at 
450nm after 2 hours. Results shown are mean ± SD and expressed as percentage of the 
control. Data were analysed with Mann-Whitney U tests, n=3-6; *p<0.05 vs control. 
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b) The effect of applying combinations of adipokines on HOMEC 

proliferation  

HOMEC proliferation was not induced by the individual adipokines selected. It 

was possible that a mixture of adipokines, to mimic the original composition of 

the adipose tissue CM, was required to induce HOMEC proliferation. 

To test this hypothesis proliferation assays were performed using adipokine 

cocktails: the selected adipokines were diluted in starvation media to a final 

concentration of 10μg/mL for adiponectin, 9ng/mL for cathepsin L, 5ng/mL for 

leptin, 4ng/mL for lipocalin-2 and 2μg/mL for MIF. The concentrations selected 

were on the upper range from the ELISA results (section 3.3.4c). Starvation 

media was designated as the control. The HOMECs were processed according 

to section 2.10, and their proliferation tested using the BrdU and WST8 assays. 

The WST8 assay was only performed at 48 and 72 hours, since data from past 

WST8 assays at 24 hours were similar to that of the BrdU.  

Data from the BrdU assay showed that none of the adipokine combinations 

studied enhanced HOMEC proliferation (Figure 36). Notably, at 24 hours all 

combinations which contained adiponectin had a significant reduction of 

proliferation of at least 20% compared with control, all p<0.05. For example, 

HOMEC proliferation in cells treated with the 5-adipokine combination (labelled 

A in Figure 36) was 66% of control (100%), the 4-adipokine combination 

(labelled B) was 77% and the 3-adipokine combination (labelled D) was 70%. A 

combination of MIF and lipocalin-2 only (labelled G on Figure 36, at 89%), or 

with leptin (labelled E, 94%) or cathepsin L (labelled F, 87%), also caused slight 

reduction in HOMEC proliferation compared with the control; all p<0.05.  
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Figure 36. Various combinations of adipokines did not induce HOMEC 

proliferation as assessed by BrdU assay. HOMECs were seeded at 10,000 

cells/well in 96-well plates and cultured for at least 24 hours before overnight 

serum starvation. Adipokines diluted in starvation media were applied as 

indicated, and the BrdU reagent was added after 24 hours. Cells were fixed 

after 6 hours; plates were read at 450nm. Results shown are mean ± SD and 

expressed as percentage of the control. Data were analysed with Mann-

Whitney U tests, n=3; *p<0.05 vs control. 

 

 

The WST8 assay results are shown in Figure 37. Again, none of the adipokine 

combinations enhanced HOMEC proliferation. At both the 48- and 72-hour 

timepoints, HOMEC proliferation was lowest when cells were treated with a 

combination of 5 adipokines (labelled A) i.e. it was significantly reduced to 85% 

at 48 hours and 82% at 72 hours when compared with the control (100%); 

p<0.05. The combination of MIF, lipocalin-2 and leptin (labelled E) also caused 

a slight reduction in proliferation at both timepoints, to 97% at 48 hours and 

96% at 72 hours compared with the control; p<0.05. 
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Figure 37. Various combination of adipokines did not induce HOMEC 

proliferation after 48 or 72 hours as assessed by the WST8 assay. 

HOMECs were seeded at 10,000 cells/well in 96-well plates and cultured for at 

least 24 hours before overnight serum starvation. Adipokines diluted in 

starvation media were applied as indicated. WST8 reagent was added after 

treatment incubation for 48 (A) or 72 (B) hours and plates were read at 450nm 

after 2 hours. Results shown are mean ± SD and expressed as percentage of 

the control. Data were analysed with Mann-Whitney U tests, n=3-4; *p<0.05 vs 

control. 
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c) The effect of factors secreted from adipokine-incubated ovarian cancer 

cells on HOMEC proliferation 

The previous data showed that treatment with omental adipose tissue CM 

significantly increased HOMEC proliferation (section 3.3.3a), but that selected 

adipokines (adiponectin, cathepsin L, leptin, lipocalin-2, and MIF), present in the 

CM individually or in combination had no significant effect on HOMEC 

proliferation. These adipokines were selected based on previous studies 

indicating that they induced EC proliferation and/or migration, which are 

hallmarks of angiogenesis. However, these data indicate that there are yet 

unidentified adipokine(s) or combinations of adipokines which induced HOMEC 

proliferation. Time did not allow this to be investigated further in the present 

study, although the data presented in chapter 4 may provide a starting point.  

It was interesting to note that, unexpectedly, 24-hour treatment with CM from 

A2870 and SKOV3 cells did not induce proliferation of HOMEC (section 3.3.3b). 

Additionally, longer treatment with CM from SKOV3 cells, which as mentioned 

previously are considered to represent metastatic EOC cells, had no effect on 

HOMEC proliferation. Since the omental adipocytes clearly did secrete a range 

of adipokines that have been reported to be pro-tumorigenic, these data raised 

the possibility that complex interactions within the tumour microenvironment 

contribute to the frequent incidence of omental metastases. Specifically, the 

adipokines secreted by the omental adipocytes may interact with the metastatic 

ovarian cancer cells to induce angiogenesis. 

This possibility was investigated further by examining whether incubating 

ovarian cancer cells with the adipokines identified could induce their secretion 

of a pro-proliferative factor for HOMECs. This study was conducted as 

described in section 3.2.9. Briefly, cancer cells were incubated with the 

adipokines for 24 or 48 hours. Their conditioned medium was then collected 

and added to HOMECs. Both ovarian cancer cell lines, SKOV3 (of ascitic origin) 

and A2780 (of primary origin), were utilised to compare if there were differences 

due to cancer cell origin.  

Strikingly, treatment with CM derived from SKOV3 cells incubated with either 

leptin or lipocalin-2 for 24 hours, enhanced HOMEC proliferation assessed by 

both WST8 and BrdU assays (Figure 38 and Figure 39 respectively). Both 
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leptin- and lipocalin-2-incubated CM increased proliferation by 24% (p<0.05) 

compared with the control (100%) as assessed by WST8 assay (Figure 38A). 

This contrasts with the data obtained when HOMECs were treated with 

adipokines alone, where no effect on proliferation was observed, and also the 

data from ovarian cancer CM alone where no proliferative effect of the SKOV3 

CM was observed even up to 72 hours. These data suggest that the adipokines 

induce secretion of intermediary pro-proliferative factors from the cancer cells. 

Interestingly, when the CM was collected from SKOV3 cells incubated with the 

same adipokines for 48 hours, the pro-proliferative effect of the CM was not 

observed (Figure 38B).  

 

 

 

Figure 38. Conditioned media collected from SKOV3 incubated with leptin 

or lipocalin-2 for 24 hours enhanced HOMEC proliferation as assessed by 

WST8 assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and 

cultured for at least 24 hours before overnight serum starvation. Conditioned 

media, collected from SKOV3 cells incubated with individual adipokines for 24 

(A) or 48 (B) hours, was then applied to the HOMECs. WST8 reagent was 

added 24 hours after treatment application, and plates were read at 450nm after 

2 hours. Results shown are mean ± SD and expressed as percentage of the 

control; data were analysed with Mann-Whitney U tests. n=3-4; *p<0.05 vs 

control. 
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Figure 39. Conditioned media collected from SKOV3 cells incubated with 

leptin, lipocalin-2 or MIF enhanced HOMEC proliferation as assessed by 

BrdU assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and 

cultured for at least 24 hours before overnight serum starvation. Conditioned 

media, collected from SKOV3 cells incubated with individual adipokines for 24 

hours, was then applied to the HOMECs. The BrdU reagent was added after 24 

hours and cells were fixed after 6 hours; plates were read at 450nm. Results 

shown are mean ± SD and expressed as percentage of the control; data were 

analysed with Mann-Whitney U tests. n=3; *p<0.05 vs control. 

 

 

These observations were confirmed with the BrdU assay (Figure 39). HOMEC 

proliferation was increased by cancer CM obtained after incubating the SKOV3 

cells with leptin, lipocalin-2 or MIF for 24 hours. Specifically, incubation with 

leptin yielded SKOV3 CM which increased HOMEC proliferation by 12%, 

incubation with lipocalin-2 by 9% and incubation with MIF also by 9%; all 

p<0.05. 

When assessed by WST8 assay, none of the adipokines induced the secretion 

of HOMEC pro-proliferative factors from A2780 cells (Figure 40). However, in 

the BrdU assay, HOMEC proliferation was induced by CM from A2780 cells 

previously incubated with leptin (16% increase), lipocalin-2 (21% increase) and 

MIF (18% increase); all p<0.05 (Figure 41).  
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Figure 40. Conditioned media collected from A2780 cells incubated with 
individual adipokines did not enhance HOMEC proliferation as assessed by 
WST8 assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and 
cultured for at least 24 hours before overnight serum starvation. Conditioned 
media, collected from A2780 cells incubated with individual adipokines for 24 (A) or 
48 (B) hours, was then applied to the HOMECs. WST8 reagent was added 24 
hours after treatment application, and plates were read at 450nm after 2 hours. 
Results shown are mean ± SD and expressed as percentage of the control; data 
were analysed with Mann-Whitney U tests. n=3-4; *p<0.05 vs control. 
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Figure 41. Conditioned media collected from A2780 cells incubated with 
leptin, lipocalin-2 or MIF enhanced HOMEC proliferation as assessed by BrdU 
assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and cultured for 
at least 24 hours before overnight serum starvation. Conditioned media, collected 
from A2780 cells incubated with individual adipokines for 24 hours, was then 
applied onto cells. The BrdU reagent was added after 24 hours and cells were fixed 
after 6 hours; plates were read at 450nm. Results shown are mean ± SD and 
expressed as percentage of the control; data were analysed with Mann-Whitney U 
tests. n=3; *p<0.05 vs control. 
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Interestingly, incubation of tumour cells with adiponectin for both 24 and 48 

hours yielded CM which subsequently reduced HOMEC proliferation compared 

with the control. Treatment with SKOV3 CM collected after adiponectin 

incubation showed decreased proliferation to 80% of control (100%) levels (CM 

collected after adiponectin incubation for 24 hours) and to 87% of control levels 

(incubation for 48 hours); both p<0.05 (Figure 38). The same effect was 

observed when CM from adiponectin-incubated A2780 cells was applied onto 

HOMECs; 84% (incubation for 24 hours) and 95% (incubation for 48 hours) of 

the control; both p<0.05 (Figure 40). 

Similar results were obtained using CM collected from SKOV3 cells incubated 

with cathepsin L prior to addition to HOMECs. CM collected from SKOV3 cells 

incubated with cathepsin L for 24 and 48 hours subsequently reduced HOMEC 

proliferation to 85% and 87% respectively vs control (100%) (both p<0.05) as 

assessed by WST8 assay (Figure 38). Reduced HOMEC proliferation (96% of 

control, p<0.05) was also observed when cells were incubated with CM 

collected from A2780 incubated with cathepsin L for 24 hours (Figure 40). 

A summary of the effect of CM from adipokine-incubated ovarian cancer cells 

on HOMEC proliferation are collated in Table 6. It can be seen that CM 

collected from ovarian cancer cells pre-incubated with leptin or lipocalin-2 for 24 

hours was the most consistent in inducing HOMEC proliferation. The actions of 

these two adipokines were further investigated in chapter 4. 
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Table 6. The effect of conditioned media derived from ovarian cancer cells 

incubated with adipokines on HOMEC proliferation. HOMECs were seeded 

at 10,000 cells/well in 96-well plates and cultured for at least 24 hours before 

overnight serum starvation. Conditioned media, collected from ovarian cancer 

cells incubated with individual adipokines for 24 or 48 hours, was then applied 

to the HOMECs. HOMEC proliferation was assessed by WST8 or BrdU assays 

after 24 hours of conditioned media treatment. Significant increase in HOMEC 

proliferation is marked with an upward arrow (↑), a significant decrease with a 

downward arrow (↓), and dashed line (--) indicated no significant change in 

proliferation. 
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24-hour incubation / SKOV3 cells ↓ ↓ ↑ ↑ -- 

48-hour incubation / SKOV3 cells ↓ ↓ -- -- -- 

24-hour incubation / A2780 cells ↓ ↓ -- -- -- 

48-hour incubation / A2780 cells ↓ -- -- -- -- 
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24-hour incubation / SKOV3 cells -- -- ↑ ↑ ↑ 

24-hour incubation / A2780 cells -- -- ↑ ↑ ↑ 

 

Legend:  

↑ increased HOMEC proliferation;  

↓ decreased HOMEC proliferation;  

-- no significant change in HOMEC proliferation.  
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3.3.6 The effect of omental adipose tissue and ovarian cancer cell CM on 

HOMEC migration 

Alongside cell proliferation, migration is also a functional response to EC 

activation in angiogenesis. To assess if secreted mediators from omental 

adipocytes and ovarian cancer cells affected HOMEC migration, scratch wound 

healing assays were performed as described in section 2.13. Representative 

images from the scratch wound healing assays are shown in Figure 42. 

 

 

Figure 42. HOMEC migration after 12 hours in the scratch wound healing 

assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and 

cultured for at least 24 hours before overnight serum starvation. Each well was 

scratched with a P200 pipette tip prior to treatment with respective media. Wells 

were imaged using the JuLI™ Stage Real-Time Cell History Recorder. 

Representative images show scratch wound closure of 100% and 30% at the 

12-hour timepoint when HOMECs were incubated with complete growth 

medium and starvation medium respectively. 
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a) HOMEC migration with conditioned media from adipose tissue  

Migration of HOMECs treated with adipose tissue CM was examined. CM was 

diluted to 1:2, 1:5 and 1:10 with starvation media, and the control wells received 

starvation media alone. 

Results of the scratch wound healing assay are shown in Figure 43. At both 

time points, 12 and 20 hours, all dilutions of the adipose tissue CM increased 

HOMEC migration but none of these increases were statistically significant (all 

p>0.05) compared with their respective controls. At 12 hours, the increase in 

cell migration compared with control was only 5% and 6% with the 1:2 and 1:5 

dilutions of CM respectively. At 20 hours, the CM enhanced wound closure by 

10% (1:2 dilution) and 7% (1:5 dilution) compared with the control. With the 1:10 

dilution, the difference between treated and control was only 2% and 1%, at the 

12- and 20-hour timepoints respectively. 

 

 

Figure 43. Adipose tissue conditioned media did not significantly enhance 

HOMEC migration after 12 or 20 hours as assessed by a scratch wound 

healing assay. HOMECs were seeded at 10,000 cells/well in 96-well plates 

and cultured for at least 24 hours before overnight serum starvation. Each well 

was scratched with a P200 pipette tip prior to treatment with conditioned media 

as indicated. Wells were imaged using the JuLI™ Stage Real-Time Cell History 

Recorder. The scratch gap at 12 (A) and 20 (B) hours was calculated as a 

percentage of scratch closure from time 0. Results shown are mean ± SD. Data 

were analysed with Mann-Whitney U tests, n=10-12. AT: adipose tissue; CM: 

conditioned media; 1:2, 1:5, 1:10: dilution factor. 



159 
 

b) HOMEC migration with adipose tissue conditioned media combined 

with from ovarian cancer conditioned media 

To complement the proliferation data in HOMECs treated with ovarian cancer 

CM, the impact of cancer cell CM on HOMEC migration was also examined. 

The ovarian cancer CM were diluted with starvation media to a 1:2, 1:5 and 

1:10 concentration. In some treatments, CM from the ovarian cancer cells and 

the adipose tissue were mixed prior to treating the HOMECs. 

Similar to the proliferation data, SKOV3 CM alone or in combination with 

adipose tissue CM did not enhance HOMEC migration (Figure 44). 

Interestingly, treatment with SKOV3 CM alone decreased HOMEC migration 

compared to control, although this was not statistically significant (all p>0.05). 

Using the 1:5 dilution of SKOV3 CM as an example, at the 12-hour timepoint, 

scratch closure was 31% after treatment compared with 39% in the control 

(Figure 44A); while at the 20-hour timepoint, scratch closure in treated cells 

was 45% compared with 57% in the control (Figure 44B). 

 

Figure 44. SKOV3 conditioned media alone or in combination with adipose 

tissue conditioned media did not enhance HOMEC migration as assessed 

by a scratch wound healing assay. HOMECs were seeded at 10,000 

cells/well in 96-well plates and cultured for at least 24 hours before overnight 

serum starvation. Each well was scratched with a P200 pipette tip prior to 

treatment with conditioned media as indicated. Wells were imaged using the 

JuLI™ Stage Real-Time Cell History Recorder. The scratch gap at 12 (A) and 

20 (B) hours was calculated as a percentage of scratch closure from time 0. 

Results shown are mean ± SD. Data were analysed with Mann-Whitney U tests, 

n=5-6. AT: adipose tissue conditioned media; SKOV: SKOV3 conditioned 

media; 1:2, 1:5, 1:10: dilution factor. 
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HOMEC migration was, however, increased when cells were treated with A2780 

CM alone and in combination with adipose tissue CM. With the 1:5 dilution at 

the 12-hour timepoint (Figure 45A), scratch closure was 52% with A2780 CM 

treatment alone and 55% with combination CM treatment compared with 34% in 

the control; both p<0.05. At 20 hours (Figure 45B), the scratch closure was 

significantly increased for the 1:5 dilution:  70% with A2780 CM treatment alone 

and 75% with combination CM treatment as opposed to 44% in the control; both 

p<0.05. No differences were observed, however, between scratch closure 

induced by A2780 CM alone and A2780 CM plus adipose tissue CM.  

 

 

 

Figure 45. A2780 conditioned media alone or in combination with adipose 

tissue conditioned media enhanced HOMEC migration as assessed by a 

scratch wound healing assay. HOMECs were seeded at 10,000 cells/well in 

96-well plates and cultured for at least 24 hours before overnight serum 

starvation. Each well was scratched with a P200 pipette tip prior to treatment 

with conditioned media as indicated. Wells were imaged using the JuLI™ Stage 

Real-Time Cell History Recorder. The scratch gap at 12 (A) and 20 (B) hours 

was calculated as a percentage of scratch closure from time 0. Results shown 

are mean ± SD. Data were analysed with Mann-Whitney U tests, n=5. *p<0.05 

vs corresponding control. AT: adipose tissue conditioned media; A2780: A2780 

conditioned media; 1:2, 1:5, 1:10: dilution factor. 
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c) HOMEC migration with individual adipokines at a range of 

concentrations 

Although not statistically significant, treatment with adipose tissue CM did 

enhance HOMEC migration compared with the control (Figure 43). To 

complement the HOMEC proliferation data from section 3.3.5a, the scratch 

wound healing assay to assess HOMEC migration was therefore performed 

using the same selected adipokines (adiponectin, cathepsin L, leptin, lipocalin-

2, and MIF) at increasing concentrations as previously.  

Similar to the proliferation data, the individual adipokines did not enhance 

HOMEC migration after 12 or 20 hours (Figure 46). As expected, the 

percentage of scratch closure was higher at the 20-hour timepoint compared to 

the 12-hour timepoint. For example, scratch closure in the adiponectin control 

was 60% at 12 hours, which rose to 80% at 20 hours; or the increase from 54% 

(12 hours) to 82% (20 hours) when treated with 0.25μg/mL of MIF. But none of 

these were statistically different to the control; all p>0.05.  

Subsequent experiments focussed on HOMEC proliferation as factors secreted 

by omental adipose tissue did not have a significant effect on HOMEC 

migration. 

 

  



162 
 

 

Figure 46. Individual adipokines did not induce HOMEC migration after 12 and 20 hours as assessed by a scratch wound 

healing assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and cultured for at least 24 hours before overnight serum 

starvation. Each well was scratched with a P200 pipette tip prior to treatment with adipokines (adiponectin (1), cathepsin L (2), leptin (3), 

lipocalin-2 (4) and MIF (5)) diluted in starvation media to the concentrations indicated. Wells were imaged using the JuLI™ Stage Real-

Time Cell History Recorder. The scratch gap at 12 (row A) and 20 (row B) hours were calculated as a percentage of scratch closure from 

time 0. Results shown are mean ± SD, and compare the percentage of scratch closure with adipokine treatment at a range of 

concentrations against the control. Data were analysed with Mann-Whitney U tests, n=3-5.
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3.4 Discussion 

This chapter initially described the development of an improved protocol to 

isolate disease-relevant HOMECs. These cells were then utilised to investigate 

the effect of factors secreted from omental adipocytes on pro-angiogenic 

responses of HOMECs, specifically proliferation and migration, in order to better 

understand the role of the omental tissue in supporting ovarian cancer 

metastases. 

The data show, for the first time, that the secretome of omental adipose tissue 

stimulates HOMEC proliferation. However, even though key secreted 

adipokines with potential roles in angiogenesis were identified and quantified, 

none of the selected proteins alone or in combination stimulated HOMEC 

proliferation, suggesting that the adipokines selected were not responsible for 

the proliferation induced by the CM. 

It was possible, however, that these adipokines could play a role in supporting 

ovarian cancer metastasis within the complex microenvironment of the 

developing secondary tumour in the omentum where cross-talk between ECs, 

adipocytes and ovarian cancer cells may occur. The data showed, for the first 

time, that incubation of ovarian cancer cells with the adipokines leptin and 

lipocalin-2 induced secretion of factors that stimulate HOMEC proliferation i.e. 

the adipokines acted on the cancer cells to indirectly stimulate pro-angiogenic 

responses.  This was particularly observed in the SKOV3 cell line, where the 

basal cancer cell CM did not enhance EC responses, but the CM from 

adipokine-incubated cancer cells had robust effects on the same responses. 

 

3.4.1 Improvements to the HOMEC isolation protocol 

When investigating ovarian cancer metastases and angiogenesis into the 

omentum, disease specific ECs were required. The development of an 

improved HOMEC isolation protocol was instrumental in obtaining sufficient 

numbers for subsequent investigations. There are very few reports in the 

literature of the use of HOMECs when studying EOC metastasis. Many studies 

of angiogenesis were performed in HUVECs, possibly due to the ease of 

obtaining and culturing these cells. However, they are not representative of 
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tumour angiogenesis since HUVECs originate from a location (umbilical vein) 

where tumours rarely occur. Furthermore, HUVECs are derived from the 

macrovasculature, whereas the process of angiogenesis usually occurs in the 

microvasculature. Hence, the isolated HOMECs would be better suited to study 

EOC metastasis especially to the omentum. 

With the amended isolation protocol, the HOMEC yield at passage 0 was visibly 

better than the original procedure. This subsequently allowed successful cell 

population expansion as evidenced by the increased proportion of successful 

isolations. The most significant amendment to the initial protocol of Winiarski et 

al (2011)(278) was the duration of collagenase type I digestion, which was 

increased from 2 hours to 5 hours to allow more of the tissue to be 

enzymatically broken down, thus ‘releasing’ more cells. Importantly, previous 

work in the lab showed that the increased digestion duration with collagenase 

type I did not significantly reduce the number of viable HOMECs and that CD31 

was still present on the isolated cells post extended digestion.(288) The 

presence of CD31 on the target cells was crucial as the final immunoselection 

step was reliant on this extracellular marker.  

The increased duration of collagenase type I digestion resulted in a lower 

undigested tissue volume. This then led to the elimination of several 

downstream steps which were no longer necessary: the need to forcefully 

compress the undigested tissue through swab layers, the 30µm nylon filtration 

and the filter wash. The elimination of these steps minimised cell losses due to 

reduced handling. 

In the initial protocol, the ratio of the anti-CD31 magnetic beads to the cell 

suspension volume was 5µL : 500µL of suspension containing the entire cell 

pellet obtained  from the whole omental tissue sample. In the amended 

protocol, the final cell pellet was divided into 2 x 500µL aliquots to 

accommodate the larger cell pellet obtained and the bead/cell suspension ratio 

was amended to 3µL : 500µL. Thus, the number of beads utilised in the 

amended protocol was only 20% higher than the initial protocol, 6µL versus 5µL 

total per whole tissue.  Since the pellet was larger the resulting bead/cell ratio 

was reduced. This strategy was adopted because the cell yield from the initial 

protocol was so low that often more beads were observed in the passage 0 

culture than the intended cells. 
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In the manufacturer’s manual (Dynabeads® CD31 Endothelial Cell by 

Invitrogen), the prescribed ratio was 25µL beads to 1mL of suspension 

consisting of 1 x 108 cells. This ratio was not followed in either protocol since a 

cell counting step was not performed prior to the selection. However, back- 

calculating from what is known about the number of HOMECs/cm2 in a 

confluent monolayer (approximately 2.5 x 106 cells in a T75 flask), and 

estimating confluency in the 6-well plates the day after isolation (approximately 

20% confluence per well i.e. approximately 60,000 cells per well), it is clear that 

the number of beads used is more than enough to capture all of the HOMECs in 

the isolated cell pellet. For future isolation work, a cell counting step could be 

added prior to bead addition to ensure a consistent bead/cell ratio. 

 

3.4.2 HOMEC serum starvation 

In setting up the HOMECs for experiments, a serum starvation step was 

performed prior to treatment addition. This starvation step i.e. treatment with 

media devoid of growth factors and with reduced FBS, was performed to 

synchronise the HOMECs to the same cell cycle phase (G0/G1 phase) and thus 

minimise the impact of cell cycle towards treatment response.(289, 290) When 

observed under microscope post-overnight starvation, HOMEC morphology 

appeared unchanged. This starvation step is routinely performed in our lab 

when working with HOMECs,(106, 291) and also in other labs.(292) 

Furthermore, treatments were diluted in starvation media instead of complete 

growth media to reduce possible confounding factors which may arise from 

interaction with the growth factors supplemented in the complete media. A 

source of growth factors is the FBS, present in higher concentrations in the 

complete growth media (5% v/v) compared with the starvation media (1% v/v). 

Being a naturally derived product, FBS is subjected to batch-to-batch variation, 

which in turn may affect growth factor constituents.(293) To eliminate this 

confounder in experiments, the use of serum-free basal media was initially 

attempted as starvation media. This basal media was devoid of growth factors 

and resulted in HOMEC death after overnight incubation, which was observed 

under microscopy as changed morphology or detachment from cultureware 

surface. Thus, a nominal amount of FBS is required for the viability of HOMECs.  
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3.4.3 Comparison between cell proliferation assay methodologies 

When assessing HOMEC proliferation, two different methods were utilised – the 

BrdU and WST8 assays. The BrdU assay measures the incorporation of the 

added BrdU reagent into the DNA of replicating cells. The BrdU assay is 

deemed more sensitive because it measures the direct incorporation of the 

added BrdU reagent into the DNA of replicating cells; thus, the BrdU assay 

measures the rate of DNA synthesis (previously outlined in section 2.11), which 

is an element of cell proliferation. 

The WST8 assay is an indirect assessment based on the metabolic activity of 

the cells, utilising cellular dehydrogenases to reduce the WST8 reagent (a 

tetrazolium salt) to its coloured formazan dye; thus, the greater the cell number, 

the stronger the colour intensity and higher spectrophotometer absorbance 

readings. In measuring cell proliferation inferred from cell metabolism levels, 

many factors may result in the under- or over-reporting of WST8 assay 

absorbance measurements (i.e. lower or higher cell viability, respectively, than 

the actual numbers) compared to other methods of measuring cell proliferation, 

e.g. BrdU incorporation.  

An example of under-reporting may explain the difference observed in Figure 

27 where adipose tissue CM treatment increased cell numbers based on BrdU 

incorporation into the DNA, and in Figure 28A where the same treatment 

conditions did not appear to increase cell numbers assessed by changes cell 

metabolism in the WST8 assay. HOMEC numbers may have increased in the 

24 hours of treatment incubation, however the limited size of the culture well 

may have led to contact inhibition and subsequent cell cycle arrest.(294) Thus, 

the positive correlation between cell number and absorbance measurements 

are obliterated: when the WST8 reagent was added after 24 hours, the cell 

metabolism had reduced leading to less reduction of the reagent and a low 

absorbance reading. To circumvent any impacts of contact inhibition future 

experiments could use lower seeding densities of HOMECs. 

Another possibility for the low absorbance reading may be due to the depletion 

of cellular NAD+. As a precursor of NADP (NADP is involved in the mechanism 

of WST8 reagent reduction, as previously shown in Figure 13), NAD+ functions 

as a co-substrate in DNA repair mechanisms,(295) thus may be involved in the 
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increased DNA synthesis associated with cell proliferation. NAD+, and 

subsequently NADP, depletion may have led to less WST8 reagent being 

reduced to the formazan dye. To examine if this was the case for under-

reporting in the WST8 assay results in future experiments, commercial kits to 

detect NAD+ levels are available. These kits utilise alcohol dehydrogenase to 

convert NAD+ to NADH, which in turn converts back to NAD+ by diaphorase 

enzyme; interestingly, the action of diaphorase is detected by the reduction of a 

tetrazolium salt into a formazan dye,(296) thus the level of NAD+ is indirectly 

detected by an assay similar to the WST8.  

An example of over-reporting of the WST8 assay compared with the BrdU 

assay can be seen in Figure 38A where CM from SKOV3 cells incubated with 

leptin or lipocalin-2 induced HOMEC proliferation by 124% (for each adipokine) 

compared with the control when assessed by WST8 assay, and in Figure 39 

where the same treatment induced proliferation to a lesser magnitude (112% 

and 109% respectively) when assessed by BrdU assay. Since the principle of 

the WST8 assay is based on reduction of the tetrazolium reagent, the presence 

of other reducing molecules may thus affect the absorbance readings.  

It was possible that the cancer-derived CM treatment applied onto HOMECs 

contained reducing agents. Reactive oxygen species (ROS) are possible 

candidates, as exogenous compounds added to ovarian cancer cells triggered 

ROS induction,(297, 298) which was thought to be one of the mechanisms in 

which cancer cells acquire resistance to therapeutic drugs.(299) Thus, future 

work could test the treatment media for the presence of ROS; for example, 

using fluorescent or chemiluminescent probes, spectrophotometry or 

chromatography.(300, 301) 

Tetrazolium-based assays, such as the WST8 assay, are quick tools to 

determine numbers of viable cells and are commonly used in labs. However, 

there are pitfalls to their use as described above, and based on previous 

comparison studies.(302, 303) It is thus good practice to utilise at least two 

mechanistically different assays to confirm findings; in the present study, the 

BrdU assay was also performed alongside the WST8 assay. 
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3.4.4 HOMEC proliferation in conditioned media from omental adipose 

tissue and ovarian cancer cells 

a) Treating HOMECs with omental adipose tissue conditioned media 

Early experiments using undiluted adipose tissue CM to treat the HOMECs 

resulted in cell death; the normally adherent HOMECs detached from the 

cultureware surface, as observed under microscopy. Since the CM was 

collected over 24 hours, a possible explanation for this may be that the CM was 

too ‘concentrated’ with adipokines at levels higher than what is normally 

encountered by ECs in vivo, which becomes detrimental to the HOMECs. Thus, 

in subsequent experiments, the adipose tissue CM was diluted using starvation 

media. 

From the results of the BrdU assay, all three dilutions of adipose tissue CM 

increased HOMEC proliferation, however only the increment observed in the 1:2 

and 1:5 dilution were statistically significant. Likewise, in the WST8 assay, all 

dilutions at all three timepoints showed increased HOMEC proliferation but only 

a few of these increments were statistically significant. The explanation for the 

difference in the results of these proliferation studies were described in section 

3.4.3. Importantly, treatment with adipose tissue CM increased HOMEC 

proliferation using both methodologies.  

Likewise, HOMEC migration was also increased with adipose tissue CM 

treatment when compared to the control, although the results were not 

statistically significant (Figure 43). Taken together, these data suggested that 

the omental adipose tissue CM contained secreted factors which induce 

HOMEC pro-angiogenic responses observed as proliferation and migration. 

This is the first demonstration of this in HOMECs, although as discussed in 

section 1.5, these findings might have been expected as adipocytes secrete a 

range of factors involved in angiogenesis.  

b) Treating HOMECs with ovarian cancer cell conditioned media 

HOMEC proliferation was also tested with CM collected from two different 

ovarian cancer cell lines, SKOV3 and A2780. The SKOV3 cell line was 

originally derived from the ascites of a patient with ovarian adenocarcinoma, 

which is a type of epithelial ovarian cancer;(284, 304) thus, the SKOV3 
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represents metastatic cancer cells. On the other hand, the A2780 cell line was 

derived from the tumour tissue itself from an untreated patient diagnosed with 

ovarian endometroid adenocarcinoma;(285, 304) thus the A2780 represents 

primary ovarian tumour cells. In a mice study, both these cell lines were injected 

subcutaneously and intraperitoneally, and both locations showed tumour 

formation, characterised by gross and microscopic lesions.(305) This implied 

the high tumorigenicity of both cell lines and suggested that both are 

representative of metastatic ovarian cancer; thus suitable as ovarian cancer 

models in the present study.  

It was initially postulated that factors secreted by the ovarian cancer would 

induce HOMEC activation and thus, proliferation, since it is widely accepted that 

cancer cells activate angiogenesis in order to sustain tumour growth (discussed 

in section 1.1.3d). However, this was not the case. When the ovarian cancer 

CM were tested on the HOMECs, HOMEC proliferation was not significantly 

increased by the treatments as assessed by BrdU assay (Figure 29). In the 

WST8 assay, the SKOV3 CM did not increase HOMEC proliferation at 24, 48 or 

72 hours (Figure 30). The A2780 CM did however increase HOMEC 

proliferation at 48 and 72 hours, but not at 24 hours (Figure 31). These results 

contrasted with a previous study by Winiarski et al which showed that both 

SKOV3 and A2780 CM induced EC proliferation, with greater proliferation 

recorded at later timepoints (up to 72 hours).(106) SKOV3 CM treatment 

increased EC proliferation at 24 hours by at least 120%, while A2780 CM 

treatment increased proliferation at 24 hours by at least 150%.(106) However, 

there were differences in the methodology used for assessing HOMEC 

proliferation. In the Winiarski et al study, HOMEC proliferation was assessed by 

a different tetrazolium-based assay (WST1) and the ovarian cancer CM was 

presumably applied undiluted to the HOMECs at 150µL per well.(106) The 

different assay type (WST1, as opposed to WST8 or BrdU), together with a 

higher concentration of ovarian cancer secreted factors in the CM (undiluted 

CM and larger volume per well) may have resulted in enhanced HOMEC 

proliferation in the study by Winiarski et al. Alternatively, it is possible that the 

undiluted ovarian cancer CM in their study may have contained high levels of 

reducing factors such as reactive oxygen species (outlined in section 3.4.3), 
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which may have given rise to higher than actual cell viability values, when 

assayed using a tetrazolium reduction method.  

The observation that only the 48- and 72-hour timepoints in the WST8 assay 

showed a significant increase in HOMEC proliferation when treated with A2780 

CM, suggested that pro-angiogenic factors within the A2780 CM required time 

to manifest their proliferative action. Interestingly, factors secreted from the 

A2780 cells enhanced HOMEC proliferation but those from SKOV3 did not. 

Cancer cells are known to secrete a range of molecules, including growth 

factors. Since they are different ovarian cancer cell subtypes, the secretome of 

A2780 and SKOV3 may elicit different effects on the HOMECs; with the A2780 

cells secreting more pro-proliferative factors than the SKOV3. Winiarski et al 

identified and compared the levels of a range of proteins in the secretomes of 

SKOV3 and A2780 cells and noted distinct differences. Notably, CXCL16 and 

HGF were detected in CM from A2780 at levels at least 20 times higher than in 

CM from SKOV3.(106) In vitro experiments in immortalised umbilical ECs 

showed that HGF treatment induced EC migration and tubule formation, which 

are characteristics of angiogenesis.(306) CXCR6 was detected in HMECs and 

served as a specific receptor for CXCL16;(307) similar to HGF, treatment with 

CXCL16 induced HMEC migration and tubule formation in vitro.(307) Thus, 

HGF and CXCL16 are possible candidates which may have induced HOMEC 

proliferation when treated with CM from A2780. Future work could elucidate 

other proliferative factors secreted from A2780 and investigate their effect on 

ECs. 

The difference between the A2780 and SKOV3 secretome may be due to their 

cell origin. It was thought that A2780 cells, classed as the less aggressive non-

serous cancer subtype and originally derived from the primary ovarian tumour, 

would be less inherently metastatic compared to SKOV3 cells.(308) The latter is 

classed as HGSC, deemed as the more aggressive and lethal subtype of 

ovarian cancers (described in section 1.2.2). An in vitro study, however, 

reported that A2780 cells displayed greater invasion activity (i.e. more 

aggressive characteristic) into collagen matrix (which resembles the ECM) 

compared to SKOV3 cells.(308) The authors of this study gave a possible 

explanation. They suggested that since the SKOV3 cells are of ascitic origin, 

able to grow in suspension and do not require invasion to survive, they do not 
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secrete factors to induce angiogenesis and invasion. In contrast A2780 cells are 

from the primary tumour and thus possess invasive characteristics expected of 

cancer cells, including secreting factors to induce angiogenesis.(308)  

An alternative explanation relates to how immortalised cell lines are formed, 

since using primary cells to establish cell lines is difficult and most cell lines are 

derived from late stage tumours.(308) The presence of ascites, where SKOV3 

cells were derived from, indicates advanced cancer stage, thus such cells 

possess metastatic potential due to the multiple genetic mutations which 

occurred from early to advanced cancer stage.(308) The primary tumour-

derived A2780 cells may have undergone different genetic mutations to become 

an immortalised cell line and these mutations may have resulted in a different 

secretome and also incidentally bestowed metastatic potential. Since metastatic 

tumour growth was reported when both these ovarian cancer cell lines were 

injected into mice,(305) the latter explanation is possible. Interestingly, the 

invasive potential of A2780 cells may be demonstrated by the higher levels of 

MMP9 secretion by A2780 cells (at least 5-fold higher) compared to SKOV3 

cells in the study by Winiarski et al;(106) in vitro invasion assays reported 

increased invasion with increased MMP9 levels, detected by Western blot 

analysis.(309) 

c) Treating HOMECs with a combination of adipose tissue and ovarian 

cancer conditioned media. 

The effect of the combination of both adipose tissue and ovarian cancer CM 

was studied to better mimic the in vivo environment. It was hypothesised that 

the omentum is such a rich environment for metastatic tumour growth because 

the secretome of the adipocytes enhance the effects of factors secreted from 

the metastasising cancer cells.  

However, HOMEC proliferation when cells were treated with a combination of 

adipose tissue and ovarian cancer CM was similar to levels in HOMECs treated 

with ovarian cancer CM alone (Figure 30 and Figure 31); and was lower than 

when HOMECs were treated with adipose tissue CM alone, as assessed by 

BrdU assay. This suggested an attenuation in proliferative effect when the CM 

were combined; however, the reason for this is unclear. It is possible that 

factor(s) secreted by the ovarian cancer cells may actually be anti-proliferative 
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in certain conditions and counteracted the proliferative effect of the adipose 

tissue CM. A possible candidate may be serpin E1 or also known as 

plasminogen activator inhibitor-1 (PAI-1).  

PAI-1 was found to be highly secreted by both A2780 and SKOV3 cells,(106) 

and exerts pro- and anti-angiogenic capabilities depending on its concentration 

levels.(310, 311) Its pro-angiogenic effects were evident at lower, physiological 

concentrations while supraphysiological concentrations revealed its anti-

angiogenic effect, as assessed by vessel outgrowth in a mouse aortic ring 

assay when treated with a range of PAI-1 concentrations.(310) Indeed, in an in 

vivo chicken chorioallantoic membrane angiogenesis assay, increasing PAI-1 

concentrations inhibited angiogenesis induced by FGF-2, which is a known pro-

angiogenic mediator.(311) Thus, from this finding, it is possible that the HOMEC 

proliferation induced by adipose tissue CM may have been lessened by PAI-1 in 

the ovarian cancer CM. Similarly, it was also possible that the cancer-secreted 

PAI-1 may have contributed to the lack or low levels of proliferation in HOMECs 

treated with CM from A2780 and SKOV3 cells. Additionally, PAI-1 was also 

detected in adipose tissue CM (Figure 97 in the appendix), but its level was 

nowhere near as high as other secreted adipokines which are possibly pro-

proliferative. Future work could examine the extent of the anti-proliferative effect 

of PAI-1 or other mediators secreted by cancer cells.  

 

3.4.5 HOMEC migration 

Aside from proliferation, HOMEC migration is an indicator of EC activation. 

Similar to the proliferation data, treatment with adipose tissue CM increased 

HOMEC migration (indicated by scratch closure) compared with the control, but 

the results did not achieve statistical significance. ECs are normally quiescent in 

both proliferation and migration;(312) in such conditions, the factors which 

promote or inhibit their migration are in equilibrium. It is possible that the 

combination of adipokines within the adipose tissue CM (in the absence of 

inhibitory mediators derived from other cell types) tips this equilibrium towards a 

pro-migratory state, while the individual adipokines tested (adiponectin, 

cathepsin L, lipocalin-2 and MIF) were not sufficient to disrupt this quiescent 

equilibrium.  
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It was also possible that the numerous adipokines secreted by adipose tissue 

have a larger role in activating signalling pathways related to HOMEC 

proliferation than signalling pathways involved in cell migration. This can be 

exemplified by FGF-2 and VEGF, two known pro-angiogenic factors which were 

shown in an in vitro study to have differential effects on EC proliferation and 

migration.(313) At the same concentrations, treatment with FGF-2 induced 

greater levels of HUVEC proliferation (4-fold higher) than VEGF, whereas 

VEGF induced greater HUVEC migration (2-fold higher) than FGF-2.(313) 

However, combination treatment consisting of both FGF-2 and VEGF did not 

synergistically increase cell proliferation and migration.(313)  

Treatment with SKOV3 CM alone or in combination with adipose tissue CM did 

not increase HOMEC migration. However, treatment with A2780 CM alone or in 

combination with adipose tissue CM increased HOMEC migration. Similar to the 

results of HOMEC proliferation, this suggests that factor(s) secreted by A2780, 

and not SKOV3, induced cell migration. As discussed in the previous 

subsection, secreted factors such as HGF and CXCL16 may be implicated. A 

study using a similar scratch wound assay conducted in umbilical ECs reported 

that treatment with HGF increased EC migration rate.(306) In a study by Isozaki 

et al (2013) HMEC migration was assessed using a chemotaxis assay (modified 

Boyden chamber) and showed that HMEC migration towards CXCL16 was 

dose-dependent.(307) Thus, HGF and CXCL16 are possible candidates for 

future work examining HOMEC migration. Future experiments could also 

investigate the mechanism of HOMEC migration, e.g. in terms of protrusion 

formation and forward movement,(312, 314) in response to stimulating factors 

secreted by adipose tissue and ovarian cancer cells.  

 

3.4.6 Adipokine identification and quantification 

Since the adipose tissue CM clearly had pro-angiogenic effects in the HOMECs, 

an adipokine array was utilised to identify the adipokines secreted into the 

adipocyte and adipose tissue CM that might promote these effects. The overlap 

of the identified adipokines in the adipocyte and adipose tissue CM (Figure 

33A) supported the assumption that the adipose tissue was primarily composed 

of adipocytes. Although the array was not specifically designed for quantitative 
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detection of adipokines, the pixel density measurements were clearly higher 

when the membrane was treated with adipose tissue CM compared to 

adipocyte CM (Figure 33). 

It could be seen that a very wide range of proteins were secreted from omental 

adipocytes in varying amounts. From the most abundantly secreted adipokines, 

four were initially chosen for further investigation based on their reported 

involvement in angiogenesis: adiponectin, cathepsin L, lipocalin-2 and MIF. 

Adiponectin is the most abundantly secreted adipokine from adipocytes,(315) 

hence its detection in the adipokine array was expected. Past studies reported 

adiponectin involvement in angiogenesis. For example, in a mouse in vivo 

study, adiponectin stimulated angiogenesis and restored vascular circulation in 

ischaemia.(316) In vitro, adiponectin increased migration of human umbilical 

vein ECs (HUVECs) and their differentiation into capillary-like structures.(317) 

Indirectly, adiponectin may also stimulate angiogenesis via the expression of 

VEGF.(318) 

The role of adiponectin is commonly associated with another adipokine, leptin. 

The amount of secreted adiponectin is inversely proportional to body fat mass, 

whereas circulating leptin levels are proportional to body fat mass.(315) The 

concept of the leptin-adiponectin ratio, as opposed to either adipokine alone, 

better encapsulates adipose tissue dysfunction and associated conditions such 

as type 2 diabetes and cardiovascular diseases.(287, 319) Furthermore, the 

increase in this ratio was associated with the risk or prognosis of some cancers, 

such as breast, colorectal, endometrial and ovarian cancers.(320-323) On its 

own, leptin induced proliferation in ovarian cancer cell lines based on in vitro 

experiments.(324) Leptin is also involved in angiogenesis; leptin receptors were 

detected in HUVECs and leptin treatment induced tube formation in vitro.(325, 

326) Based on these observations, and since secreted leptin was detected in 

the adipokine array, it was also selected for further investigation.  

Cathepsin L, a type of cysteine protease enzyme, is associated with tumour 

angiogenesis and is secreted by various types of tumours. Studies in human 

lung microvascular endothelial cells, HUVECs and HOMECs reported that 

treatment with cathepsin L induces cell sprouting, migration and 

proliferation.(106, 327, 328)  
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Lipocalin-2, also known as neutrophil gelatinase-associated lipocalin, is a 

glycoprotein whose upregulation is associated with some cancers, e.g. breast, 

pancreatic, thyroid and ovarian cancers.(329-332) Lipocalin-2 showed direct 

pro-angiogenic effects in rat brain ECs,(333) and indirectly in HUVECs via 

altered VEGF expression in breast cancer cells,(332) and thus lipocalin-2 was 

selected for further investigation.  

When MIF was discovered, its role was initially thought to be limited to immune 

function. Subsequently, increased levels of MIF were found to be associated 

with some types of cancers, e.g. bladder, hepatocellular, prostate and breast 

cancers.(334-337) In vitro studies in human dermal microvascular ECs 

(HDMECs) and HUVECs reported increased cell migration and tube formation 

with MIF treatment.(335, 338) Similar to adiponectin and lipocalin-2, MIF 

treatment increased angiogenesis in breast cancer through the upregulation of 

other pro-angiogenic factors, e.g. VEGF and IL-8.(337) With a role in 

angiogenesis, MIF was thus also selected for further investigation. 

After the 5 adipokines were selected, ELISAs were performed to determine their 

individual concentrations within the adipose tissue CM. This was necessary as 

the ELISA provided an estimate of the physiological concentrations of these 

adipokines, whereas the adipokine array only provided the rank order of the 

adipokines and not their specific concentrations. When the adipokines were 

tested on the HOMECs, the concentration range used was based on the levels 

detected by the ELISA.  

 

3.4.7 HOMEC activation with adipokines 

Interestingly, individually, the selected adipokines did not increase HOMEC 

proliferation or migration at any of the concentrations tested. At this juncture, 

there were two possible assumptions: the selected adipokines were not the 

main pro-angiogenic components of the adipose tissue CM, or the adipokines 

did not manifest their angiogenic functions individually. Considering that the 

selected adipokines showed pro-angiogenic effects from past studies and that 

the adipose tissue CM consisted of various adipokines, the latter hypothesis 

was tested. 
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To test this, treatment consisting of adipokine mixtures or cocktails were tested 

on HOMECs. When preparing the adipokine cocktail, only one concentration 

per adipokine was chosen to reduce the number of permutations which 

invariably arises with 5 separate adipokines. A value in the upper range of the 

ELISA results was chosen to maximise the adipokine effect on the HOMECs. 

However, treatment with adipokine cocktails did not enhance HOMEC 

proliferation as assessed by either BrdU or WST8 assays.  

Interestingly, treatment with cocktails containing adiponectin showed the lowest 

levels of proliferation in the BrdU assay (Figure 36). The 5-adipokine cocktail, 

containing adiponectin, resulted in lowest proliferation in the WST8 assay 

(Figure 37). This observation may be attributed to the protective effects of 

adiponectin on the vasculature. For instance, in studies related to metabolic 

disorders, low circulating adiponectin levels were found to be associated with 

conditions such as atherosclerosis and diabetes, which are conditions that 

exemplify vascular dysfunction.(339) 

Adiponectin also has direct effects on ECs. An in vitro study by Bråkenhielm et 

al (2004) found that that adiponectin treatment reduced both the proliferative 

and migrative effect induced by FGF-2 and VEGF in ECs; and that the anti-

angiogenic activity of adiponectin was achieved via EC apoptosis.(340) This 

was not observed via microscopy in the current study, i.e. the HOMECs did not 

become unadhered from the culture surface. Additionally, both BrdU and WST8 

data (Figure 34 and Figure 35) inferred that cell numbers and viability when 

treated with adiponectin alone were similar to the control, untreated cells. The 

ECs used in the study by Bråkenhielm et al were derived from bovine and 

porcine sources (i.e. non-human derived EC), and the magnitude of proliferation 

and migration inhibition positively correlated with the concentration of 

adiponectin applied.(340) The maximum concentration of adiponectin used in 

their study was 2μg/mL;(340) by extrapolation, and since the maximum 

concentration of adiponectin used in the treatment cocktail was 10μg/mL it was 

possible that these levels suppressed proliferation of HOMECs. Inconsistently, 

when the authors of the previous study concluded that the reduction in EC 

proliferation and migration was due to apoptosis, the experiment was conducted 

in bovine ECs and HMECs using adiponectin concentrations between 10-

20μg/mL; i.e. up to 10-fold more than the maximal concentration tested in EC 
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proliferation and migration, which was originally tested in bovine and porcine 

ECs.(340) 

The protective effect of adiponectin is also supported by studies of pathological 

conditions. Adiponectin has been reported to restore endothelial function in 

pathologies such as diabetic nephropathy and atherosclerosis.(341, 342) For 

example, in an in vitro model of atherosclerosis, treatment with oxidised low 

density lipoprotein (ox-LDL) was found to induce proliferation of human aortic 

ECs, an early step in atherosclerosis development. Treatment with both ox-LDL 

and adiponectin, or with adiponectin alone, resulted in EC numbers similar to 

the control, as assessed by tetrazolium-based and deoxyuridine-based assays 

(similar to WST8 and BrdU assays respectively). The authors concluded that 

adiponectin has no effect on EC proliferation on its own, but its protective effect 

(by reducing EC proliferation) only manifests in the presence of a noxious 

stimulant such as ox-LDL. Similarly, to model a diabetic nephropathy state, rat 

glomerular ECs treated with high glucose significantly decreased cell viability in 

a WST8 assay.(341) Treating the ECs with both high glucose and adiponectin 

(up to 25µg/mL) resulted in cell viability levels similar to the control.(341) Thus, 

the study authors concluded that adiponectin is protective against glucose-

induced damage to ECs.(341) 

Consistent with this, it was possible that the experimental conditions were not 

fully representative of physiological conditions, e.g. the selective combination of 

adipokines in the adipokine cocktails represents only a subset of the adipose 

tissue CM. In this deviation from physiological conditions, adiponectin may have 

exerted its protective effects; thus, treatment with adiponectin-containing 

cocktails resulted in reduced HOMEC proliferation.  

EC quiescence is a result of the balance between pro- and anti-proliferative 

factors and their associated signalling pathways;(343) of the factors secreted by 

omental adipocytes, it is possible that adiponectin exerts an anti-angiogenic 

role. In the same study by Bråkenhielm et al, mentioned previously, adiponectin 

was injected into fibrosarcoma tumours in mice and the authors demonstrated 

tumour size reduction attributed to apoptosis and reduction in vessel 

growth.(340) At the same time, direct application of adiponectin (up to 30μg/mL) 

onto the tumour cells in vitro did not show changes in cell numbers. These 

findings, together with the earlier observation that adiponectin causes EC 
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apoptosis, led the authors to conclude that adiponectin is a negative regulator of 

angiogenesis.(340) 

One possibility as to why no significant increase in HOMEC proliferation was 

observed with individual adipokines could be the very nature of the cell culture 

experiments. In vivo, ECs are normally quiescent in terms of proliferation 

(section 1.1.3). In vitro, they are more actively proliferating (292) and this 

phenotype thus served as a baseline (control). Additional proliferative activity as 

a result of treatment media (e.g. treatment with individual adipokines or with a 

combination of adipokines) may not be easily distinguished from the control. 

Thus, for the treatment media to show significant difference compared with the 

control, the proliferative effect must be several orders of magnitude greater to 

achieve statistical significance. By this reasoning, it was possible that the 

adipose tissue conditioned media (consisting of a larger range of adipokines) is 

more effective than the individual adipokines in eliciting proliferation in 

HOMECs. Although cell culture has many benefits for researchers, such 

discrepancies between the in vitro and in vivo environments have been noted 

previously as a potential disadvantage.(344) 

 

3.4.8 The effects of CM from adipokine-incubated ovarian cancer cells 

Given the multifaceted role of adipocytes in tumour metastasis (discussed in 

section 1.5), interaction between the omental adipocytes and the metastatic 

ovarian cancer cells is possible. It was hypothesised that a complex secretory 

profile within the tumour microenvironment, formed by factors secreted from the 

adipokines and the cancer cells, may be conducive in activating angiogenesis. 

To test this, ovarian cancer cells were incubated with selected adipokines, and 

the CM collected after 24 or 48 hours of incubation. These CM were then 

applied onto HOMECs, and their proliferation assessed.  

It was observed that HOMECs treated with CM from SKOV3 or A2780 cells, 

pre-incubated for 24 hours with leptin or lipocalin-2, showed significant 

proliferation when assessed using the BrdU assay (Figure 39 and Figure 41). 

The BrdU assay is deemed more sensitive in measuring cell proliferation, as 
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discussed in section 3.4.3. The data clearly suggest that the adipokines induce 

release of pro-proliferative factors from the cancer cells. 

To date there are no past studies which showed that cancer cells secrete 

factors which activate ECs after the exogenous application of lipocalin-2. 

Immunohistochemical and serum studies in breast, endometrial and colorectal 

cancers reported increased expression of lipocalin-2 on the cancer cells 

themselves; and this observation was positively correlated with VEGF 

expression.(332, 345-347) This increased VEGF concentration then induced 

angiogenesis, leading to cancer invasion and metastasis.(332, 345) Additionally 

in ovarian cancer, the expression of lipocalin-2 was shown to be significantly 

higher than in normal ovarian tissue (348, 349) and the protein was also 

detected in the SKOV3 cell line.(349) Based on the past studies mentioned, 

VEGF may be a possible candidate secreted by the ovarian cancer cells 

incubated with lipocalin-2 in the present study. 

Likewise, no past studies reported that ovarian cancer cells secrete factors 

which induce EC proliferation after the exogenous application of leptin. Several 

studies in animal models reported the secretion of VEGF from cancer cells after 

treatment with leptin. For example, mouse mammary cancer cells incubated for 

24 hours with leptin at various concentrations resulted in VEGF secretion in a 

dose-dependent manner;(350, 351) however, the minimum concentration of 

leptin used was 10ng/mL,(350, 351) which was least 3 times more than that 

utilised in the present study (3ng/mL). Furthermore, the cancer cell CM 

collected was frozen prior to ELISA,(350) which may yield inconsistent results 

(discussed in section 4.2.3 in chapter 4). In another study, incubating leptin with 

mouse pre-neoplastic colon epithelial cells yielded CM which induced 

proliferation when treated on HUVECs; VEGF was identified as the pro-

angiogenic factor in the CM.(352)  

Other factors were also secreted when cancer cells were incubated with leptin. 

Mouse mammary cancer cells secrete the pro-inflammatory mediator, IL-1, 

which partially mediates the upregulation of VEGF expression in the cancer 

cells.(351) Increased MMP7 expression was detected when ovarian cancer 

cells, including SKOV3, were incubated with leptin.(353) The enzyme MMP7 

has an indirect pro-angiogenic role, by degrading VEGF inhibitors secreted by 

ECs such that the inhibitor-bound VEGF is released and able to exert its pro-
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angiogenic effects; this was evidenced by cell migration and tube formation in 

HUVECs.(354) From these past studies, VEGF appeared to be a common 

secreted factor when cancer cells were treated with lipocalin-2 or leptin; thus, 

VEGF was further investigated in the following chapter. 

Enhanced proliferation was not observed when the HOMECs were treated with 

CM from SKOV3 or A2780 cells pre-incubated for 48 hours with the same 

adipokines (Figure 38B and Figure 40B). A possible explanation is that the 

proliferative factor(s) secreted after 24-hour incubation may no longer be active 

if left in incubation for 48-hours. Furthermore, the incubations with adipokines 

were performed with starvation media. Nutrients within the media may be fully 

exhausted by 48 hours and conditions may no longer be conducive for the 

cancer cells to secrete this factor, or for the HOMECs to respond to it. 

To further explore these possibilities, a similar experiment was performed using 

complete growth media instead of starvation media when incubating the SKOV3 

cells with the adipokines. Strikingly, treatment with CM after 24-hour incubation 

with leptin or lipocalin-2 did not enhance HOMEC proliferation as significantly as 

treatment with CM obtained after 48-hour incubation (Figure 98 in the 

appendix). In the latter, HOMEC proliferation was 121% and 126% vs control 

(100%) after treatment with CM from SKOV3 cells incubated with leptin and 

lipocalin-2 respectively.  

It is therefore possible that after 24 hours of incubation, the CM (composed of 

growth media) may still contain sufficient nutrients to allow HOMEC proliferation 

with or without the presence of adipokines. After 48 hours of incubation, the 

nutrients within the media may be exhausted and created conditions similar to 

that in starvation media; i.e. the secreted factors, not the growth media, 

supported HOMEC proliferation. Thus, the conditions in the 48-hour incubation 

with growth media may resemble those in the 24-hour incubation with starvation 

media, since the CM from both these enhanced HOMEC proliferation when 

leptin or lipocalin-2 were incubated with the SKOV3.  

Interestingly, treatment with CM from ovarian cancer cells pre-incubated with 

adiponectin showed reduced HOMEC proliferation compared to control, which 

was in contrast with a study by Ouh et al (2019). They showed that CM from 

SKOV3 cells, incubated with adiponectin for 48 hours, induced angiogenesis in 
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HUVECs.(355) This discrepancy may be due to the EC type; HUVECs are 

derived from the macrovasculature while HOMECs from the microvasculature, 

with the latter being more relevant in angiogenesis and to EOC metastasis, as 

discussed in section 1.1.2d. Furthermore, the method of measuring EC 

activation was different. The previous study looked at tube formation, while the 

current study assessed proliferation via DNA synthesis (BrdU assay) and cell 

metabolism (WST8 assay); thus, adiponectin action on ECs may manifest 

differently depending on which pathways are involved. Additionally, the 

adiponectin concentration utilised in the previous study was 80ng/mL for tube 

formation, whereas in the current study the ovarian cancer cells were incubated 

with 5µg/mL of adiponectin, which was the average concentration detected in 

the omental adipose tissue CM via ELISA (section 3.3.4c). It is possible that a 

60-fold difference in adiponectin concentration may influence the types of 

factors secreted by cancer cells. As previously discussed, treating HOMECs 

with adiponectin in combination with other adipokines resulted in reduced 

proliferation (section 3.3.5b, and discussed in section 3.4.7). The CM collected 

from the ovarian cancer cells may have contained the initial incubated 

adiponectin together with other factors secreted by the cancer cells; thus the 

combination of these factors may then yield similar results when treated on 

HOMECs. 

 

3.8 Chapter summary 

The microenvironment of an EOC metastasis developing in the omentum is 

highly complex, with multiple cell types present. Many of these cells have the 

potential to secrete factors able to switch the resident omental microvascular 

ECs (HOMECs) to the pro-angiogenic phenotype required to support the new 

vessel growth needed for tumour development. These cells include the 

adipocytes, the major cell type present in the omentum, and the tumour cells 

themselves. This chapter examined the effect of CM from both cell types on the 

angiogenic phenotype of HOMECs, specifically proliferation and migration. 

Importantly, the whole secretome (i.e. CM) of the omental adipose tissue 

enhanced HOMEC proliferation; but after identifying and quantifying highly 

secreted pro-angiogenic factors (adipokines) and testing potential pro-
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angiogenic adipokines individually and in combination, no increase in HOMEC 

proliferation was observed.  

SKOV3 and A2780 cells are human ovarian cancer cell lines representing 

metastatic and primary cancer cells respectively. Factors secreted from A2780, 

but not SKOV3 cells, induced proliferation in HOMECs only after prolonged 

incubation (48 and 72 hours). Considering the tumorigenicity of these ovarian 

cancer cell lines, this was unexpected as inducing angiogenesis, achieved 

through the secretion of pro-proliferative factors, is a hallmark of cancer. 

To better simulate the tumour microenvironment during cancer metastasis to 

the omentum, the ovarian cancer cells were incubated with adipokines to 

investigate if the adipocyte-secreted factors enhance the effects of cancer-

secreted factors. Incubating SKOV3 and A2780 cells with leptin and lipocalin-2 

yielded CM which when added to HOMECs, induced their proliferation. This 

adipokine action and how it affects the intracellular pathways involved in 

HOMEC proliferation are explored in the following chapter.  

This observation implied that the combination of factors secreted from the 

cancer cells and that of the omental adipocytes provided suitable conditions, or 

‘soil’, for cancer metastasis to the omentum. The combination of proliferative 

factors supports angiogenesis, which in turn encourages tumour growth. Future 

work could focus on the synergy between the omental adipocytes and the 

metastasising cancer cells. A suitable starting point may be to assess the 

proliferation of HOMECs when treated with a combination of CM from ovarian 

cancer cells previously incubated with leptin or lipocalin-2, and with CM from 

adipose tissue. On that note, HOMEC migration studies could also be 

investigated using CM from cancer cells incubated with adipokines. 
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Chapter 4. An investigation into the intracellular pathways in involved in 

the proliferation of human omental microvascular endothelial cells 

 

4.1 Introduction 

In the previous chapter, data presented showed that HOMEC proliferation was 

significantly enhanced when cells were treated with CM from SKOV3 cells 

previously incubated with leptin or lipocalin-2 as assessed by WST8 and BrdU 

assays, and also when treated with CM from A2780 cells as assessed by BrdU 

assay. Separately, HOMEC proliferation was also observed with omental 

adipose tissue CM treatment. The latter observation may represent in vivo 

conditions due to the proximity between HOMECs and adipocytes within the 

omentum, while the former may be a result of the interaction between omental 

adipokines and the ovarian cancer cells leading to HOMEC activation and 

subsequently tumour angiogenesis. Thus, it is possible that the adipokines were 

either (a) inducing enhanced secretion of pro-proliferative factors from the 

cancer cells, or (b) inducing a secretion of a different range of pro-proliferative 

factors from the cancer cells.  

Therefore, a series of experiments were carried out to investigate what 

components of the adipokine-induced cancer cell secretome could be 

responsible for the enhanced HOMEC proliferation. This type of investigation 

could potentially be carried out using two approaches; to directly investigate the 

changes in the components of the cancer cell secretome, or to investigate the 

signalling pathways activated in the HOMECS and interrogate the secretome 

specifically for pro-proliferative proteins known to activate these pathways. Due 

to logistical reasons, the latter approach was taken. 

In the regulation of cell proliferation, signalling pathways activated by growth 

factor are characterised both the surface receptor involved, and intracellular 

signalling proteins activated. Since many growth factors act via surface tyrosine 

kinase receptors and phosphorylation is a key regulatory mechanism of many 

signalling molecules, activation of both can be studied by changes in their 

phosphorylation levels.(356, 357) Thus, this chapter investigates the 

intracellular signalling pathways involved in HOMEC proliferation induced by 

adipose tissue CM and CM from adipokine-incubated ovarian cancer cells, and 
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proposes the potential signalling pathways activated upstream of HOMEC 

proliferation. Experiments were also conducted to determine if the proliferative 

factor(s) in these two CM types are the same. 

This chapter is divided into sections aimed at: 

a) identifying the receptors activated when HOMECs are treated with CM 

from ovarian cancer cells pre-treated with leptin or lipocalin-2, or with CM 

from omental adipose tissue (sections 4.3.1 and 4.3.6); 

b) identifying and quantifying the ligands secreted from ovarian cancer cells 

pre-treated with leptin or lipocalin-2 that may activate these receptors 

(section 4.3.2); 

c) assessing HOMEC proliferation in cells co-treated with inhibitors of 

identified receptors in the presence of ovarian cancer CM (section 4.3.4); 

and 

d) identifying the intracellular targets (kinases) activated when HOMECs are 

treated with CM from ovarian cancer cells pre-treated with leptin or 

lipocalin-2, or with CM from omental adipose tissue (sections 4.3.5 and 

4.3.7) 

 

4.2 Methods 

4.2.1 Collection of HOMEC lysate 

To elucidate the intracellular signalling mechanisms by which cell proliferation 

occurs, the CM-treated HOMECs were lysed to obtain their intracellular 

components. To maximise the concentration of lysate collected, the 

experimental setup described in section 3.2.9 was proportionally scaled 

upwards based on the growth area of lab plasticware. Ovarian cancer cells 

were seeded in 6cm diameter dishes (42,000 cells/dish for SKOV3; 89,000 

cells/dish for A2780), with an adipokine incubation volume of 7mL/dish; their 

CM were collected as described in section 3.2.9. 

HOMECs were seeded in 10cm diameter dishes at 1.5 million cells/dish, 

cultured for at least 24 hours and then subjected to serum starvation overnight 

before the application of the fresh ovarian cancer cell CM (15mL/dish), similar to 

the procedure described in section 3.2.9. The treatment conditions studied CM 
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from SKOV3 cells incubated with leptin or lipocalin-2, and CM from A2780 cells 

incubated with leptin or lipocalin-2, with their respective controls. In a separate 

protocol, the serum-starved HOMECs were treated with omental adipose tissue 

CM diluted 1:2 with starvation media. The corresponding control was starvation 

media alone in place of the diluted adipose tissue CM. 

The CM treatments were applied onto the HOMECs for 5 minutes, then 

aspirated off and the cells were rinsed twice with ice cold PBS to halt cellular 

reactions. The purpose of this short treatment duration (5 minutes) is to 

examine the initial receptor activation and cellular signalling which eventually 

leads to cell proliferation, i.e. the ‘spark’ which initiates downstream signalling. 

The activation (phosphorylation) of several key cellular targets are known to be 

maximum at 5 minutes.(358, 359) This method was also commonly practised in 

the lab.(360) 

600µL of cold lysis buffer (components detailed in section 2.3.2) was applied 

per dish before the HOMECs were scraped off using a cell scraper. To 

maximise the protein concentration within the lysate, 3 dishes of HOMECs were 

used per treatment and this same volume of lysis buffer (600µL) was shared 

between the 3 dishes. The cell suspension was transferred to microcentrifuge 

tubes and allowed to lyse on a rotary mixer at 2-8°C for 30 minutes. The tubes 

were then centrifuged at 20,000g at 4°C for 15 minutes to separate the 

supernatant from the cell debris. The supernatants were transferred to fresh 

microcentrifuge tubes and stored at -80°C for later use.  

 

4.2.2 Screening of HOMEC lysate for phosphorylated receptor tyrosine 

kinase and phosphorylated kinase targets 

Commercial antibody array kits were used to identify both the receptor tyrosine 

kinases (phospho-RTK array) and intracellular kinases (phospho-kinase array) 

activated in HOMECs treated with adipose tissue and ovarian cancer CM. The 

main component of the kits are the nitrocellulose membranes containing control 

and capture antibodies for specific targets. The phospho-RTK array kit (R&D 

Systems, ARY001B) detects phosphorylated (activated) receptor tyrosine 

kinases (RTK), while the phospho-kinase array kit (R&D Systems, ARY003B 



186 
 

and ARY003C) detects phosphorylated intracellular protein kinases in a given 

sample.  

Two versions of the phospho-kinase array kit were utilised (ARY003B and 

ARY003C). The manufacturer’s handling instructions were identical between 

the two versions, however, the targets imprinted on the membranes were 

different. ARY003B contained more kinase targets compared to ARY003C: 45 

and 39 targets respectively. Only targets which were common to both versions 

were analysed. The phospho-RTK array contained 49 targets.  

Lysates collected from HOMEC treated as indicated were prepared as 

described in section 4.2.1. The frozen lysate supernatant was thawed at room 

temperature and were used only as sample for the arrays; any thawed balance 

was discarded. In preparing the samples, the volume of HOMEC lysate 

supernatant corresponding to 200-400µg of protein (as determined by the BCA 

protein assay, section 2.14) was diluted to 1.5mL (phospho-RTK array) or 2mL 

(phospho-kinase array) with the supplied blocking buffer. The samples were 

then loaded onto the nitrocellulose membranes supplied in the kit based on 

protein amount.  

The array membranes were processed according to the manufacturer’s 

instructions (section 2.16). After calculating the pixel density of each spot and 

subtracting the negative control values, the membranes treated with the control 

lysate were compared with the membranes treated with lysate from adipokine-

incubated ovarian cancer CM, or from adipose tissue CM. The difference 

between pixel densities were expressed as a percentage of the control. 

Diagrams of the phospho-RTK array and phospho-kinase array membranes, 

and their corresponding target coordinates are shown in Figure 47 and Figure 

48 respectively.  
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Membrane 
coordinates 

Receptor Tyrosine Kinase  Membrane 
coordinates 

Receptor Tyrosine Kinase  

A1, A2, A23, 
A24, F1, F2 

Reference spots F23, F24 Negative controls 

B1, B2 EGFR D1, D2 Tie-2 

B3, B4 ErbB2 D3, D4 TrkA 

B5, B6 ErbB3 D5, D6 TrkB 

B7, B8 ErbB4 D7, D8 TrkC 

B9, B10 FGFR1 D9, D10 VEGFR1 

B11, B12 FGFR2α D11, D12 VEGFR2 

B13, B14 FGFR3 D13, D14 VEGFR3 

B15, B16 FGFR4  D15, D16 MuSK 

B17, B18 Insulin R D17, D18 EphA1 

B19, B20 IGF-1R D19, D20 EphA2 

B21, B22 Axl D21, D22 EphA3 

B23, B24 Dtk  D23, D24 Eph A4 

C1, C2 Mer  E1, E2 EphA6 

C3, C4 HGFR E3, D4 EphA7 

C5, C6 MSPR E5, E6 EphB1 

C7, C8 PDGFRα E7, E8 EphB2 

C9, C10 PDGFRβ E9, E10 EphB4 

C11, C12 SCFR E11, E12 EphB6 

C13, C14 Flt-3 E13, E14 ALK 

C15, C16 M-CSFR E15, E16 DDR1 

C17, C18 c-Ret E17, E18 DDR2 

C19, C20 ROR1 E19, E20 EphA5 

C21, C22 ROR2 E21, E22 EphA10 

C23, C24 Tie-1 F5, F6 EphB3 

  F7, F8 RYK 

Figure 47. The receptors assessed in the phospho-RTK array kit. Location 

of receptors on the membrane (A) and the coordinates of the 49 receptor 

tyrosine kinase targets (B). Adapted from the package insert of the Proteome 

ProfilerTM Array (R&D Systems, ARY001B). 
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(A) 

 

(B) 

Membrane 
coordinates 
(ARY003B) 

Membrane 
coordinates 
(ARY003C) 

Kinase 
(Phosphorylation 
site, if available) 

Membrane 
coordinates 
(ARY003B) 

Membrane 
coordinates 
(ARY003C) 

Kinase 
(Phosphorylation 
site, if available) 

A1, A2, A17, 
A18, G1, G2 

A1, A2, A17, 
A18, G1, G2 

Reference spots G9, G10, 
G17, G18 

G9, G10, 
G17, G18 

Negative controls 

B11, B12 A11, A12 AKT1/2/3 (T308) - D7, D8 Lyn (Y397) 
B9, B10 A13, A14 AKT1/2/3 (S473) B5, B6 D9, D10 MSK1/2 (S376/S360) 
B7, B8 - AMPKα1 (T183) E13, E14 - p27 (T198) 

C7, C8 - AMPKα2 (T172) - D11, D12 p70 S6 kinase (T389) 

- B3, B4 CREB (S133) D11, D12 D13, D14 p70 S6 kinase 
(T421/S424) 

B3, B4 B5, B6 EGFR (Y1086) - D15, D16 PRAS40 (T246) 

D15, D16 B7, B8 eNOS (S1177) A3, A4 E3, E4 p38α (T180/Y182) 
A5, A6 B9, B10 ERK1/2 

(T202/Y204, 
T185/Y187) 

F7, F8 E5, E6 PDGFRβ (Y751) 

F3, F4 B11, B12 Chk-2 (T68) E15, E16 E7, E8 PLC-γ1 (Y783) 
- B13, B14 c-Jun (S63) - E9, E10 Src (Y419) 

C3, C4 - CREB (S133) F15, F16 E11, E12 PYK2 (Y402) 
F5, F6 - FAK (Y397) - E13, E14 RSK1/2 (S221/S227) 

E5, E6 C3, C4 Fgr (Y412) D13, D14 E15, E16 RSK1/2/3 
(S380/S386/S377) 

E1, E2 - Fyn (Y420) - F3, F4 STAT2 (Y689) 

A9, A10 C5, C6 GSK-3α/β (S21/S9) F9, F10 F5, F6 STAT5a/b 
(Y694/Y699) 

- C7, C8 GSK-3β (S9) C1, C2 - TOR (S2448) 

F1, F2 - Hck (Y411) F13, F14 F7, F8 WNK1 (T60) 
C5, C6 C9, C10 HSP27 (S78/S82) E3, E4 F9, F10 Yes (Y426) 

G11, G12 G13, G14 HSP60  - F11, F12 STAT1 (Y701) 

- C11, C12 p53 (S15) E11, E12 F13, F14 STAT3 (Y705) 
B13, B14 C13, C14 p53 (S46) F11, F12 F15, F16 STAT3 (S727) 
A13, A14 C15, C16 p53 (S392) C9, C10 G3, G4 Β-Catenin 

A7, A8 D3, D4 JNK1/2/3 
(T183/Y185, T221, 
Y223) 

E9, E10 - STAT5b 

- D5, D6 Lck (Y394) E7, E8 G11, G12 STAT6 (Y641) 

Figure 48. The protein kinases assessed in the phospho-kinase array kit. 

Location of kinases on the membranes (A) and the coordinates of the kinase 

targets (B). Adapted from the package insert of the Proteome ProfilerTM Array 

(R&D Systems, ARY003B and ARY003C). 
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4.2.3 Quantification of identified secreted ligands using ELISA 

To determine the concentration of FGF-2, TGF-β1 and VEGF secreted into CM 

from ovarian cancers pre-incubated with lipocalin-2 or leptin CM, the ELISA 

protocol detailed section 2.15 was utilised. The CM were collected based on the 

method elaborated in section 3.2.9 and were tested by ELISA as fresh samples. 

This was because in preliminary experiments, -80°C frozen and thawed CM 

samples did not yield reliable results on ELISA. The resultant standard curves 

are shown in Figure 49.  

 

 

Figure 49. Representative ELISA standard curves for FGF-2, TGF-β1 and 

VEGF. The concentration of individual ligands detected in the conditioned 

media samples were interpolated from these standard curves based on their 

absorbance values. For each kit, the supplied standards (FGF-2 (A), TGF-β1 

(B), VEGF (C)) were diluted to the recommended range of concentrations, 

assayed by ELISA on 96-well plates and the absorbance was then read at 

450nm. Absorbance values shown are mean ± SD; n=3-4. 

 

4.2.4 Establishing the maximal non-toxic concentration of receptor 

inhibitors in HOMECs using the WST8 assay 

To examine the involvement of identified ligands or receptors in HOMEC 

proliferation, specific inhibitors of the receptors were used. However, prior to 

their use it was necessary to establish a non-toxic working concentration range. 

Alectinib, SAR131675 and AZD4547 (inhibitors of ALK, VEGFR3 and 

FGFR1/2/3 respectively) were dissolved in DMSO to form a stock solution. The 

stock solution was then diluted in starvation medium to concentrations between 

1nM to 100µM, based on concentrations used in the literature. DMSO at the 
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highest concentration used for each inhibitor was included as the vehicle 

control. 

The HOMECs were seeded at 10,000 cells/well in 96-well flat-bottomed plates 

coated with gelatin (2% w/v). The cells were incubated in complete growth 

media (100µL/well) at 37°C/5% CO2 for at least 24 hours before substituting the 

media for the inhibitor treatment at various concentrations. After overnight 

incubation, the wells were replenished with the same inhibitor treatment for 

another 24 hours. The purpose of this overnight followed by a 24-hour 

incubation with the inhibitor was to simulate previous experimental conditions, 

whereby HOMECs were serum-starved overnight prior to treatment application 

(also diluted in starvation media) for 24-hours, as described in section 2.10. 

The WST8 assay was performed according to section 2.12. As this was a 

preliminary dose-finding experiment, the procedure was only performed twice 

with HOMECs isolated from two separate omental samples. Statistical tests 

were not performed due to the small number of repeats (n=2).  

 

4.2.5 An investigation into the effect of inhibitors of identified receptors 

on proliferation induced by conditioned media from adipokine treated 

ovarian cancer cells. 

The ovarian cancer cells, A2780 and SKOV3, were processed according to 

section 3.2.9 to obtain fresh CM. The HOMECs were seeded and overnight pre-

treated with the inhibitors as described in section 4.2.4.  

The next day, inhibitors were freshly diluted into the CM obtained from ovarian 

cancer cells before applying this treatment mixture to the HOMECs (note: the 

stock solutions of the inhibitors were at least 10,000-fold more concentrated 

than the concentration applied onto the HOMECs). An equivolume of DMSO 

was diluted in the same conditioned media to form the DMSO control. Ovarian 

cancer cell CM alone, without inhibitor, was also included to examine any 

effects of DMSO. After 24 hours of incubation in 37°C/5% CO2, HOMEC 

proliferation was assessed using BrdU assay.  
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4.3 Results 

4.3.1 Receptor tyrosine kinase activation by conditioned media from 

ovarian cancer cells incubated with leptin or lipocalin-2 

The identification of activated surface receptors is a first step in determining the 

signalling pathways involved in HOMEC proliferation induced by treatment with 

various CM from adipokine-incubated ovarian cancer cells. To examine this, 

lysates from CM-treated HOMECs were screened using antibody arrays 

designed to detect phosphorylated (activated) receptor tyrosine kinases, which 

are receptors regulating cell processes such as proliferation. The method of 

collecting HOMEC lysate is described in section 4.2.1, while screening the 

lysate with antibody arrays is described in section 4.2.2. CM from both SKOV3 

and A2780 were tested.  

Multiple receptor tyrosine kinase sites were activated in HOMECs treated with 

CM from SKOV3 or A2780 pre-incubated with leptin or lipocalin-2. Only those 

with a calculated pixel density increase of 20% above the control were included 

to better focus on the receptor targets which showed the highest magnitude of 

activation. No statistical analysis was performed as the array was only 

performed twice for each CM (n=2). Sample array images generated from 

HOMEC lysate after treatment of cells with SKOV3 CM and A2780 CM are 

shown in Figure 50 and Figure 51 respectively. The intensities of selected 

receptor tyrosine kinase are shown in Figure 52. The full results from the 

phospho-RTK arrays are shown in Table 9 and Table 10 in the appendix.  
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Figure 50. Conditioned media from adipokine-incubated SKOV3 cells 

induced phosphorylation of multiple receptor tyrosine kinases in 

HOMECs. HOMECs were treated with basal media, and CM from lipocalin-2-

incubated SKOV3 cells and leptin-incubated SKOV3 cells for 5 minutes. 

HOMECs were then lysed, and lysate was incubated overnight with 

nitrocellulose membranes pre-spotted with capture antibodies for various 

phosphorylated receptor tyrosine kinases. Detection antibodies, streptavidin-

HRP and chemiluminescent reagents were applied in between multiple 

washings, and the membranes imaged on the Azure 500 imager. 

Representative images are shown from n=2. Key activated receptor tyrosine 

kinases are labelled to show their position on the membrane. FGFR2α: 

fibroblast growth factor receptor-2-alpha; VEGFR1/2/3: vascular endothelial 

growth factor receptor-1, -2, -3; RYK: receptor-like tyrosine kinase; CM: 

conditioned media. 
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Figure 51. Conditioned media from adipokine-incubated A2780 cells 

induced phosphorylation of multiple receptor tyrosine kinases in 

HOMECs. HOMECs were treated with basal media, and CM from lipocalin-2-

incubated A2780 cells and leptin-incubated A2780 cells for 5 minutes. HOMECs 

were then lysed, and lysate was incubated overnight with nitrocellulose 

membranes pre-spotted with capture antibodies for various phosphorylated 

receptor tyrosine kinase. Detection antibodies, streptavidin-HRP and 

chemiluminescent reagents were applied in between multiple washings, and the 

membranes imaged on the Azure 500 imager. Representative images are 

shown from n=2. Key activated receptor tyrosine kinases are labelled to show 

their position on the membrane. FGFR2α: fibroblast growth factor receptor-2-

alpha; VEGFR1/2/3: vascular endothelial growth factor receptor-1, -2, -3; RYK: 

receptor-like tyrosine kinase; ALK: anaplastic lymphoma kinase; CM: 

conditioned media. 
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Figure 52. Multiple receptor tyrosine kinase targets were activated 

(phosphorylated) in HOMECs treated with conditioned media collected 

from adipokine-incubated ovarian cancer cells. HOMECs were treated for 5 

minutes with CM from leptin-incubated SKOV3 cells (A), lipocalin-2-incubated 

SKOV3 cells (B), leptin-incubated A2780 cells (C) and lipocalin-2-incubated 

A2780 cells (D). HOMECs were then lysed, and lysate samples containing 200-

300µg of total proteins were incubated overnight with nitrocellulose membranes 

pre-spotted with capture antibodies for various phosphorylated receptor tyrosine 

kinases. Following multiple washings, chemiluminescent reagents were applied 

prior to imaging the membranes. After subtracting negative control, the 

abundance of each target was calculated as a percentage of the corresponding 

control pixel density. Only receptor targets with average increase in pixel 

density and activation ≥20% compared with control (100%) are shown. n=2 for 

each conditioned media type. CM: conditioned media; RTK: receptor tyrosine 

kinase.  
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It can be seen that the fibroblast growth factor receptor substrate 2-alpha 

(FGFR2α) and the receptor-like tyrosine kinase (RYK) were activated when 

HOMECs were treated with all 4 types of ovarian cancer CM. For FGFR2α, 

leptin-incubated SKOV3 CM induced the greatest increase in activation 

(phosphorylation) with a 115% increase above the control (100%). This was 

followed by the lipocalin-2-incubated A2780 CM (40% increase), lipocalin-2-

incubated SKOV3 CM (33% increase) and leptin-incubated A2780 CM (29% 

increase). Treatment with leptin- incubated SKOV3 CM enhanced RYK 

activation by 81%, followed by lipocalin-2-incubated SKOV3 CM (51%), leptin-

incubated A2780 CM (29%) and lipocalin-2-incubated A2780 CM (27%). 

Increased activation of anaplastic lymphoma kinase (ALK) was observed when 

HOMECS were treated with CM from leptin- and lipocalin-2-incubated A2780 

(increases of 60% and 41% respectively); but this was not observed when 

treated with CM from leptin and lipocalin-2-incubated SKOV3.  

Similarly, increased VEGFR3 activation was observed when HOMECs were 

treated with CM from leptin- and lipocalin-2-incubated A2780 cells (increases of 

61% and 20% respectively), but not observed when treated with CM from 

SKOV3 cell incubated with leptin or lipocalin-2. Interestingly, VEGFR1 and 

VEGFR2 activation was only observed in HOMECs treated with CM from leptin-

incubated ovarian cancer cells. Treatment with CM from leptin-incubated 

SKOV3 cells increased VEGFR1 activation by 21% and VEGFR2 by 60% 

compared with control, while treatment with CM from leptin-incubated A2780 

cells increased VEGFR1 activation by 71% and VEGFR2 by 23%.  

From the results of the RTK arrays, it can be seen that some of the activated 

receptors were common to all CM types (e.g. FGFR2α and RYK). However, 

ALK was activated only when HOMECs were treated with leptin- and lipocalin-

2-incubated A2780 CM, but not with SKOV3 CM; while the variable activation of 

VEGFR1, VEGFR2 and VEGFR3 depended on the CM type (adipokine pre-

treatment, or the ovarian cancer cell origin).  

Thus, from these findings and those of previous studies from the literature,(361-

367) several candidate ligands and receptor targets involved in HOMEC 

proliferation by factors secreted into the CM were chosen for further study. 

Specifically, the receptors VEGFR2, VEGFR3, FGFRs and ALK were studied. 
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Extrapolating backwards from the identified receptors, it was hypothesised that 

the CM contained FGF-2 and VEGF, and so the CM were screened for the 

presence of these growth factors. Additionally, it was hypothesised that TGF-β1 

was also secreted into the CM since based on previous literature, TGF-β1 was 

implicated in tumour growth and metastasis (discussed in sections 1.3.5 and 

1.6.5). Co-incidentally, these three ligands (FGF-2, VEGF and TGF-β1) were 

also detected in omental adipocyte and adipose tissue CM. 

In the following sections, a series of experiments were performed to investigate 

the possible involvement of these ligands and receptors. 

 

4.3.2 Quantification of ligands secreted into the conditioned media of 

adipokine-incubated ovarian cancer cells 

To determine if leptin or lipocalin-2 treatment of ovarian cancer cells resulted in 

an increase in potential pro-angiogenic molecules being secreted, ELISA was 

performed on the CM collected from the adipokine-incubated SKOV3 and 

A2780 cells (described in section 4.2.3). 

Unexpectedly, neither ovarian cancer cell line (SKOV3 or A2780) secreted 

detectable levels of FGF-2 at either baseline or after incubation with lipocalin-2 

or leptin (data not shown). In contrast, secretion of both VEGF and TGF-β1 from 

both ovarian cancer cell lines increased following lipocalin-2 or leptin incubation 

compared with the control (Figure 53).  
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Figure 53. Incubation of SKOV3 and A2780 cells with lipocalin-2 or leptin 
increased TGF-β1 and VEGF secretion compared to the control. Ovarian 
cancer cells were incubated with leptin or lipocalin-2 for 24 hours and the CM 
was then collected for analysis by commercially available ELISA. For each 
ELISA kit, the supplied standards were diluted to the recommended range of 
concentrations. The standards and samples were assayed in triplicate and the 
absorbance was read at 450nm. The absorbance values, after subtracting the 
blank controls, were interpolated on the standard curve to determine the TGF-
β1 (A, B) and VEGF (C, D) concentrations. Data are expressed as % of control 
and presented as mean ± SD. Data were analysed with Mann-Whitney U tests, 
n=3-4; *p<0.05 vs control; #p<0.05. 

 

For instance, TGF-β1 levels were increased by 49% and 131% (vs control, 

100%) in CM of SKOV3 cells incubated with lipocalin-2 and leptin, respectively, 

p<0.05 for both (Figure 53A). Similarly, in the A2780 CM, TGF-β1 secretion 

increased by 77% and 198% when the cells were incubated with lipocalin-2 and 
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leptin, respectively, p<0.05 for both (Figure 53B). VEGF secretion from SKOV3 

cells was enhanced by 49% and 133% (vs control, 100%) following incubation 

with lipocalin-2 and leptin respectively, p<0.05 for both (Figure 53C). In A2780, 

lipocalin-2 incubation increased VEGF secretion by 55% and leptin incubation 

increased secretion by 324%, p<0.05 for both (Figure 53D). It can be seen that 

generally, the concentrations of both secreted VEGF and TGF-β1 were higher 

when the ovarian cancer cells were incubated with leptin than with lipocalin-2, 

although this difference was only statistically significant (p<0.05) for VEGF 

secretion from SKOV3 cells (Figure 53C). 

 

4.3.3 Maximal non-toxic concentrations of receptor inhibitors  

Alongside identifying and quantifying potential pro-angiogenic ligands in the 

ovarian cancer CM, the potential involvement of activated receptors in HOMEC 

proliferation was examined using specific inhibitors. Specifically, alectinib 

(CH5424802) is an ALK inhibitor, while AZD4547 is a FGFR inhibitor (for FGF-

R1/2/3 inhibition). Semaxanib (SU5416) and SAR131675 are selective inhibitors 

of VEGFR2 and VEGFR3 respectively.  

Prior to utilising these receptor inhibitors in conjunction with the ovarian cancer 

CM, their maximal non-toxic concentrations (in ranges determined from the 

literature) for use in HOMECs were first determined by WST8 assay (methods 

described in section 4.2.4). These toxicity experiments were performed for 

alectinib, SAR131675 and AZD4547 only, as the effective concentration of 

semaxanib (10µM) in HOMECs was previously determined in this laboratory. 

The results are shown in Figure 54. No statistical analysis was performed due 

to the low number of repeats (n=2) and that the experiments aimed to establish 

maximal inhibitor concentrations. 

To select the maximal safe concentration for each inhibitor, the concentration 

with the greatest HOMEC viability (as a percentage of their respective controls) 

were chosen. Hence, in later experiments, alectinib was utilised at 10nM 

concentration (HOMEC numbers were 91% of control), AZD4547 at 100nM 

(82% of control) and SAR131675 at 1µM (117% of control).  
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Figure 54. Low doses of alectinib, AZD4547 and SAR131675 were not 

highly toxic to HOMECs as assessed WST8 assay. HOMECs were seeded 

at 10,000 cells/well in 96-well plates and cultured for at least 24 hours before 

overnight treatment with the inhibitors alectinib (A), AZD4547 (B) and 

SAR131675 (C), diluted in starvation media. The cells were replenished with the 

same inhibitor treatment for a further 24 hours. Cell viability was determined by 

addition of WST8 reagent. Plates were read at 450nm after 2 hours. Results 

shown are mean ± SD and as a percentage of the control, n=2. 

 

 

4.3.4 The effect of receptor inhibitors on HOMEC proliferation induced by 

conditioned media from adipokine-incubated ovarian cancer cells 

HOMEC proliferation induced by CM collected from lipocalin-2- or leptin-

incubated ovarian cancer cells was examined in the presence of the receptor 

inhibitors using BrdU and WST8 assays. DMSO was included as appropriate as 

the vehicle control. The methods were described in section 4.2.5. HOMEC 

proliferation was considered inhibited when treatment with the inhibitor reduced 

HOMEC proliferation significantly compared to both their respective control (CM 

without inhibitor) and DMSO control (CM with equivolume of DMSO as the 

inhibitor). 

 

a) The effect of receptor inhibitors on HOMEC proliferation induced by 

conditioned media from adipokine-incubated SKOV3 cells 

The VEGFR2 inhibitor, semaxanib, markedly decreased HOMEC proliferation 

induced by all SKOV3 CM as assessed BrdU assay (Figure 55D). Semaxanib 

reduced HOMEC proliferation induced by CM from lipocalin-2-incubated SKOV3 

cells and leptin-incubated SKOV3 cells by 26% and 37% (vs control, 100%) 
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respectively, p<0.05 (n=3) for both. Similarly, when HOMECs were treated with 

control SKOV3 CM, semaxanib reduced proliferation by 34%. DMSO alone had 

no significant effect in any condition. 

Treatment with the FGFR1/2/3 inhibitor, AZD4547, showed a similar trend to 

semaxanib (Figure 55B). AZD4547 reduced HOMEC proliferation observed 

with control SKOV3 CM and with CM from leptin-incubated SKOV3 cells, but 

these reductions were not statistically different compared to the DMSO control 

(p>0.05). Treatment with other inhibitors, alectinib (Figure 55A) and 

SAR131675 (Figure 55C), did not significantly affect HOMEC proliferation 

induced by SKOV3 CM; all p>0.05. 

 

b) The effect of receptor inhibitors on HOMEC proliferation induced by 

conditioned media from adipokine-incubated A2780 cells 

When HOMEC proliferation was measured using BrdU assay, in general none 

of the tested inhibitors reduced HOMEC proliferation compared to their 

respective control and DMSO control (Figure 56). The only exception was when 

HOMECs were treated with CM from leptin-incubated A2780 cells (Figure 56D); 

where proliferation was decreased by 17% in the presence of semaxanib when 

compared with control (100%) (p<0.05, n=3). Although not statistically 

significant, HOMEC proliferation was also decreased by 13% when co-treated 

with semaxanib and CM from lipocalin-2-incubated A2780 cells; and decreased 

by 19% when co-treated with semaxanib and basal A2780 CM.  
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Figure 55. Semaxanib inhibited HOMEC proliferation induced by various conditioned media from SKOV3 cells as assessed by 

BrdU assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and cultured for at least 24 hours before overnight treatment 

with alectinib (A), AZD4547 (B), SAR131675 (C) and semaxanib (D) diluted in starvation media. Cells were then treated with the same 

inhibitors diluted in CM from lipocalin-2- and leptin-incubated SKOV3 cells. The BrdU reagent was added after 24 hours of treatment 

incubation and cells fixed after a further 6 hours; plates were read at 450nm. Results shown are mean ± SD and as percentage of 

conditioned media alone; data were analysed with Mann-Whitney U tests; n=3; *p<0.05. CM: conditioned media. 
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Figure 56. Semaxanib inhibited HOMEC proliferation induced by conditioned media from leptin-incubated A2780 cells as 

assessed by BrdU assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and cultured for at least 24 hours before 

overnight treatment with alectinib (A), AZD4547 (B), SAR131675 (C) and semaxanib (D) diluted in starvation media. Cells were then 

treated with the same inhibitors diluted in CM from lipocalin-2- and leptin- incubated A2780 cells. The BrdU reagent was added after 24 

hours of treatment incubation and cells fixed after a further 6 hours; plates were read at 450nm. Results shown are mean ± SD and as 

percentage of conditioned media alone; data were analysed with Mann-Whitney U tests; n=3; *p<0.05. CM: conditioned media. 
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4.3.5 The effect of adipokine-incubated ovarian cancer conditioned media 

on the activation of signalling kinases 

After assessing the activated receptors and HOMEC proliferation in the 

presence of inhibitors of the receptors, it was determined that VEGFR2 

activation may be responsible for the increased proliferation observed in cells 

treated with CM from adipokine-incubated cancer cells. HOMEC lysate 

collected after treatment with CM from lipocalin-2-incubated SKOV3 cells 

showed increased VEGFR2 activation by 19% compared with the control (Table 

10 in the appendix), which was slightly below the 20%-increment cut-off. This 

was also supported by the observation that increased levels of VEGF, the 

activating ligand for VEGFR2, were detected in these CM via ELISA (section 

4.3.2). 

This possibility was further investigated by examining which intracellular 

signalling molecules downstream of surface receptor activation are involved in 

HOMEC proliferation. Thus, lysates from CM-treated HOMECs were collected 

(section 4.2.1) and then screened with antibody arrays to detect phosphorylated 

(activated) protein kinases (section 4.2.2). These proteins are responsible for 

signal transduction, and their activation state regulates cellular processes such 

as cell proliferation.(368) 

Prior to lysate collection, HOMECs were treated with CM from both SKOV3 and 

A2780 cells pre-incubated with adipokines. This allowed comparison of the 

protein kinases activated between the different CM types. Sample array images 

obtained from membranes incubated with HOMEC lysate generated from cells 

after treatment with SKOV3 CM and with A2780 CM are shown in Figure 57 

and Figure 58 respectively. The intensities of the spots showing selected 

kinases are shown in Figure 59 and limited to those with average pixel density 

increase of at least 10% above control to focus on the targets which showed the 

highest magnitude of activation.  
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Figure 57. Adipokine-incubated SKOV3 conditioned media induced 

phosphorylation of multiple signalling kinases in HOMECs. HOMECs were 

treated with basal media, and CM from lipocalin-2-incubated SKOV3 cells and 

leptin-incubated SKOV3 cells for 5 minutes. HOMECs were then lysed, and 

lysate was incubated overnight with nitrocellulose membranes pre-spotted with 

capture antibodies for various phosphorylated kinases. Detection antibodies, 

streptavidin-HRP and chemiluminescent reagents were applied in between 

multiple washings, and the membranes imaged on the Azure 500 imager. 

Representative images are shown from n=2. Key activated kinases are labelled 

to show their position on the membrane. EGFR: epidermal growth factor 

receptor; ERK1/2: extracellular signal-regulated kinases1/2; PDGFRβ: platelet-

derived growth factor receptor-beta; HSP27: heat shock protein 27; CM: 

conditioned media. 
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Figure 58. Adipokine-incubated A2780 conditioned media induced 

phosphorylation of multiple signalling kinases in HOMECs. HOMECs were 

treated with basal media, and CM from lipocalin-2-incubated A2780 cells and 

leptin-incubated A2780 cells for 5 minutes. HOMECs were then lysed, and 

lysate was incubated overnight with nitrocellulose membranes pre-spotted with 

capture antibodies for various phosphorylated kinases. Detection antibodies, 

streptavidin-HRP and chemiluminescent reagents were applied in between 

multiple washings, and the membranes imaged on the Azure 500 imager. 

Representative images are shown from n=2. Key activated kinases are labelled 

to show their position on the membrane. EGFR: epidermal growth factor 

receptor; ERK1/2: extracellular signal-regulated kinases1/2; HSP27: heat shock 

protein 27; STAT6: signal transducer and activator of transcription 6; CM: 

conditioned media. 
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Figure 59. Multiple kinase targets were activated (phosphorylated) in 

HOMECs treated with conditioned media from adipokine-incubated 

ovarian cancer cells. HOMECs were treated for 5 minutes with CM from leptin-

incubated SKOV3 cells (A), lipocalin-2-incubated SKOV3 cells (B), leptin-

incubated A2780 cells (C) and lipocalin-2-incubated A2780 cells (D). HOMECs 

were then lysed, and lysate samples containing 200-400µg of total proteins 

were incubated overnight with nitrocellulose membranes pre-spotted with 

capture antibodies for various phosphorylated kinases. Following multiple 

washings, chemiluminescent reagents were applied prior to imaging the 

membranes. After subtracting negative control, the abundance of each target 

was calculated as a percentage of the corresponding control pixel density. Only 

targets with average increase in pixel density and activation ≥10% compared 

with control are shown. n=2 for each conditioned media type. CM: conditioned 

media. 
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Based on their cumulative pixel density as a percentage of the control, the 

epidermal growth factor receptor (EGFR) and extracellular signal-regulated 

kinases 1/2 (ERK1/2) appeared to be the most common targets within 

HOMECs. Compared with the control, an increase in EGFR activation was 

detected when HOMECs were treated with CM from lipocalin-2-incubated 

A2780 cells (35% increase), lipocalin-2-incubated SKOV3 cells (31% increase) 

and leptin-incubated SKOV3 cells (47% increase). ERK1/2 activation was 

detected in lysate from cells treated with CM from lipocalin-2-incubated A2780 

cells (25% increase), lipocalin-2-incubated SKOV3 cells (34% increase) and 

leptin-incubated SKOV3 cells (25% increase). 

In addition to EGFR and ERK1/2, other targets including HSP27, PDGFRβ and 

p38a showed increased activation when treated with CM from both leptin- and 

lipocalin-2-incubated SKOV3 cells (Figure 59A and Figure 59B respectively). 

Increased HSP27 and PDGFRβ activation was also observed with CM from 

lipocalin-2-incubated A2870 cells (Figure 59D).  

The activated kinase targets were starkly different when HOMECs were treated 

with CM from leptin-incubated A2780 cells (Figure 59C). STAT6 (28% 

increase) showed the highest increase in activation compared to the control 

(100%). 

 

4.3.6 Receptor tyrosine kinase activation with omental adipose tissue 

conditioned media 

As described in chapter 3, HOMEC proliferation was induced by adipose tissue 

CM, although the secreted adipokine responsible for this response could not be 

identified. To examine whether proliferation induced by CM from both adipose 

tissue and adipokine-incubated cancer cells occurred via the same potential 

pathway(s), receptor activation in HOMECs treated with CM from adipose tissue 

was examined using the phospho-RTK array. Sample array images obtained 

from HOMEC lysate following treatment with adipose tissue CM are shown in 

Figure 60, and the phosphorylation changes in selected receptor tyrosine 

kinase are shown in Figure 61.  
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Figure 60. Adipose tissue conditioned media induced phosphorylation of 

multiple receptor tyrosine kinases in HOMECs. HOMECs were treated with 

basal media and adipose tissue CM for 5 minutes. HOMECs were then lysed, 

and lysate was incubated overnight with nitrocellulose membranes pre-spotted 

with capture antibodies for various phosphorylated receptor tyrosine kinase. 

Detection antibodies, streptavidin-HRP and chemiluminescent reagents were 

applied in between multiple washings, and the membranes imaged on the 

Azure 500 imager. Representative images are shown from n=2. Key activated 

receptor tyrosine kinases are labelled to show their position on the membrane. 

FGFR2α: fibroblast growth factor receptor-2-alpha; VEGFR3: vascular 

endothelial growth factor receptor-3; ALK: anaplastic lymphoma kinase; CM: 

conditioned media. 
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Figure 61. Multiple receptor tyrosine kinase targets were activated 

(phosphorylated) in HOMECs treated with adipose tissue conditioned 

media. HOMECs were treated for 5 minutes with adipose tissue CM, lysed and 

lysate samples containing 200-300µg of total proteins were incubated overnight 

with nitrocellulose membranes pre-spotted with capture antibodies for various 

phosphorylated receptor tyrosine kinases. Following multiple washings, 

chemiluminescent reagents were applied prior to imaging the membranes. After 

subtracting the negative control, the abundance of each target was calculated 

as a percentage of the pixel density on the corresponding control membrane. 

Only receptor targets with average increase in pixel density and activation 

≥20% compared with control are shown, n=2. CM: conditioned media.  

 

 

It is interesting to note that similar targets were activated in HOMECs when 

treated with adipose tissue CM to those treated with CM from adipokine-

incubated ovarian cancer cells (section 4.3.1). Both FGFR2α and RYK showed 

increased activation (both showed 90% increase) compared with the control. Of 

all the tested receptor tyrosine kinases, ALK had the highest level of activation 

when HOMECs were treated with adipose tissue CM, with a 139% increase 

compared with the control. VEGFR3, but not VEGFR1 and VEGFR2, also 

showed increased activation (by 63%).  
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4.3.7 The effect of omental adipose tissue conditioned media on the 

activation of signalling kinases 

Similarly, to compare signalling kinase activation when HOMECs were treated 

with different CM types, the phospho-kinase array was utilised to assess 

HOMEC lysates treated with adipose tissue CM. Sample array images obtained 

from array membranes incubated with HOMEC lysate collected after treatment 

with adipose tissue CM for 5 minutes are shown in Figure 62, and the relative 

intensities of selected kinases compared with control are shown in Figure 63.  

The only kinase target which was clearly elevated upon treatment with adipose 

tissue CM was STAT3. Compared with control, STAT3 activation showed 161% 

increment, while the second highest activated target was Src (increase of 10%). 

 

 

Figure 62. Adipose tissue conditioned media induced phosphorylation of 
STAT3 in HOMECs. HOMECs were treated with basal media and adipose 
tissue CM for 5 minutes and then lysed. The lysates were incubated overnight 
with nitrocellulose membranes pre-spotted with capture antibodies for various 
phosphorylated kinases. Detection antibodies, streptavidin-HRP and 
chemiluminescent reagents were applied in between multiple washings, and the 
membranes imaged on the Azure 500 imager. Representative images are 
shown from n=2. Signal transducer and activator of transcription 3 (STAT3), a 
key activated kinase is labelled to show its position on the membrane. CM: 
conditioned media. 
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Figure 63. STAT3 activation was highest in HOMECs treated with adipose 
tissue conditioned media. HOMECs were treated for 5 minutes with adipose 
tissue CM, lysed and lysate samples containing 200-400µg of total proteins 
were incubated overnight on nitrocellulose membranes pre-spotted with capture 
antibodies for various phosphorylated kinases. Following multiple washings, 
chemiluminescent reagents were applied prior to imaging the membranes. After 
subtracting negative control, the abundance of each target was calculated as a 
percentage of the corresponding control membrane’s pixel density. Only 
receptor targets which showed increased pixel density compared to the control 
(100%) are shown, n=2. CM: conditioned media.  

 

 

4.3.8 Presence of VEGFR3 in HOMECs 

It was interesting to note that increased activation of VEGFR3 was observed 

when HOMECs were treated with CM from adipose tissue (Figure 61) and 

adipokine-treated A2780 cells (Figure 52C and Figure 52D). This finding was 

unexpected as VEGFR3 has been reported to be present in lymphatic ECs, as 

opposed to vascular ECs such as HOMECs. Lymphatic ECs are mainly 

involved in lymphangiogenesis and immune response, with a lesser role in 

angiogenesis.(369) To confirm if HOMECs expressed this receptor which could 

then be available to interact with secreted VEGF, immunocytochemistry was 

performed as described in section 2.9.  
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Aside from VEGFR3, the HOMECs were also stained for CD31 and vWF 

simultaneously to verify their endothelial morphology. Furthermore, expression 

of CD31 and vWF is erratic and not well defined in human and mice lymphatic 

ECs,(370, 371) and thus these markers could help confirm the vascular origin of 

the HOMECs. Prior to immunocytochemistry, the HOMECs were not treated 

with CM; thus, the VEGFR3, CD31 and vWF detected in these cells reflect the 

proteins present in normal growth conditions.  

The VEGFR3 antibody used binds to the extracellular domain of the receptor 

(372, 373) and thus, immunostaining was first performed without membrane 

permeabilisation in order to detect VEGFR3 on the HOMEC membrane surface. 

However, some studies have reported immunostaining of VEFGR3 in 

permeabilised human cells,(374, 375) hence immunocytochemistry was also 

performed on permeabilised HOMECs. 

From the fluorescent microscope images, it was observed that HOMECs 

expressed VEGFR3 on the HOMEC surface and also dispersed within the 

cytoplasm (Figure 64 and Figure 65 respectively).  

 

 

Figure 64. VEGFR3 detected extracellularly in HOMECs. HOMEC 

endothelial identity was confirmed by the expression of CD31. HOMECs were 

seeded at 10,000 cells/well in 8-well chamberslides and grown to confluence. 

Cells were fixed with 4% (v/v) paraformaldehyde at room temperature, and then 

incubated overnight with primary antibodies (anti-VEGFR3 (A), anti-CD31 (B) or 

PBS (C) for control); followed by incubation with fluorescent-conjugated 

secondary antibodies. Cell nuclei were stained blue with DAPI. After mounting 

with coverslips, slides were visualised at 10x magnification with EVOS Fluo. 

The negative control (C) shows background level of staining with no primary 

antibody. Similar results were obtained across two different HOMEC 

populations at different passage numbers. Scale bar 200µm. 
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Figure 65. VEGFR3 detected intracellularly in HOMECs. HOMEC endothelial 

identity was confirmed by the expression of vWF. HOMECs were seeded at 

10,000 cells/well in 8-well chamberslides and grown to confluence. Cells were 

fixed with 4% (v/v) paraformaldehyde at room temperature, and then 

permeabilised with methanol at -20°C. Cells were incubated overnight with 

primary antibodies (anti-VEGFR3 (A), anti-vWF (B) or PBS (C) for control); 

followed by incubation with fluorescent-conjugated secondary antibodies. Cell 

nuclei were stained blue with DAPI. After mounting with coverslips, slides were 

visualised at 10x magnification with EVOS Fluo. The negative control (C) shows 

background level of staining with no primary antibody. Similar results were 

obtained across two different HOMEC populations at different passage 

numbers. Scale bar 200µm. 

 

 

4.4 Discussion 

4.4.1 Identification of pro-proliferative pathways activated by factors 

secreted into conditioned media from adipokine-incubated ovarian cancer 

cells 

From the results of the phospho-RTK array, it could be seen that many of the 

activated receptors in HOMECs were common to treatment with CM from 

adipokine-incubated SKOV3 and A2780 cells. Identification of these activated 

receptors highlighted two possible further approaches, a) identifying the 

possible candidates within the CM which activates these receptors to eventually 

enhance HOMEC proliferation, or b) inhibiting these receptors to observe if 

HOMEC proliferation was affected. 

In the former approach, the possible candidates within the CM which induced 

HOMEC proliferation were narrowed down to VEGF, FGF-2 and TGF-β1. Co-

incidentally, these three factors were also detected in omental adipocyte and 
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adipose tissue CM (Figure 97 in the appendix). In the latter approach, 

focussing on receptor inhibition, VEGFR2, VEGFR3, ALK and FGFR2α were 

selected for further investigation based on their activation as assessed by the 

phospho-RTK array and their link to angiogenesis. The selected targets are 

discussed as follows. 

a) VEGF and VEGFR2 

From the phospho-RTK array, HOMEC treatment with leptin-treated ovarian 

cancer CM increased the activation of both VEGFR1 and VEGFR2, for which 

the common ligand for these receptors is VEGF. Both the VEGFR1 and 

VEGFR2 are commonly reported to be expressed in ECs; however, the latter is 

the predominant receptor for VEGF-mediated angiogenesis.(361) Additionally, 

leptin has been previously reported to increase VEGF secretion and VEGFR2 

expression in cancer cells, such as breast and gallbladder cancers.(362) Thus, 

the VEGF-VEGFR2 axis was a potential candidate for further investigation. 

b) VEGFR3 

The activation of VEGFR3 was observed when the HOMECs were treated with 

CM from A2780 pre-incubated with leptin and lipocalin-2, but not CM from 

SKOV3. This was interesting as VEGFR3 signalling is conventionally 

associated with the lymphatic vasculature, and has been reported to be 

involved in lymphatic EC proliferation and migration (lymphangiogenesis).(376) 

However, later studies showed that VEGFR3 is upregulated in the tumour 

vasculature and is expressed in angiogenic sprouts in mouse models.(364) 

Genetic deletion of the receptor or using blocking antibodies resulted in 

decreased sprouting, vascular density and branching as well as EC 

proliferation; this implied that alongside VEGFR2, VEGFR3 also has a role in 

angiogenesis.(364) 

The results presented suggest that there was a difference between factors 

released by A2780 and SKOV3 cells. For instance, A2780 cells appear to 

secrete factors which activate VEGFR3, with potential candidates being VEGF-

C and VEGF-D. These were not tested in the present study, as the ELISA 

(section 4.3.2) only tested for VEGF, which is also known as VEGF-A. 

Immunohistochemical studies on ovarian cancer samples have shown 

increased VEGF-C and VEGF-D expression, especially when lymph node or 
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peritoneal metastases were present.(363, 377) Correspondingly, ECs adjacent 

to the tumour showed increased VEGFR3 expression.(363) This led to the 

hypothesis that lymphatic and peritoneal spread were regulated by the tumour’s 

secretion of VEGF-C and VEGF-D which served to upregulate VEGFR3 in both 

lymphatic and vascular ECs.(363) In the present study, VEGFR3 was detected 

via immunocytochemistry in HOMECs which were not exposed to ovarian 

cancer CM prior (section 4.3.8). Since the HOMECs were only exposed to the 

CM for 5 minutes, it can be concluded that the A2780 CM contained a secreted 

factor that enhances VEGFR3 activation in HOMECs. 

The apparent non-activation of VEGFR3 by leptin- or lipocalin-2-treated SKOV3 

CM may be due to cancer phenotype (discussed in section 3.4.4b) Hence, 

future work could investigate whether SKOV3 or A2780 cells secrete VEGF-C 

and VEGF-D with or without adipokine pre-treatment.  

c) FGF-2 and FGFR2α 

FGFR2α is a docking protein downstream of receptor tyrosine kinases and it 

was activated by all cancer cell CM tested as assessed by the phospho-RTK 

arrays. An example of such receptors are the FGF receptors (FGFRs), where 

activation of the receptor leads to the phosphorylation of docking proteins.(366) 

Common subtypes of FGFRs are FGFR1, FGFR2, FGFR3 and FGFR4. FGFRs 

are also detected in ECs, with FGFR1 and FGFR2 being the most commonly 

reported (378) and their activation induces EC proliferation.(365) When HOMEC 

lysate was analysed using the phospho-RTK array, FGFR3 activation was also 

detected alongside FGFR1 and FGFR2 under various conditions (Table 9 and 

Table 10 in the appendix). Since FGFR1/2/3 showed increased activation in the 

array, they were further investigated using a pan-FGFR inhibitor which inhibits 

FGFR1/2/3.  

Eponymously, the ligands for the FGFRs are the FGFs. The FGF/FGFR 

signalling pathway is involved in homeostasis, immune defence, as well as 

tumour angiogenesis.(379) Mutational changes in the FGFRs are associated 

with various cancers; for example in some ovarian cancer subtypes, aberrant 

FGFR1 or upregulated FGFR2 genes have been implicated in 

carcinogenesis.(378-380) Additionally, FGF-2 is a pro-angiogenic mediator 

often overexpressed in various cancers which acts directly on ECs or by 
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stimulating VEGF expression.(381) The crosstalk between FGF-2 and VEGF is 

recognised; in an in vitro study using bovine microvascular and aortic ECs, 

FGF-2-induced angiogenesis was inhibited when VEGFR inhibitors were 

utilised.(382) Conversely, FGF-2 treatment of bovine corpus luteal ECs induced 

FGFR, VEGFR1 and VEGFR2 mRNA upregulation.(383) Thus, with the 

increased activation of FGFR2α detected in the phospho-RTK array and the 

known angiogenic effects of FGF-2 which may be linked to VEGF, the FGF-2 

ligand was a possible candidate involved in HOMEC proliferation and was 

investigated further.  

Moreover, from the array results, FGFR2α has the highest cumulative activation 

amongst all other targets tested in the array. Considering that FGFR2α docks 

downstream to FGFR, ALK and possibly other receptors (e.g. neurotrophin and 

ret receptors),(366) treatment with the different CM types may have ‘inflated’ the 

level of FGFR2α activation. In other words, FGFR2α appeared to have the 

highest activation cumulatively, but the individual receptors upstream of this 

docking protein may have been activated to different levels by the different 

factors contained within the tested CM.  

d) ALK 

Similar to increased VEGFR3 activation, the leptin- and lipocalin-2-treated 

A2780 CM induced ALK activation. ALK belongs to the insulin receptor tyrosine 

kinase superfamily and activation of the ALK gene is associated with 

carcinogenesis.(384) This receptor tyrosine kinase is detected in ovarian 

cancer;(367) a study on ovarian cancer samples from patients showed that ALK 

phosphorylation was the highest amongst all other receptor tyrosine 

kinases.(367) Many past studies reported a link between ALK activation within 

the tumour cells and cancer progression, for example in anaplastic large cell 

lymphoma where it was first identified, breast cancer, colorectal cancer, and 

most notably, non-small cell lung cancer wherein most ALK inhibitor therapies 

have been developed.(384) 

While activation of ALK leads to signalling pathways involved in cell 

proliferation, survival and differentiation, its activating ligand remains a 

mystery.(385) The growth factors midkine and pleiotrophin have been put 

forward as ligands for ALK.(386, 387) For instance, ALK mRNA upregulation 
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was associated with pleiotrophin-induced growth of HUVECs.(387) Also, 

midkine was shown to increase human cerebral microvascular EC (hCMEC) 

and HUVEC proliferation, which coincided with the activation (phosphorylation) 

of ALK; this finding was substantiated by the use of anti-midkine antibody which 

reduced levels of phosphorylated ALK.(386) Anti-pleiotrophin antibody, 

however, did not affect ALK phosphorylation.(386) Interestingly, other 

antibodies directed at the extracellular component of the ALK were able to 

activate signalling without the presence of ligands, thus questioning the actual 

identity of the receptor’s ligand.(388) 

A possible explanation for the increased ALK activation in HOMECs may be 

attributed to an activating ligand secreted from the adipokine-treated A2780. 

ALK activation was only detected when HOMECs were treated with A2780 CM, 

but not with SKOV3 CM. This observation again affirmed the difference 

between the two ovarian cancer subtypes. 

Despite its unknown ligand, the ALK receptor was further examined due to its 

association with tumour angiogenesis and its increased activation as detected 

in the phospho-RTK array. Furthermore, the docking protein FGFR2α is 

associated downstream of the ALK receptor,(366) which also showed increased 

activation within the same array. 

e) TGF-β1 

The phospho-RTK array detects the receptor tyrosine kinases commonly 

activated (phosphorylated) in human cells during normal growth and 

development. However, the present study seeks to examine tumour 

angiogenesis. TGF-β signalling contributes to tumour angiogenesis alongside 

other tumorigenic effects discussed below. Even though this target was not 

incorporated in the phospho-RTK array, TGF-β1 was included for further 

investigation. 

TGF-β1 is the most common isoform of the TGF-β family and is the 

predominant isoform in tumours.(389) The TGF-β signalling pathways are 

implicated in several types of cancer including ovarian cancer.(389, 390) 

Interestingly, TGF-β signalling is tumour-suppressive in normal cells and in 

early stages of cancer contributing to the maintenance of cell homeostasis and 

preventing uncontrollable growth, but this reverts to tumour-promoting in later 
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stages of cancer when the tumour has progressed.(391) For example, in normal 

ovarian epithelial cells TGF-β suppresses cell growth, but in 40% of ovarian 

cancers this inhibitory effect is lost and EMT is induced.(390)  

As discussed in sections 1.3.5 and 1.6.5, TGF-β promotes cancer cell 

proliferation, metastatic colony establishment and chemoresistance. 

Additionally, aberrant TGF-β signalling is associated with cancer cell survival 

through apoptosis resistance, secretion of pro-inflammatory mediators which 

drives tumour invasion, as well as inhibition of immune surveillance which 

allows tumour progression.(391) Expectedly with its tumour promoting role, 

TGF-β is linked to tumour angiogenesis; in vitro experiments showed increased 

expression of pro-angiogenic mediators such as VEGF and FGF-2 after 

treatment with TGF-β.(392-394)  

 

4.4.2 Identification and quantification of FGF-2, TGF-β1 and VEGF 

a) Absence of FGF-2 in ovarian cancer cell CM 

As assessed by ELISA, FGF-2 was undetectable in the CM from both the 

ovarian cancer cell types (SKOV3 and A2780) which were incubated with leptin 

or lipocalin-2. Notably, FGF-2 was also not detected by ELISA in the CM of 

ovarian cancer cells treated with basal media alone (control) indicating that 

these EOC did not secrete FGF-2 under resting or into CM from adipokine-

activated cells. This was unexpected since treatment of HOMECs with these 

same CM did activate FGFR1, FGFR3 and FGFR2α as assessed by the 

phospho-RTK array. 

These data were in contrast with findings from past studies, which reported the 

presence of FGF-2 and its mRNA in specimens of primary ovarian 

tumours,(259, 395, 396) and that endogenous FGF-2 and its mRNA were 

detected in SKOV3 cells in vitro and in vivo.(397) 

A possible explanation might be that the FGF-2 originated from the HOMECs 

themselves, rather than being secreted by the ovarian cancer cells. The CM of 

leptin- and lipocalin-2-incubated ovarian cancer cells may have induced FGF-2 

secretion from the HOMECs, which then activated the receptor associated with 

FGFR2α in an autocrine manner. This was supported by studies in HUVEC and 
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bovine aortic EC which showed that FGF-2 was endogenously present in 

ECs.(398, 399) 

Another possible explanation for the apparent lack of FGF-2 in the cancer cell 

CM may be due to the detection limit of the ELISA itself. The lowest 

concentration of the FGF-2 standard was 15.6 pg/mL in the present study. In a 

previous study using two human prostate cancer cell lines, FGF-2 was detected 

by ELISA in the growth media from the prostate cancer cells treated with leptin, 

but at very low levels, in the range of 5-10pg/mL in one cell line and <1pg/mL in 

the other.(400) Thus, it is possible that FGF-2 was secreted by the adipokine-

incubated ovarian cancer cell lines at levels below the detection limit of the 

ELISA.  

b) Lipocalin-2 induced TGF-β1 and VEGF secretion from ovarian cancer 

cells 

In contrast to FGF, the concentration of secreted VEGF and TGF-β1 was 

markedly increased compared to the control in the CM from both ovarian cancer 

cell types treated with lipocalin-2 (Figure 53). These data support a direct link 

between adipokines secreted from omental adipose tissue and the induction of 

secretion of pro-angiogenic factors from ovarian cancer cells for the first time.  

Past studies found that it is the expression of lipocalin-2, rather than exposure 

to exogenously sourced lipocalin-2, in cancer cells which is associated with 

TGF-β1 secretion. Lipocalin-2 is expressed in many types of cancers (e.g. 

breast, gastric and liver cancers) (348) and in ovarian tissue, its expression is 

significantly higher in cancer than in normal tissue.(348, 349) Depending on 

cancer type, the increase or decrease in lipocalin-2 expression is correlated to 

TGF-β1 secretion, and TGF-β1 is one of the mediators which drives the cancer 

EMT process.(349, 401-405) However, no studies have yet shown that treating 

ovarian cancer cells with lipocalin-2 from a non-cancer source induces the 

secretion of TGF-β1, and the data presented support the hypothesis that the 

microenvironment of the omentum provides a rich “soil” for EOC metastasis.  

Similarly, lipocalin-2 expression in cancer cells was associated with VEGF 

secretion. Immunohistochemical and serum studies in human colorectal cancer 

cases showed positive correlation between lipocalin-2 and VEGF 

expression.(345, 346) In breast cancer cell lines, lipocalin-2 upregulates VEGF 
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expression and its angiogenic effect was shown in the migration of HUVECs in 

vitro.(332) Within the female reproductive system, immunohistochemical studies 

showed positive correlation between lipocalin-2 and VEGF expression in 

endometrial cancer.(347) No previous studies showed that exposure of cancer 

cells to exogenous lipocalin-2 elicits VEGF secretion. 

It is possible that the proliferative effect seen in HOMECs, following treatment 

with CM from cancer cells incubated with lipocalin-2, may be solely due to the 

increased VEGF secretion as detected via ELISA. The concomitant increase in 

TGF-β1 secretion may have other roles, e.g. EMT, not tested in the present 

study. However, a immunohistochemical study on colorectal cancer specimens 

found that TGF-β1 was associated with increased VEGF expression and 

increased microvascular density.(406) Thus, in the present study, the increased 

secretion of TGF-β1 may have also led to the observed increased VEGF 

secretion to induce angiogenesis, manifested as increased HOMEC 

proliferation. 

c) Leptin induced TGF-β1 and VEGF secretion from ovarian cancer cells 

Similar to lipocalin-2, treating SKOV3 and A2780 cells with leptin yielded CM 

with markedly increased VEGF and TGF-β1 concentrations compared to the 

control (Figure 53). This observation was similar to an in vitro study performed 

in human prostate cancer cell lines, DU145 and PC3, which showed that 

exogenous leptin treatment induced VEGF and TGF-β1 secretion.(400) The 

authors also showed that the level of VEGF and TGF-β1 secreted depended on 

the concentration of leptin used, which ranged from 4 to 80ng/mL;(400) these 

concentrations were higher than that utilised in the present study on ovarian 

cancer cells.  

Leptin receptors were detected in breast, thyroid and pancreatic cancer cells 

and their activation was found to be responsible for tumour growth, reduction in 

apoptosis and induction of EMT.(407-409) Leptin receptors were also detected 

in primary ovarian tumour tissue, as well as in several ovarian cancer cell lines, 

including SKOV3 and A2780.(410) In this latter study, leptin treatment of 

SKOV3 cells resulted in increased migration and invasion; and induced the 

expression of genes related to EMT in another ovarian cancer cell line, 

HEY.(410) Furthermore, leptin treatment on lung and breast cancer cells 
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induces EMT concomitant with TGF-β upregulation.(409, 411) From these 

observations, the increased TGF-β1 levels detected via ELISA in the ovarian 

cancer CM post-leptin incubation may exert roles which are beyond the scope 

of this project. As mentioned in the previous subsection (section 4.4.2b) the 

enhanced proliferation detected in HOMECs treated with CM from leptin-

incubated ovarian cancer cells may be a direct result of VEGF action instead of 

TGF-β1. 

From past literature, treatment with leptin stimulates VEGF secretion from 

prostate cancer cells (400) and ECs (such as HUVECs and porcine aortic 

ECs).(412) Past studies mostly examined leptin expression within cancer cells, 

as opposed to exogenous leptin treatment of the cells, and its association with 

VEGF expression. Leptin expression is often higher in cancer tissues compared 

to normal tissues, and activation of its receptors on the cancer cells results in 

proliferation; which was observed in gastric and colorectal cancers.(413, 414) 

Additionally, immunohistochemical studies showed that increased leptin 

expression was associated with increased VEGF expression in samples of 

human gastric and colorectal cancers.(413-415) The present study, for the first 

time, showed that treating ovarian cancer cells with leptin induced significant 

levels of secreted VEGF. 

 

4.4.3 The effect of specific receptor inhibitors on HOMEC proliferation 

induced by conditioned media from cancer cells incubated with 

adipokines 

As shown in section 3.3.5c, HOMEC proliferation was induced by CM collected 

from both SKOV3 and A2780 cells pre-incubated with the adipokines leptin and 

lipocalin-2. It can be assumed that this enhanced proliferation is caused by 

factors secreted by the cancer cells and not by the residual adipokines within 

the CM, since the individual adipokines had no effect on HOMEC proliferation 

(section 3.3.5a). 

Since the RTK arrays highlighted certain receptors as possible mediators of the 

proliferative effect of the cancer cell CM, their involvement in HOMEC 

proliferation was tested using specific inhibitors. The effects of inhibition of each 
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receptor target on HOMEC proliferation induced by cancer cell CM are 

discussed in the subsections that follow. 

a) FGFR inhibition 

FGFR inhibition was examined as these receptors are associated with FGFR2α 

and this docking protein was strongly activated, as assessed by the phospho-

RTK array when HOMECs were treated with cancer cell CM (Figure 52). Even 

though FGF-2 was undetected via ELISA (section 4.3.2), it was possible that 

FGFR2α activation may be via a different FGF isoform or locally by HOMEC 

secreted FGF-2 at levels too low to be detected by ELISA as mentioned 

previously. Thus, AZD4547, which inhibits FGFR1/2/3, was utilised to examine 

the effect of this blockade. 

Inhibition of the FGFRs with AZD4547 did not significantly affect HOMEC 

proliferation induced by ovarian cancer cell CM. Additionally, since the inhibitor 

is a pan-FGFR inhibitor, the data suggest that alternative FGF isoforms that 

activate these receptors are not secreted into the CM. This supported the 

absence of secreted FGF-2 in the ovarian cancer CM. These findings are in 

contrast to other types of solid tumours which have been shown to secrete 

various FGF isoforms capable of activating FGFR1/2/3; e.g. hepatocellular and 

lung cancers secrete FGF-3, pancreatic cancer secretes FGF-5, while prostate 

cancer secretes FGF-1, -6, -7, -8 and -9.(381) 

It is also possible that FGFR activation, inferred from the increased FGFR2α 

activation, by factors within the tested CM was not associated with HOMEC 

proliferation. This was because the FGFR family of receptors regulates other 

cellular functions such as cell differentiation and survival,(381) which were not 

investigated in the present study. 

In past studies FGFR activation was shown to induce not only proliferation, but 

migration and invasion in mouse brain microvascular EC in vitro.(416, 417) 

Treating HDMECs with vaccarin, an active ingredient of a medicinal herb, 

enhanced their proliferation, migration and tube formation via FGF-2/FGFR1 

signalling.(418) In the present study, however, the combined data suggest that 

FGF-2 and FGFR signalling do not play a role in HOMEC proliferation in the in 

vitro model used here. 
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b) ALK inhibition 

ALK showed increased activation when HOMECs were treated with CM from 

adipokine-incubated A2870 cells as assessed by the phospho-RTK array. Since 

the docking protein FGFR2α is also associated with ALK,(366) alectinib was 

utilised to inhibit this receptor.  

Inhibition of ALK with alectinib did not also significantly affect HOMEC 

proliferation induced by ovarian cancer CM. It was initially expected that 

alectinib would reduce HOMEC proliferation induced by CM from leptin- and 

lipocalin-2-incubated A2780 CM since increased ALK activation was detected 

from the phospho-RTK array; but this was not the case. Thus, similar to the 

FGFRs, ALK activation by factors in the ovarian cancer CM was most likely not 

associated with HOMEC proliferation.  

Only a few studies have focussed on the role of ALK within ECs especially in 

the context of cancer. Immunohistochemically, tumours induced in mice injected 

with human neuroblastoma cell lines showed decreased vascular density, with 

concomitant reductions in VEGF and VEGFR2 expression when the ALK gene 

was silenced.(419) ALK activation in HUVECs and primary human brain ECs 

induced proliferation as assessed by tetrazolium dye staining (similar to WST8 

assay).(386) However, these findings from past studies may not be suitably 

extrapolated to the present observation due to heterogeneity in the ECs studied 

(macrovascular versus microvascular in HOMECs) and that they originate from 

a different tissue environment (non-ovarian or non-omental in origin). 

c) VEGFR3 inhibition 

VEGFR3 inhibition was examined since CM from adipokine-treated A2780 cells 

activated VEGFR3; notably, treatment with CM from leptin-treated A2780 cells 

activated the three VEGFR subtypes based on the results of the phospho-RTK 

array (Figure 52). Additionally, VEGFR3 may have roles in angiogenesis 

(discussed in section 4.4.1b). A VEGFR3 inhibitor, SAR131675, was utilised to 

examine HOMEC proliferation induced by cancer cell CM. 

HOMEC proliferation was unaffected by SAR131675 compared with control and 

DMSO control. At face value, this was not aligned to past studies reporting the 

pro-angiogenic role of VEGFR3 signalling. VEGFR3 inhibition, via genetic 

deletion of the receptor or via blocking antibodies, resulted in decreased vessel 
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density, vessel branching and EC proliferation in mouse studies.(364) 

Furthermore, VEGFR3 activation promoted angiogenesis even with VEGFR2 

inhibition in mice and in vitro human EC studies.(364, 420) However, in two 

other studies using mouse models, VEGFR3 inhibition suppressed the notch 

signalling in angiogenesis which resulted in the upregulation of VEGFR2.(376, 

421) When ECs were depleted of VEGFR3, they more sensitive to VEGF due to 

increased amounts of VEGFR2; this was observed as increased vascular 

permeability due to enhanced VEGFR2 activation.(376) This compensatory 

mechanism explains the observed hypervascularity and hypersprouting in ECs 

following genetic deletion of VEGFR3.(421) 

These data may also explain the observation here of increased HOMEC 

proliferation, although not statistically significant, induced by A2780 CM even 

with VEGFR3 inhibition. SAR131675 was applied overnight on the HOMECs 

which may have allowed the transcription and overexpression VEGFR2, and the 

enhanced VEGF levels in the CM (demonstrated by ELISA in section 4.3.2) 

interacted with the enhanced receptor levels to increase cell proliferation. As 

VEGFR3 is related to the sprouting process in angiogenesis, future work could 

utilise antibodies against CD34,(276) which are present in tip cells of angiogenic 

sprouts, to complement the proliferation assays.  

d) VEGFR2 inhibition 

A VEGFR2 inhibitor, semaxanib was tested because VEGFR2 is the main 

receptor for VEGF in terms of angiogenesis.(361) Both leptin- and lipocalin-2-

incubated ovarian cancer CM showed increased VEGF secretion as assessed 

by ELISA (section 4.3.2). Given that the canonical VEGF-VEGFR2 interaction 

initiates angiogenic signalling in ECs, the inclusion of semaxanib was relevant 

in investigating HOMEC proliferation. 

Treatment with semaxanib significantly reduced HOMEC proliferation induced 

by CM from adipokine-incubated SKOV3 cells when compared to their 

respective control and DMSO control (Figure 55D). The magnitude of HOMEC 

proliferation reduction with semaxanib treatment was similar between the 

control SKOV3 CM, leptin-incubated SKOV3 CM and lipocalin-2-incubated 

SKOV3 CM (reduction to 66%, 74%, 63% respectively, when compared to 

control 100%). This implied that even basal SKOV3 CM, i.e. without adipokine 
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pre-incubation, activates VEGFR2. Indeed, previous work in the lab 

demonstrated that SKOV3 cells secrete VEGF into their CM,(106) and the 

ELISA performed in section 4.3.2 showed that basal SKOV3 CM contained 

secreted VEGF. 

Taking into account these data and the earlier observation where treating 

HOMECs with basal SKOV3 CM showed no increased proliferation (Figure 29 

and Figure 30 in section 3.3.3b), it is possible that the basally-secreted VEGF 

in the CM maintains HOMEC proliferation but was insufficient to increase it to 

levels above the control. When the SKOV3 cells were incubated with leptin or 

lipocalin-2, higher levels of VEGF were secreted as assessed by ELISA (section 

4.3.2). HOMEC proliferation induced by this CM was significantly inhibited by 

semaxanib. Thus, it appears that the enhanced proliferation in HOMECs treated 

with CM from adipokine-incubated SKOV3 can be attributed to the secretion of 

VEGF into the CM. 

Similarly, when treated with CM from A2780 cells pre-incubated with 

adipokines, only treatment with semaxanib reduced HOMEC proliferation 

compared to control and DMSO control. Interestingly, only the CM from leptin-

incubated A2780 cells showed statistically significant reduction in HOMEC 

proliferation in the presence of semaxanib; proliferation induced by CM from 

lipocalin-2-incubated A2780 cells was also reduced but was not statistically 

significant (Figure 56D). These data inferred that the factors secreted into the 

CM may be different depending on whether the A2780 cells were pre-incubated 

with leptin or lipocalin-2. A possible explanation may be that leptin induces a 

higher level of VEGF secretion in A2780 cells compared to lipocalin-2 (although 

this was not statistically different), thus VEGFR2 inhibition may be more 

prominent when HOMECs were co-treated with semaxanib and CM from leptin-

incubated A2780 cells.  

Indeed, the role of leptin in angiogenesis is well known. Depending on the 

cancer type, leptin functions as an angiogenic factor through multiple signalling 

pathways and by inducing expression of related molecules such as MMPs.(362) 

Collectively, leptin is associated with increased VEGF expression and VEGFR2 

expression as well as VEGFR2 activation.(362) The close association between 

leptin and VEGF/VEGFR2 from past studies supports the observation that 

VEGFR2 inhibition with semaxanib decreased HOMEC proliferation to a greater 
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extent when treated with CM from leptin-, but not with CM from lipocalin-2-

treated A2780 cells. 

 

4.4.4 Intracellular pathways involved in HOMEC proliferation 

The phospho-kinase array revealed the activation of different signalling targets 

by distinct types of CM (Figure 59). With a cut-off value of 10% increase in 

activation compared with the control, the common signalling kinase activated by 

both leptin- and lipocalin-2-treated SKOV3 CM were EGFR, ERK1/2, HSP27 

and PDGFRβ. Similarly, HOMEC treatment with CM from lipocalin-2-treated 

A2780 cells induced activation of EGFR, ERK1/2 and HSP27. Interestingly, 

treatment with CM from leptin-treated A2780 cells increased activation of 

targets different to the other CM types, with STAT6 showing the greatest 

activation. This again highlights the heterogenous responses of the two cancer 

cell types.  

The individual kinase targets are discussed and a possible signalling pathway 

leading to HOMEC proliferation is proposed, as follows.  

a) STAT6 

The increased activation of STAT6 in HOMECs treated with CM from A2780 

cells incubated with leptin was unexpected. This was because in past studies 

STAT6 was often investigated in cancer cells or in macrophages;(422-424) 

although STAT6 has been reported to be present in ECs with roles other than 

proliferation.(425, 426) For example, in HUVECS STAT6 signalling was 

implicated in the upregulation of surface molecules involved in inflammatory 

responses.(425) In HMECs, the expression of STAT6 was associated with the 

expression of a transcription factor which transforms the vascular EC phenotype 

to the lymphatic phenotype.(425) 

Angiogenesis-related roles of STAT6 were reported in studies on macrophages. 

The combination of the STAT3 and STAT6 signalling pathways in macrophages 

mediated tumour progression.(424) This was achieved via the secretion of 

cathepsins, proteases which degrade ECM and basement membranes to allow 

tumour invasion, and also angiogenic sprouting.(424) The polarisation of 

macrophages to the M2 phenotype, achieved via STAT6 signalling, is also 



227 
 

involved in stimulating angiogenesis in the context of atherosclerosis.(427) 

Thus, the robust activation of STAT6 observed is interesting, but the available 

evidence suggests that it may not be involved in HOMEC proliferation. Future 

studies could examine if indeed STAT6 in involved in HOMEC proliferation with 

the use of a STAT6 inhibitor.  

b) EGFR and HSP27 

EGFR and HSP27 activation were commonly induced by CM from lipocalin-2-

incubated A2780 CM and both types of SKOV3 CM. The observed increased 

EGFR activation within the HOMEC lysate was not supported by past studies as 

most reported EGFR activation within cancer cells and its role in tumorigenesis, 

rather than in ECs.(428) One study reported that EGFRs were more commonly 

expressed in tumour-associated ECs as opposed to normal ECs.(429) 

However, the HOMECs in this thesis were only treated with the cancer cell CM 

for 5 minutes and induction of EGFR expression with this short duration of CM 

exposure is unlikely to convert normal EC to tumour-associated EC. 

Furthermore, the HOMECs were isolated from non-diseased omental tissue, 

with large vessels and fibrotic segments dissected away as a first step, thus 

decreasing the possibility of the isolated HOMECs being ‘tumour-associated.’ 

The most possible explanation for activation of EGFR in HOMECs is EC 

heterogeneity. Representative EC types showed the absence of EGFR, for 

example in HMECs (which were derived from skin), HUVECs (derived from the 

macrovasculature), as well as, mice skin and adipose ECs.(429) EGFR may be 

present in HOMECs specifically but not in other EC types, thus future work may 

seek to confirm its presence in HOMECs e.g. via immunocytochemistry or 

ELISA. 

The increased activation of HSP27 in HOMECs was also in contrast with past 

studies as HSP27 phosphorylation and activation were reported to be induced 

by angiogenic inhibitors.(430, 431) In a study using HUVECs and HDMECs, 

HSP27 phosphorylation was associated with an increase in actin cytoskeletal 

fibres which were theorised to inhibit cell motility.(430) Thus, angiogenesis 

inhibition was potentially achieved though HSP27 activation and subsequent 

decrease in cell migration.(430) In another study, treatment with the angiogenic 

inhibitor thiolutin inhibited HUVEC proliferation in vitro and at the same time 



228 
 

induced HSP27 phosphorylation.(431) Of note, the phosphorylated sites, S78 

and S82,(431) match those detected in the phospho-RTK array utilised in the 

present study. 

Interestingly, extracellular HSP27 has been detected in the tumour 

microenvironment, for instance in breast and hepatocellular cancers, where it is 

thought to be secreted from the tumour cells.(432) Experiments using 

exogenous recombinant human HSP27 induced the migration of HDMECs, 

which the authors attributed to increased VEGF and VEGFR2 expression.(432)  

From data of these past studies, activation of intracellular HSP27 appeared to 

be anti-angiogenic, while activation of extracellular HSP27 was pro-angiogenic. 

In the present study, the increased HSP27 activation was detected from 

HOMEC lysates, and thus it can be assumed to be intracellular in origin. Due to 

heterogeneity in ECs based on location and vascular type, it was possible that 

HSP27 activation may be pro-angiogenic in the HOMEC population, or that its 

activation is unrelated to cell proliferation. 

c) ERK1/2 and PDGFRβ 

Similar to EGFR and HSP27, enhanced activation of ERK1/2 and PDGFRβ 

were commonly induced by CM from lipocalin-2-incubated A2780 CM and both 

types of SKOV3 CM. The enhanced ERK1/2 activation was in concordance with 

past studies showing the pro-angiogenic role of ERK. In HUVECs, for example, 

treatment with VEGF induced the phosphorylation of ERK1/2 and enhanced cell 

proliferation as assessed with BrdU assay.(359) Aortic and lung ECs extracted 

from mice with deleted ERK1/2 genes showed defective angiogenesis, 

characterised by decreased proliferation as assessed by BrdU incorporation 

and decreased migration as assessed by scratch wound assay.(433) In vitro, an 

ERK inhibitor decreased the proliferation, migration and tube formation of foetal 

human pulmonary artery ECs.(430) Thus, the ERK1/2 kinase is a potential 

candidate involved in HOMEC proliferation.  

The PDGFR family consists of two main receptor types, PDGFRα and 

PDGFRβ, and many different isoforms of PDGF as activating ligands.(434) 

PDGFR activation upregulates VEGF which is largely responsible for the events 

in angiogenesis including angiogenic sprouting, as well as the recruitment of 

perivascular cells, e.g. pericytes, for vasculature formation and 
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stabilisation.(435, 436) Indeed, the phosphorylation of PDGFRβ has been 

postulated to activate downstream ERK1/2 signalling leading to increased 

VEGF expression.(435) 

VEGF stimulates PDGF-B secretion from ECs, which has high affinity for 

PDGFRβ; the PDGF-B/PDGFRβ signalling is involved in perivascular cell 

recruitment.(437) In bovine aorta EC, PDGFRβ was exclusively detected in 

angiogenic sprouts and in EC tube formation; conversely, treatment with anti-

PDGF-B antibodies reduced this tube formation.(438)  

d) Possible signalling pathways for HOMEC proliferation induced by 

conditioned media from cancer cells 

From the data, VEGF/VEGFR2 signalling appeared to be the driver for HOMEC 

proliferation when treated with CM from ovarian cancer cells pre-incubated with 

leptin or lipocalin-2. This is inferred from enhanced VEGF secretion in the 

cancer cell CM (confirmed via ELISA) which may have contributed to HOMEC 

proliferation in a paracrine manner; subsequently, reduced HOMEC proliferation 

was observed when co-treated with ovarian cancer cell CM and the VEGFR2 

inhibitor, semaxanib. This VEGFR2 activation may have led to the increased 

ERK1/2 activation, seen in the phospho-kinase array, which ultimately induced 

cell proliferation.  

Activation of the VEGF/VEGFR2 axis may have been enhanced by PDGFRβ 

signalling. A possible activating ligand for PDGFRβ, PDGF-B, may have 

originated from the cancer cells, or from the HOMECs themselves since VEGF 

have been shown to stimulate PDGF-B secretion from ECs.(437) As discussed 

earlier, PDGFRβ activation can lead to downstream ERK1/2 signalling (435) 

and induce HOMEC proliferation in synergy with the VEGF/VEGFR2 axis. 

A schematic of the possible proliferative pathway within the HOMECs is 

depicted in Figure 66. Future work could investigate this potential synergy 

between VEGFR2 and PDGFRβ activation, by examining the effect of PDGFR 

blockade on HOMEC proliferation and elucidating the factors secreted in cancer 

cell CM which could activate PDGFRβ. 
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Figure 66. Schematic of the potential proliferative signalling pathway in 

HOMECs when treated with conditioned media from ovarian cancer cells. 

Leptin- or lipocalin-2-incubated cancer cells secrete VEGF which activates 

VEGFR2 (A) leading to downstream ERK1/2 activation and cell proliferation. 

PDGF-B may be secreted by cancer cells (B) or by ECs upon VEGFR2 

activation (C), which activates PDGFRβ to induce cell proliferation. Activation of 

the docking protein, FGFR2α, is not involved in cell proliferation; FGFR2α 

activation may be a result of upstream receptor activation (possibly ALK 

receptor) by an, as yet, unidentified ligand secreted by cancer cells. Solid 

arrows indicate data from the present study; dashed arrows indicate data from 

past studies. Diagram created with BioRender.com. 

 

 

4.4.5 The effect of omental adipose tissue conditioned media on the 

activation of receptor tyrosine kinases and signalling kinases 

a) Activation of receptor tyrosine kinases 

Similar to treatment with CM from adipokine-incubated cancer cells, treating 

HOMECs with adipose tissue CM induced the activation of multiple receptor 

tyrosine kinases as assessed by the phospho-RTK array; the highest activation 

being the ALK receptor. The ligand for this receptor is yet unknown (discussed 

in section 4.4.1d), and it may be possible that the receptor activation was 
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induced by an unknown factor secreted from omental adipocytes into the 

adipose tissue CM. Adipokines from adipose tissue could potentially contribute 

to tumour progression, as discussed in section 1.5. The various adipokines 

secreted by the omental adipose tissue are shown in Figure 97 in the appendix, 

with the identification of these adipokines limited by what was pre-set on the 

array; but one or more of them may be responsible for this ALK activation in the 

HOMECs. 

Treatment of HOMECs with adipose tissue CM also showed increased 

VEGFR3 activation in the phospho-RTK array. Similar to primary ovarian cancer 

cells, the omental adipocytes are in close proximity to the lymphatic network as 

peritoneal fluid drains through the lymphatic vessels of the omentum.(158) 

Thus, there is a possibility that adipocytes secrete factors which are involved in 

lymphatic maintenance. The adipokine array utilised (section 3.2.5) contained 

antibodies for the detection of VEGF (i.e. VEGF-A), but not for VEGF-C or 

VEGF-D, hence this is a potential investigation area for future studies. Indeed, 

one study showed upregulated VEGF-C and VEGF-D expression in adipocytes 

of mice subjected to a high fat diet,(439) which aligned with observations in 

obese individuals where serum VEGF-C was increased, and both VEGF-C and 

VEGF-D levels correlated with percentage of body fat.(440) Hence, a link 

between VEGFR3 activation and adipose tissue CM may be an activating ligand 

secreted from adipocytes, most possibly VEGF-C and/or VEGF-D.  

Notably, no increased activation of VEGFR1 and VEGFR2 were detected when 

the HOMECs were treated with adipose tissue CM (Table 11 in the appendix). 

This observation implied that HOMEC proliferation induced by factors secreted 

from adipose tissue may not VEGF-mediated; in contrast with the findings when 

HOMECs were treated with CM from adipokine-incubated cancer cells. 
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b) Activation of signalling kinases 

From the results of the phospho-kinase array, when adipose tissue CM were 

applied onto HOMECs, STAT3 activation was increased drastically, at least 

twice the magnitude of the second highest activated kinase target. This 

contrasted with treatment with the cancer cell CM where high levels of STAT3 

activation were not observed. This observation infers that different signalling 

pathways leading to HOMEC proliferation were induced by the different CM 

treatments. These data highlight the complexity of pro-angiogenic signalling in 

the omental tumour microenvironment.  

STAT3 activation in HOMECs when treated with adipose tissue CM agreed with 

past studies in both macro- and microvascular ECs, where STAT3 signalling 

was associated with angiogenesis; specifically, in EC proliferation and 

migration.(441-443) STAT3 signalling is known to be downstream of the 

activation of FGFR and VEGFR by their pro-angiogenic ligands, FGF-2 and 

VEGF.(441-443) Both of these adipokines were detected in adipose tissue CM 

(Figure 97 in the appendix) and could be responsible for the STAT3 activation 

observed. 

However, the receptor for VEGF, VEGFR2, did not show increased activation in 

the phospho-RTK array when the HOMECs were treated with adipose tissue 

CM (Table 11 in the appendix). This suggested that the observed STAT3 

activation may not be linked to VEGF/VEGFR2 signalling. 

 

c) Possible signalling pathways for HOMEC proliferation induced by 

adipose tissue conditioned media 

Considering the results of both the phospho-RTK and phospho-kinase arrays, it 

is possible that the activation of receptors such as ALK or FGFRs may be 

responsible for HOMEC proliferation when treated with adipose tissue CM. The 

increased FGFR2α activation may be related to its docking to the FGFRs or to 

the ALK receptor, which in turn leads to STAT3 activation and subsequent cell 

proliferation. The various secreted adipokines in the omental adipose tissue 

may be responsible for the receptor activation. A schematic of this possible 

signalling pathway is depicted in Figure 67.  
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Figure 67. Schematic of the potential proliferative signalling pathway in 

HOMECs when treated with omental adipose tissue conditioned media. 

Adipokines secreted into the conditioned media may activate receptors such as 

FGFRs or ALK, leading to the docking and activation of FGFR2α. This in turn 

activates STAT3 signalling which leads to cell proliferation. Diagram created 

with BioRender.com. 

 

 

Some studies reported an association between ERK1/2 and STAT3 activation in 

ECs. For example, in a mouse microvascular EC line, ERK1/2 and STAT3 

signalling was found to be involved in EC migration as assessed by a scratch 

wound healing assay.(444) Another study in mouse brain EC reported that 

ERK1/2 activation subsequently led to STAT3 activation, and that this signalling 

pathway was involved in angiogenesis as assessed by a tube formation assay 

in vitro.(445) Thus, it is possible then that tumour angiogenesis in the omental 

environment may be a combined effect of both ERK1/2 activation (as a result of 

cancer-secreted factors) and STAT3 activation (due to the omental adipokines).  
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4.4.6 Limitations of the antibody arrays 

The results of both the phospho-kinase and phospho-RTK arrays should be 

interpreted with caution. The kinase targets EGFR and PDGFRβ were featured 

on both arrays, but they appeared more prominent in the phospho-kinase array. 

This discrepancy may be due to the method of measurement. During the 

chemiluminescent image development of the array membranes, the length of 

exposure time was dependent on the strongest spots (larger magnitude of 

activation); the image was generated before the fainter spots could develop 

above the background (negative control) levels. Subsequently, when measuring 

pixel density of each spot, the density of the background and the fainter spots 

were not as contrasting as the stronger spots.  

It was also not possible to combine the results of both the phospho-RTK and 

phospho-kinase arrays due to their different processing methods, i.e. difference 

in sample loading concentrations, antibody solutions provided within the 

commercial kit and image development processing times.  

Thus, the arrays were considered as a screening tool to rapidly detect key 

activation targets. To quantify the difference in the degree of target 

phosphorylation or activation, more specific methods are required, e.g. ELISA 

for the specific targets.  

 

4.4.7 VEGFR3 in HOMECs 

Based on immunocytochemistry, VEGFR3 was detected on the surface of 

HOMECs and also within the cytoplasm. The reason for VEGFR3 detection in 

both extracellular and intracellular locations is unknown. Thus, future work may 

investigate the localisation of this receptor when treated with adipokine-

incubated ovarian cancer CM.  

Another distant possibility which cannot be excluded in the detection of 

VEGFR3 may be the identity of the isolated HOMECs. Considering that 

lymphatic vessels are also present near the omentum,(158) the VEGFR3 data 

raise the possibility that the ECs isolated were of lymphatic origin rather than 
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vascular. However, this possibility is unlikely since the isolated cells clearly 

express vWF, which is not expressed in lymphatic ECs.(371) 

Future HOMEC isolation work may incorporate additional immunostaining 

markers. Examples include D2-40, podoplanin or integrin α1 to detect lymphatic 

ECs.(370, 426) If required, lymphatic ECs could be immunoselected, similar to 

HOMECs, using magnetic beads bound to antibodies against podoplanin.(426) 

 

 

4.5 Chapter summary and conclusion 

As previously discussed, EC proliferation is critical to angiogenesis and in 

tumour growth and metastasis. The “switching” of the host ECs from a 

proliferatively quiescent to an active state is considered a key step in new 

tumour blood vessel formation. It was shown in this chapter that during the 

metastasis of EOC, these pro-proliferative signals could be factors directly 

secreted from the omental adipose tissue or indirectly from the cancer cells in 

response to factors secreted from the adipose tissue, specifically leptin and 

lipocalin-2. There is currently limited understanding of the mechanisms 

underlying angiogenic activation of omental ECs during EOC metastasis and to 

investigate this further, this chapter describes a series of experiments designed 

to better understand which factors released from the cancer cells could be 

responsible for the observed enhanced proliferation. 

Antibody arrays were utilised to examine which HOMEC receptors and 

intracellular kinase targets were activated (phosphorylated) by treatment with 

CM from adipokine-incubated A2780 and SKOV3 cells, as well as CM from 

adipose tissue. These data were interrogated to identify potential signalling 

mediators released from the EOC cells, and their role in inducing proliferation in 

HOMECs was investigated further by ELISA and receptor inhibitor studies.  

VEGF and TGF-β1 were found to be secreted at high levels into all of the 

cancer cell CM i.e. from A2780 and SKOV3 cells incubated with leptin or 

lipocalin-2. However, only the VEGFR2 inhibitor significantly reduced 

proliferation induced by these CM, strongly suggesting a role for VEGF in the 

observed EC responses. This was particularly true for CM from SKOV3 cells, 
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again highlighting the difference between A2780 and SKOV3 cells in terms of 

their secretion of angiogenic factors. 

VEGFR3, a receptor mostly expressed in the lymphatic vasculature, was shown 

to be expressed in HOMECs. Increased VEGFR3 activation in HOMECs were 

detected when the cells were treated with CM from A2780, but not with CM from 

SKOV3, further highlighting the difference between the cancer cell subtypes. 

HOMEC proliferation induced by the cancer cell CM is most likely via ERK1/2 

activation which is downstream of VEGF/VEGFR2 signalling and is possibly 

potentiated by PDGFRβ activation. A non-VEGF pathway involving the 

activation of STAT3 was put forward when HOMECs were treated with omental 

adipose tissue CM. These data highlight the complexity of the signals acting on 

host omental ECs during EOC metastasis. 

Clearly, proangiogenic signals can derive from the adipocytes themselves and 

by their interaction with the invading tumour cells. It may be that the baseline 

secretome of the adipose tissue contributes to normal vascular homeostasis 

when ECs are in their normal quiescent state, but once they are “triggered” to 

become proliferative e.g. in in vitro cell culture, secreted factors instead induce 

proliferation. In the in vivo environment this “triggering” could be achieved by 

factors secreted from the tumour cells in response to adipokines released from 

the adipocytes. Thus, in the omental tumour microenvironment there are 

multiple pro-angiogenic inputs capable of initiating angiogenesis providing a 

receptive “soil” for new tumour growth.  

In the management of EOC, new therapies are sorely needed as current 

treatments are inadequate or outdated (discussed in section 1.2.5). Therefore, 

understanding the interaction between the different players within the tumour 

microenvironment and their intracellular signalling processes serves to identify 

potential therapeutic targets. 
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Chapter 5. Human omental mesothelial cell isolation protocol 

development 

 

5.1 Introduction 

Mesothelial cells line the inner cavities of the human body (e.g. the pleural, 

pericardial and peritoneal cavities).(235) Within the peritoneal cavity, 

mesothelial cells also line the outer surface of the omentum and are the first 

point of contact for metastatic ovarian cancer cells, as discussed in section 

1.6.5. In investigating the interaction between ovarian cancer cells and 

mesothelial cells, utilising tissue-specific mesothelial cells may better represent 

in vivo conditions; hence, a reliable protocol for isolating these cells is required.  

However, there are drawbacks in utilising primary cells for experiments. One of 

which is their limited proliferative capacity. This concept is described as the 

Hayflick limit, in which the number of times the cells undergo division is pre-

determined by intracellular mechanisms.(446, 447) When the cells have 

exhausted their dividing capabilities, the cell cycle then becomes irreversibly 

arrested and they enter into a senescent phase.(446) Hence, primary cells are 

viable for experiments mostly at early passages.  

Another drawback related to primary cell culture is contamination with 

fibroblasts, which are cells involved in ECM generation and maintenance.(448) 

During primary cell isolation, fibroblasts may be inadvertently ‘harvested’ as 

they are present within the connective tissue. When present in cultures even at 

low levels, fibroblasts proliferate faster than isolated primary cells and have the 

tendency to outgrow them.(449, 450) Therefore, addressing fibroblast 

contamination may increase the probability of obtaining successful primary cell 

cultures.  

When isolating HOMECs from the omental tissue samples (detailed in section 

2.4), most of the digested tissue is discarded in the enzyme solution. This 

discarded solution contains a mixture of omental components, such as 

mesothelial cells, adipocytes, ECM and connective tissue. In investigating 

ovarian cancer metastasis, this enzyme solution presents a rich source of 

mesothelial cells which could be extracted for experimental use.  
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Thus, the aims of this chapter are to develop a reliable method to isolate 

mesothelial cells from the human omentum (section 5.3) and to optimise their 

growth in in vitro culture (section 5.4).  

 

5.2 Methods 

5.2.1 Mesothelial cell isolation protocol 

Mesothelial cells were isolated from omental tissue according to the method 

described in section 2.5. The development of this method is detailed in section 

5.3. 

5.2.2 Immunocytochemistry 

Mesothelial cells were seeded at 30,000 cells in a glass-bottomed culture dish 

and grown to confluence before immunocytochemistry was performed 

(described in section 2.9). The selection of suitable primary antibodies is 

detailed as follows.  

Mesothelial cells contain cytoskeletal components such as cytokeratin-18 and 

vimentin.(451-453) Vimentin is generally accepted as a marker for 

fibroblasts,(454-456) a frequent contaminant in cell isolation procedures; and 

thus, could be used to differentiate between the two cell types.  

It was also possible that the cell populations could be contaminated with ECs. 

Indeed the mesothelial cobblestone appearance is also characteristic of 

ECs.(451) Therefore, the cell populations were also examined for the 

endothelial markers CD31 and von Willebrand factor (vWF).(278) CD31 is 

ubiquitous in ECs but should not be observed in the isolated mesothelial cells or 

in fibroblasts.(457) vWF, an intracellular protein, is characteristic of ECs (278) 

and is absent in fibroblasts.(458) However, there is some disagreement whether 

vWF is present in mesothelial cells.(451, 453, 459) Table 7 summarises the 

cellular markers which are present or absent in the three cell types – 

mesothelial cells, ECs and fibroblasts. 
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Table 7. Cellular markers present or absent in mesothelial cells, 

endothelial cells and fibroblasts. The four markers – cytokeratin-18, vimentin, 

CD31 and von Willebrand factor – were utilised in immunocytochemistry to 

differentiate between the cell phenotypes. Table partially adapted from Lachaud 

et al (2015).(282) 

 Cellular markers 

Cytokeratin-18 Vimentin CD31 von Willebrand 
factor 

Mesothelial cells 

(451-453, 459) 

Present Present Absent Present/ Absent 

Endothelial cells 

(278, 451, 452) 

Absent Present Present Present 

Fibroblasts   

(454-458) 

Absent Present Absent Absent 

 

 

The purity of the isolated mesothelial cells was assessed based on co-staining 

with cytokeratin-18 and vimentin. The mesothelial cell majority appear 

red/yellow due to the presence of both cytokeratin-18 and vimentin, but areas of 

green-stained vimentin indicated contamination with fibroblasts. In order to 

assess the purity of the culture, ImageJ was used to interrogate the images 

taken at 10x magnification. Both the green-coloured regions and the total area 

encompassed by all cells were selected using the thresholding method on 

ImageJ (Image > Adjust > Color Threshold > Hue). The area of these selected 

regions was then measured and compared. 

 

5.2.3 Fibroblast depletion using magnetic bead technology 

The principle of this procedure is based on the premise that magnetic beads 

(MicroBeads® by Miltenyi Biotec), affixed to a fibroblast-specific antibody 

(unknown identity due to proprietary information), bind specifically to fibroblasts 

in a mixed cell suspension. When the bead/cell suspension is then flowed 

through a magnetised column (LS column), the beads with fibroblasts attached 
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are retained and the non-attached cells that flow through the column should 

then be depleted of fibroblasts. 

For mesothelial purification a mixed cell population was collected after isolation 

or by trypsinisation as indicated, centrifuged at 200g for 5 minutes at room 

temperature and then depleted of fibroblasts using commercially supplied 

devices. The cell pellet was resuspended in 1mL of anti-fibroblast microbead 

buffer (composition as described in section 2.3.3), transferred to a 2mL tube, 

and microcentrifuged at 1300 rpm for 10 minutes. The buffer was aspirated and 

80µLof fresh buffer was added, together with 20µL of the anti-fibroblast beads 

(20µL for up to 10 million cells, according to manufacturer’s recommendation). 

The mixture was pipetted gently to ensure even mixing before being placed on 

a roller mixer at room temperature for 30 minutes. 

As a washing step, 1mL of fresh anti-fibroblast microbead buffer was added and 

the tube microcentrifuged at 1300 rpm for 10 minutes. All buffer was aspirated 

and fresh 500µL buffer was added to resuspend the cell pellet. The LS column 

was pre-washed with this same buffer before use. The washed LS column was 

affixed to the MidiMACS™ Separator, which functions as the magnetic field 

source; and the MidiMACS™ Separator was affixed upright onto the MACS 

Multistand as shown in Figure 68.  

 

Figure 68. A photograph depicting the magnetic separation of fibroblasts 
using an LS column attached to a magnetic separator. The mixed cell 
population combined with magnetic anti-fibroblast beads was passed through the 
column under the influence of gravity. This was followed by three buffer washes, 
and all the eluate was collected. In this protocol, the cells attached to the beads 
(purportedly fibroblasts) remained in the column, while the non-attached cells were 
rinsed out as the eluate. 
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For the separation step, the suspension was pipetted into the LS column 

followed by three 3mL buffer washes, and all eluate collected. In principle, this 

eluate should only contain cells without magnetised beads attached, i.e. the 

mesothelial cells. The LS column was removed from the magnetic field and 

further rinsed with buffer. This eluate should only contain the beaded 

fibroblasts. The separate eluates were both centrifuged at 200g for 5 minutes at 

room temperature and both of the final cell pellets were cultured in lab 

cultureware coated with collagen IV and in mesothelial cell complete growth 

medium. 

 

5.2.4 Assessment of mesothelial cell proliferation on different coating 

substrates 

Mesothelial cells were seeded at 5,000 cells per well in 96-well plates in 

complete growth media. The plates were pre-coated with four different coating 

substrates – collagen I 3.33µg/mL, collagen IV 5µg/mL, gelatin 2% (v/v) and 

gelatin 0.2% (v/v); with at least 10 replicates per coating type. After 24 hours, 

the BrdU reagent was added to each well (20 µL per well), except wells which 

were designated as background wells. After 18 hours of incubation at 37°C/5% 

CO2, the plates were fixed and subsequently processed as described in section 

2.11. 

 

5.2.5 Assessment of mesothelial cell doubling time 

Mesothelial cells were seeded at 20,000 cells per well (equivalent to 10,000 

cells/cm2) in 500µL complete growth media, in collagen IV-coated 24-well 

plates. After 2 to 3 days in culture, cells were trypsinised (150µL/well), 

neutralised with 600µL/well growth media, and transferred to 1.5mL tubes for 

microcentrifugation at 1500 rpm for 5 minutes. The media was carefully 

removed from the pellet using a 10µL pipette tip affixed to the aspirator. Before 

counting with an automated haemocytometer, the cell pellet was resuspended 

in 100µL growth media and mixed thoroughly. These procedures were 

performed in quadruplicate, and at the same time daily to ensure 24-hour 
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interval between the recorded cell population numbers. The remaining cells in 

culture were changed with fresh growth media every 2 to 3 days.  

With the calculated cell numbers recorded, the steepest growth indicates the log 

phase. The difference in cell numbers during this interval was used to calculate 

the population doubling time according to the formula derived from Greenwood 

et al (2002) (460): 

Population doubling time =  
𝑡 ∙ log10 2

(log10 𝑁2 − log10 𝑁1)
 

   where     t = elapsed time in hours (t2 – t1) i.e. 24 hours 

       N = calculated cell number 

 

5.2.6 Determination of the optimum FBS concentration required for 

omental mesothelial cell growth  

Mesothelial cells were seeded at 10,000 cells per well in 96-well plates, initially 

in DMEM 10% (v/v) FBS. After 24 hours, all media were aspirated and replaced 

with DMEM with different FBS concentrations (5%, 10% and 20% (v/v)), with six 

replicates per condition. The plates were incubated at 37°C/5% CO2 for another 

24 hours. BrdU reagent were added to each well, except for designated 

background wells, and incubated for 20 hours. The plates were fixed and 

subsequently processed as described in section 2.11. 

 

5.2.7 Determination of the optimum seeding density for omental 

mesothelial cell growth 

Mesothelial cells were seeded in DMEM 10% (v/v) FBS, at various densities in 

24-well plates, with three replicates per condition. Each collagen IV-coated well 

had a growth area of 2 cm2; cells were counted with a haemocytometer and 

seeded at 5000 to 40,000 per well (2500 to 20,000 cells/cm2). Wells were 

imaged with a phase contrast microscope at the same time daily to observe 

when they reached confluence. In a separate experiment, the same design was 

employed but with the growth media replaced with DMEM 20% (v/v) FBS. 
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5.3 Development of a protocol to isolate mesothelial cells 

5.3.1 Non-enzymatic method of mesothelial cell isolation 

Initially a non-enzymatic methodology was investigated; based on a protocol 

adapted from Hewett and Murray (1994).(461) This method was based on the 

premise that mesothelial cells form an external layer on the surface of the 

omentum, thus they would eventually dissociate from the surface of the omental 

tissue without any enzymatic digestion. 

Method 

Omental tissue, obtained as described in section 2.4, was minced into 1cm3 

pieces with a scalpel and washed once in cold PBS. The pieces were then 

placed into a 50mL centrifuge tube to a volume of 10mL. 20mL of fresh cold 

PBS containing gentamicin (50µg/mL) was added and the tube was placed on a 

roller mixer at 2-8°C for 4 hours or 9 hours. 

The PBS was then removed from the tissue pieces, transferred into a fresh 

centrifuge tube, and centrifuged at 200g at 4°C for 10 minutes. The resultant 

cell pellet was plated into a 0.2% (w/v)-gelatin coated well of a 6-well plate and 

cultured in DMEM with 10% (v/v) FBS. This medium was originally chosen as it 

is considered a basic medium for general cell culture, such as those cited in 

past literature.(461-463) 

Results 

This non-enzymatic method of omental mesothelial cell isolation was performed 

twice. Incubation in cold PBS was initially performed for 4 hours, which yielded 

very few cells; hence in the second attempt, this incubation duration was 

increased to 9 hours to improve cell yield. With both the 4-hour and the 9-hour 

incubation, cell growth was sparse with not enough cells present to generate a 

confluent monolayer even after 11 or 20 days post isolation (Figure 69). Thus, 

a more efficient isolation method was investigated; specifically, a method based 

on enzymatic digestion. 
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Figure 69. Mesothelial cell yield was low when a non-enzymatic isolation 

method was employed. Minced and washed omental tissue segments were 

placed in PBS on a roller mixer and the shed cells were collected, cultured and 

then imaged by phase contrast microscopy (EVOS XL Core) at 4x 

magnification. (A) four-hour agitation on a roller mixer and 11 days in culture, 

(B) nine-hour agitation on a roller mixer and 20 days in culture; scale bar 

200µm. 

 

5.3.2 Enzymatic method of mesothelial cell isolation 

Due to the unsuccessful harvesting of mesothelial cells using the non-enzymatic 

method, an enzyme-based protocol for mesothelial cell isolation was adapted 

from Takahashi et al (1991).(279) 

Method 

The omental tissue sample was minced, using a scalpel, into 1cm3 pieces and 

then mixed with pre-warmed enzyme solution containing collagenase type II 

(tissue : enzyme solution ratio of 1:1.5 v/v). The mixture was then placed on a 

rotary mixer at 37°C for 20 minutes. At the end of the digestion, the enzyme 

was neutralised by adding FBS (1:10 v/v) to the mixture. 

Large undigested tissue pieces were manually removed using tweezers, and 

the mixture then passed through one layer of gauze swab with multiple cold 

PBS washings. The filtrate was then centrifuged at 300g at 4°C for 10 minutes. 

The resultant cell pellet, red in colour due to the presence of erythrocytes, was 

resuspended in 1mL of DMEM with 10% (v/v) FBS and then gently layered on 

top of 10mL cold modified PBS solution (composition as described in section 
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2.3.3). Over the course of 10-15 minutes, this top layer gradually seeped 

downwards (Figure 70).  

 

 

Figure 70. A photograph showing the layering of the isolated cell 

suspension mixture onto the modified PBS solution. A mixed cell 

population obtained from enzyme-digested omental tissue was layered onto the 

modified PBS solution and left to seep downwards under the influence of 

gravity; the red colour of the seepage is due to the presence of erythrocytes 

from the mixed cell suspension in the top layer. 

 

 

This layering step, adapted from Takahashi et al (1991),(279) utilised gravity 

and the viscosity of the modified PBS solution to separate the mixed cell 

population. Although not mentioned in the original article, this method is a form 

of cell density separation; with the premise that the mesothelial cells became 

suspended within the modified PBS solution. Since the original top layer 

contained erythrocytes, their red colour provided an indication of the extent of 

the downward seepage into the modified PBS solution.  

If the top layer was too dense or heavy, this slow seepage did not occur and 

instead the whole top layer fell straight into the modified PBS solution. In this 

case, there was no distinction between the top layer and the rest of the modified 

PBS solution, and the whole solution appeared totally red in colour due to the 
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presence of erythrocytes. If this occurred, the whole mixture was centrifuged at 

300g at 4°C for 10 minutes and the cell pellet resuspended in a larger volume 

i.e. 2mL of DMEM with 10% (v/v) FBS. 1mL aliquots were then layered on top of 

two separate 10mL cold modified PBS cushions. 

Alternatively, the modified PBS solution was gently rocked top-to-bottom to 

create a layer of foam bubbles (<1cm in height) at the upper surface. This layer 

of foam prevented the fall of the top layer and thus, allowed the gradual 

seepage into the modified PBS solution. This method was serendipitously 

discovered: the modified PBS solution aliquots were initially frozen, and to 

speed up thawing prior to use, the tubes were shaken by tilting them upside 

down several times.  

Once the top layer had seeped into the modified PBS solution, the top and 

bottom 1mL ‘layers’ were discarded, and the middle 9mL portion was 

centrifuged at 300g at 4°C for 10 minutes. The resultant cell pellet mostly 

contained erythrocytes (red in colour) and mesothelial cells. Generally, 10-15 

minutes of this layering step was sufficient, as assessed by the extent of the red 

coloured seepage into the modified PBS solution. The layering step was 

considered complete when the downward seepage had reached at least half the 

length of the tube.  

After the first layering step, a second layering step was performed in the same 

manner to further purify the cell yield. The cell pellet was again suspended in 

1mL of DMEM with 10% (v/v) FBS and layered onto fresh 10mL cold modified 

PBS solution. After 10 minutes, the middle 9mL portion was collected and 

centrifuged at 300g at 4°C for 10 minutes. This final cell pellet was resuspended 

in DMEM with 10% (v/v) FBS and cultured in a well of a 6-well plate coated with 

0.2% (w/v) gelatin. Two to three days later, wells were washed twice with 

DMEM with 10% (v/v) FBS to remove erythrocytes and fresh media was added. 

The isolation procedure is summarised in Figure 71. 
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Figure 71. A schematic of the enzyme-based mesothelial cell isolation 

protocol. The protocol consists of an enzymatic digestion step to detach the 

mesothelial cells from the tissue, followed by two layering steps to further purify 

the cell yield. Endothelial cell (HOMEC) isolation is detailed in chapter 3. 

 

 

Results 

The enzymatic method of isolating omental mesothelial cells was performed on 

47 tissue samples. Compared to the non-enzymatic method, this protocol 

yielded increased mesothelial cell numbers, which were able to form a confluent 

monolayer in 6-well plates nearly 45% of the time (21 of 47 samples). In the 

remaining samples, fibroblast contamination was noted, as determined by 

microscopy. Further method development was thus required to improve the 

purity of isolation; thus, a magnetic bead purification protocol was tested (refer 

to section 5.2.3). 

Contamination of erythrocytes was also observed; this was indicated by the red 

colour of the cell pellet and subsequently, the colour of the downward seepage 

into the modified PBS solution. These were easily washed away after 2 to 3 

days of culture once the isolated mesothelial cells adhered to the bottom of the 

well.  

One key advantage of this enzymatic isolation technique was that the 

undigested tissue sample could subsequently be utilised for HOMEC isolation 

(described in section 2.4), thus ensuring that the donated human sample was 

used appropriately. 
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5.3.3 Depletion of fibroblasts from the isolated mesothelial cell population 

It was noted, using phase contrast microscopy, that prior to reaching 

confluence, mesothelial cells were spindle-shaped i.e. similar to fibroblasts. 

Thus, fibroblast contamination was difficult to determine in sub-confluent 

primary cell populations. In contrast, a confluent mesothelial population 

displayed a cobblestone appearance, whereas fibroblasts retained their spindle-

like phenotype (Figure 72). Therefore, the purity of a mesothelial culture was 

initially determined by microscopy of a confluent culture.  

From the 47 tissue samples processed, 21 yielded confluent mesothelial cell 

populations which were later expanded, 26 samples resulted in cultures with 

more than 50% fibroblast coverage (cultures were then discarded), while the 

remaining 10 had <50% fibroblast coverage. Cultures with less than 50% 

fibroblast population were subjected to a fibroblast depletion procedure using 

anti-fibroblast magnetic beads as described in section 5.2.3. 
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Figure 72. The purity of a mesothelial cell culture can be determined by 
microscopy of a confluent culture. Mesothelial cells were isolated from 
human omentum by collagenase type II digestion and density separation. 
Freshly isolated cells were cultured in DMEM with 10% (v/v) FBS and cell 
phenotype was examined by phase contrast microscopy. Representative 
images, captured at 4x magnification on EVOS XL Core, of cells at passage 0 
are shown: sub-confluent cells after 5 days of culture post-isolation (A); 
confluent mesothelial cells after 11 days of culture post-isolation (B); confluent 
fibroblasts after 4 days of culture post-isolation (C) and confluent mixed 
fibroblasts and mesothelial cells after 12 days of culture post-isolation (D). 
Scale bar 500µm. 

 

Results 

This fibroblast depletion procedure was performed on 10 of the isolated 

samples, when it was determined visually that mesothelial cells were present 

and that the fibroblast contamination was less than 50%. This method was 

effective 60% of the time (6 of 10) i.e. the non-magnetised cells (cells that did 

not bind to the beads) appeared as a cobblestone-like monolayer after culturing 

them to confluence, which suggested a mesothelial phenotype. Their 

mesothelial cell identity was confirmed by immunocytochemistry (section 5.2.2).  
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However, upon culturing the magnetised portion, a mixed cell population of both 

cobblestone and fibroblastoid cells was observed by microscopy. 

Immunocytochemistry confirmed their identities as mesothelial cells and 

fibroblasts, respectively. Both the magnetised and non-magnetised portion are 

depicted in Figure 73 and Figure 74. 

 

 

Figure 73. Anti-fibroblast magnetic beads depleted fibroblasts from a 

mixed cell population but bound to both fibroblasts and mesothelial cells. 

Mesothelial cells were isolated from omental tissue by collagenase II digestion 

and cultured to confluence prior to fibroblast depletion by magnetic bead 

technology. Both the eluate fraction (non-magnetic) and the cells retained on 

the beads (magnetic) were collected and cultured. Representative images of 

cells at passage 1, captured on EVOS XL Core at 4x magnification, show both 

the “fibroblast”/magnetic (A1, A2) and “mesothelial”/non-magnetic fractions (B1, 

B2) after culturing for 1 day (A1, B1) and 7 days (A2, B2). Scale bar 500µm. 
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Figure 74. Magnetic anti-fibroblast beads bound to fibroblasts and 
mesothelial cells, generating a non-magnetised mesothelial cell fraction as 
assessed by staining for vimentin and cytokeratin-18. Mesothelial cells were 
isolated from omental tissue by collagenase II digestion and 5 days later treated to 
deplete fibroblasts by magnetic bead technology. Cells, at passage 1, obtained 
after the fibroblast depletion procedure were seeded at 30,000 cells in a glass-
bottomed culture dish to confluence; cells were with 4% (v/v) paraformaldehyde at 
room temperature and then permeabilised with methanol at -20°C. Primary 
antibodies (anti-vimentin and anti-cytokeratin-18) were applied, followed by 
fluorescent-conjugated secondary antibodies; cell nuclei were stained blue with 
DAPI (A1, B1). Culture dishes were visualised at 10x magnification with Leica 
DM4000 B LED. Mesothelial cells appear yellow (A4, B4) as the green of the 
vimentin (A2, B2) and the red of cytokeratin-18 (A3, B3) were overlaid, while 
fibroblasts only stained for vimentin. The non-magnetised fraction (A4) showed a 
mesothelial cell majority while the magnetised fraction (B4) showed a mixed 
population of mesothelial cells and fibroblasts. The negative control (PBS only, in 
place of primary antibodies) (A5, B5) showed background level of staining. Scale 
bar 100µm. 
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These data suggested non-specificity of the anti-fibroblast beads. They 

appeared to bind to a surface marker common to both mesothelial cells and 

fibroblasts. While the beads were successful in depleting fibroblasts from the 

mixed population culture to produce a pure mesothelial cell culture, some 

mesothelial cells were lost in the process as they were discarded with the 

beads.  

To reiterate, this fibroblast depletion procedure was performed on a mixed 

population of mesothelial cells and fibroblasts between passages 0 to 1, with a 

60% success rate. The remaining 40% were deemed unsuccessful when the 

non-magnetised portion (mesothelial cells) appeared senescent-like when 

cultured post-fibroblast depletion. 

The senescent-like cells were characterised by their flattened and enlarged 

morphology as determined by phase contrast microscopy. Visually, their 

features were similar to the senescent omental mesothelial cells from past 

studies.(464, 465) An example of a culture containing senescent-like 

mesothelial cells is later shown in Figure 75. 

However, these senescent-like cells were not investigated further in this project. 

Cultures were discarded when these cells occupy ≥10% (visually determined) of 

the culture area. Furthermore, the regular supply of omental tissue samples 

together with the establishment of a reliable method of mesothelial cell isolation 

provided sufficient numbers of cells for experimental use.  

 

 

5.3.4 A second depletion of fibroblasts on the magnetised portion 

consisting of mesothelial cells and fibroblasts 

After the first round of magnetic fibroblast depletion, it was noted that the 

magnetised portion (at passage 1) contained both mesothelial cells and 

fibroblasts. In an attempt to salvage the mesothelial cells in this mixed 

population, the population were first expanded (1:5 split) to increase their cell 

numbers (passage 2) and then subjected to the same fibroblast depletion 

procedure a second time (as described in section 5.2.3). 
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Results 

Only one mixed cell population was subjected to the fibroblast depletion 

procedure twice. No further repeats were performed due to the high rate of 

senescent-like cells as observed by microscopy after the second depletion 

procedure. These senescent-like mesothelial cells are characterised by a 

flattened and enlarged phenotype (465) and the morphological changes in the 

cell population can be clearly observed in Figure 75. It was possible that the 

multiple depletion procedures reduced cell numbers and thus, resulted in 

decreased seeding density, which may have contributed to the high rate of 

senescence. This is later discussed in section 5.5.2b. 

 

 

Figure 75. Repeated fibroblast depletion increases the number of 

senescent-like cells. Cells were subjected to fibroblast-depletion 6 days post-

isolation from tissue. The mixed cell population that attached to the magnetic 

beads was expanded and then subjected to a second fibroblast depletion 

procedure 16 days later. Images were captured at 4x magnification with EVOS 

XL Core prior to the second fibroblast depletion procedure at passage 2 (A), 

and ten days later at passage 3 (B). Senescent-like cells, as assessed visually 

by microscopy are marked with arrows. Scale bar 500µm. 
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5.3.5 Depletion of fibroblasts during the enzymatic isolation of mesothelial 

cells 

The previous described attempts to eliminate fibroblast contamination were 

performed on cultured isolates at passage 0 and 1. This approach had a 

success rate of 60%. Performing the fibroblast depletion a second time 

increased the number of senescent-like cells.  

In an attempt to improve isolation efficiency, further experiments attempted to 

remove fibroblast contamination during the original isolation process to obtain a 

pure population of mesothelial cells at passage 0.  

The mixed cell suspension generated prior to the density separation step 

(described in section 5.3.2) contains erythrocytes, as evidenced by the red 

colour. To reduce the number of cells in the suspension and thus maximise the 

binding of the anti-fibroblast beads, the erythrocytes were lysed by adding 

900µL of autoclaved deionised distilled water. After 30 seconds, 100µL of 10x 

PBS was added to halt the lysis reaction. This mixture was centrifuged at 1300 

rpm for 10 minutes, and the supernatant aspirated to remove the lysed 

erythrocytes. The mixed cell population was then subjected to a fibroblast 

depletion procedure as described in section 5.2.3 and the cells cultured in 6-

well plates.  

Results 

In the earlier mesothelial cell isolation protocol, the cell pellet produced after 

collagenase type II digestion was subjected to a density separation using 

modified PBS solution. Incorporating the magnetic fibroblast depletion step at 

the point of isolation replaced this separation step, since the ultimate goal was 

to separate contaminant cells from the mesothelial cells.  

When the population of cells that did not attach to the beads was cultured to 

confluence, the cells appeared cobblestone similar to that observed after 

previous fibroblast depletion attempts (Figure 76A) and subsequent 

immunocytochemistry analysis confirmed their mesothelial cell identity. 

Meanwhile, the population of cells that did attach to the beads appeared 

fibroblast-like (Figure 76B) by phase contrast microscopy, which initially 

suggested that the magnetic selection of fibroblasts at the point of isolation 
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offered improved efficacy compared to when it was performed after passage 0, 

i.e. fewer mesothelial cells were lost by attachment to the beads. However, 

immunocytochemistry analysis of the magnetically-selected cells showed both 

fibroblasts and mesothelial cells, similar to previous observations. 

 

 

Figure 76. Cell phenotype in the magnetised (fibroblast-like) and non-

magnetised (cobblestone-like) populations were distinctly different when 

observed under phase contrast microscopy. Cells were isolated from 

omental tissue by collagenase II digestion, subjected to erythrocyte lysis, and 

immediately followed by fibroblast separation using magnetic bead technology. 

Both magnetised (A, cells that attached to the beads, nominally fibroblasts) and 

non-magnetised (B, unattached cells e.g. mesothelial) fractions were cultured in 

separate wells of a 6-well plate. Images were captured at 4x magnification with 

EVOS XL Core after 5 days (A) and 9 days (B) of culture. Scale bar 200µm. 

 

 

Based on all the experimental data collected, the final isolation protocol adopted 

was that described in section 5.3.2, and fibroblast depletion protocol was only 

utilised when the isolated cells at passage 0 displayed fibroblast contamination 

of <50% coverage. The reasons for this are discussed in section 5.5.2. 
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5.3.6 Characterisation of isolated mesothelial cells 

The phenotype of the mesothelial cells (isolated using the final isolation protocol 

described in section 5.3.2) was confirmed by negative staining for CD31 

(Figure 77), and positive staining for both vimentin and cytokeratin-18 (Figure 

78). Depending on the omental specimen, some of the cells stained positive for 

vWF while some did not (Figure 79). Where vWF was observed, it was less 

abundant than observed in ECs (451) (previously depicted in Figure 26 and 

Figure 65). 

 

 

Figure 77. Isolated omental mesothelial cells do not express CD31. Cells 

were seeded at 30,000 cells in a glass-bottomed culture dish and cultured to 

confluence. Cells were fixed with 4% (v/v) paraformaldehyde at room 

temperature. Anti-CD31 primary antibodies were applied (A) but PBS replaced 

primary antibodies in negative control (B), followed by fluorescent-conjugated 

secondary antibodies. Cell nuclei were stained blue with DAPI. After mounting 

with coverslips, culture dishes were visualised at 10x magnification with EVOS 

Fluo. Scale bar 200µm. 
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Figure 78. Isolated omental mesothelial cells express cytokeratin-18 and vimentin. Cells were seeded at 30,000 cells in a glass-
bottomed culture dish and cultured to confluence. Cells were fixed with 4% (v/v) paraformaldehyde at room temperature, and then 
permeabilised with methanol at -20°C. Primary antibodies (anti-vimentin and anti-cytokeratin-18) were applied, followed by fluorescent-
conjugated secondary antibodies; cell nuclei were stained blue with DAPI (A3, B). After mounting with coverslips, culture dishes were 
visualised at 10x magnification with Leica DM4000 B LED. Mesothelial cells appear yellow (A4) as the green of the vimentin (A1) and the 
red of cytokeratin-18 (A2) were overlaid. The negative control (PBS only, in place of primary antibodies) (B) showed background level of 
staining. Scale bar 200µm. 
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Figure 79. Some isolates of omental mesothelial cells stained positive for 
vWF (A1) and others negative for vWF (B1). The cells were of the same 
passage number (p2). Images A2 and B2 are the corresponding negative 
controls for A1 and B1 respectively. Cells were seeded at 30,000 cells in a 
glass-bottomed culture dish and cultured to confluence. Cells were fixed with 
4% (v/v) paraformaldehyde at room temperature, and then permeabilised with 
methanol at -20°C. Anti-vWF antibody was applied, except in negative controls 
where PBS was applied, followed by fluorescent-conjugated secondary 
antibodies. Cell nuclei were stained blue with DAPI. After mounting with 
coverslips, culture dishes were visualised at 10x magnification with EVOS Fluo. 
Scale bar 200µm. 

 

 

Purity of the isolated mesothelial cell population, as assessed by 

immunocytochemistry was performed on cells isolated via collagenase type II 

digestion without fibroblast depletion (n=2), and on cells which underwent 

fibroblast depletion (n=2). In both circumstances, there were less than 5% of 

contamination of other cell types, namely fibroblasts (representative image in 

Figure 80).  
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The mesothelial cells were only utilised in experiments up to passage 5 as there 

was a higher occurrence of senescent-like cells at later passage numbers; only 

cultures with less than 10% senescent-like cells (determined visually by phase 

contrast microscopy) were used. Cell senescence is discussed in section 5.5.4. 

 

 

Figure 80. Isolated mesothelial cell culture with less than 5% 

contamination from other cell types. Cells were isolated from omental tissue 

by collagenase II digestion and treated to deplete fibroblasts by magnetic bead 

technology. Cells were seeded at 30,000 cells in a glass-bottomed culture dish 

and cultured to confluence; cells were fixed with 4% (v/v) paraformaldehyde at 

room temperature and then permeabilised with methanol at -20°C. Primary 

antibodies (anti-vimentin and anti-cytokeratin-18) were applied, followed by 

fluorescent-conjugated secondary antibodies (green for vimentin, red for 

cytokeratin-18); cell nuclei were stained blue with DAPI. The proportion of 

contaminating fibroblasts (stained green) was calculated by ImageJ. 

Representative image visualised at 20x magnification using EVOS Fluo (A); 

total cell area, marked black on ImageJ (B) and green-stained areas, marked 

black on ImageJ (C). Scale bar 400µm. 
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5.4 Optimisation of mesothelial cell growth conditions 

Once the isolation method for human omental mesothelial cells was established 

and optimised, the optimum culture conditions were examined to maximise the 

viability of the cells for use in future experiments. The aspects investigated 

were: a) optimum coating substrate for tissue culture plasticware; b) population 

doubling time; c) optimum FBS concentration in the complete growth media; 

and d) optimum seeding density. 

 

5.4.1 Coating surface type for tissue culture plasticware 

Cultureware coating aids the adhesion and subsequent proliferation of cultured 

cells. Therefore, simulating basement membrane conditions could, in theory, 

improve cell viability. In the initial isolations, the mesothelial cells were cultured 

in wells coated with 0.2% (v/v) gelatin, according to the method by Takahashi et 

al (1991).(279) However, in vivo, the basement membrane of adipose tissue 

(where the isolated mesothelial cells originate) mostly consists of collagen 

IV,(466, 467) although some studies mention that collagen I is the most 

abundant.(468, 469) Therefore, experiments were carried out to identify the 

growth environment required for optimal mesothelial cell growth. 

Initially, freshly isolated cells were seeded onto collagen IV or gelatin 0.2% 

(v/v). From visual observation, cells adhered to the gelatin coating faster than to 

the collagen IV, however, they proliferated faster on collagen IV than on gelatin 

(Figure 81). This was further investigated using a commercially available cell 

proliferation assay and with a wider range of coating materials, as described in 

section 5.2.4. 
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Figure 81. Collagen IV enhanced mesothelial cell growth. Freshly isolated 

mesothelial cells were seeded equally in each well of a 6-well plate with DMEM 

10% (v/v) FBS media and growth was assessed visually. More mesothelial cells 

adhered onto gelatin 0.2% v/v (B1) than to collagen IV (A1) after three days of 

seeding (n=2); but those on collagen IV (A2) proliferated faster compared to 

those on gelatin 0.2% v/v (B2) four days later. Representative images from n=2 

are shown. Cells were imaged at 4x magnification with EVOS XL Core in the 

same location; scale bar 500µm. 
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The collagen IV coated surface proved to be best for mesothelial cell 

proliferation (Figure 82). Cells on collagen I and collagen IV surfaces generally 

had higher proliferation rates i.e. the highest cell number based on absorbance 

values, compared with gelatin-coated surfaces. Based on these findings, all 

laboratory cultureware for mesothelial cell culture was subsequently coated with 

collagen IV in future experiments. 

 

 

Figure 82. Mesothelial cell proliferation was greatest when cells were 

seeded on collagen IV. Mesothelial cells were seeded at 5,000 cells/well in 96-

well plates. After 24 hours, BrdU was applied and the cells cultured for an 

additional 18 hours before cell fixation and analysis; plates were read at 450nm. 

Data are presented as mean ± SD of the absorbance values. Three different 

mesothelial cell populations were used, and at different passage numbers 

(experiment 1 at passage 3, experiment 2 at passage 2, experiment 3 at 

passage 4). 
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5.4.2 Population doubling time 

To optimise the culture and experimental use of the isolated mesothelial cells, it 

is useful to determine their growth rate. This was achieved using a population 

doubling assay as described in section 5.2.5. 

The experiment was performed on three separate occasions with three different 

mesothelial cell populations and at different passage numbers as indicated in 

Figure 83. In all three experiments, the log phase was identified between days 

4 and 5, despite the varying passage numbers. The population doubling time 

was calculated from these cell number values. The average population doubling 

time of the mesothelial cells was estimated to be 25.9 hours, with a range from 

17.6 to 32.8 hours.  

 

 

Figure 83. Mesothelial cell growth curves. Mesothelial cells were seeded at 

20,000 cells/well in 24-well plates. Each day, between days 2 to 8, cells were 

trypsinised, pelleted, and resuspended for cell counting at the same time. Data 

are presented as mean ± SD. Three different mesothelial cell population were 

used, at different passage numbers (experiment 1 at passage 2, experiment 2 

at passage 3, experiment 3 at passage 4). 
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5.4.3 FBS concentration in mesothelial cell complete growth media 

When utilising a basic growth media such as DMEM, the concentration of FBS 

used is user-defined and is tailored to the cells in question. To investigate the 

optimum concentration of FBS for mesothelial cell culture, a cell proliferation 

assay was employed as described in section 5.2.6. 

The experiment was performed twice on two separate populations of 

mesothelial cells. Compared to the proliferation in media containing 5% (v/v) 

FBS, there appeared to be greater mesothelial cell proliferation when cells were 

cultured in media containing 10% and 20% (v/v) FBS (Figure 84). However, 

there was no calculated statistical significance between them due to the low 

number of repeats (n=2). Based on these findings, DMEM with 20% (v/v) FBS 

was used for culture of isolated mesothelial cells in all experiments.  
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Figure 84. Enhanced mesothelial cell proliferation was observed with 

increased FBS concentration. Cells were seeded at 10,000 cells/well in 96-

well plates and after 24 hours the culture media was replaced with media 

containing increasing FBS concentrations as indicated. After another 24 hours, 

BrdU was applied and incubated for 20 hours before cell fixation and analysis; 

plates were read at 450nm. Data are mean ± SD of the absorbance values 

(n=2). 
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5.4.4 Mesothelial cell seeding density 

For mesothelial cells to form confluent cobblestone monolayers, they must first 

adhere to their growth surface, form filopodia and come into contact with 

neighbouring cells for active proliferation to occur.(462) Hence, at early stages, 

mesothelial cells appear fibroblast-like (refer to Figure 72A). Consequently, 

with low seeding density, the cell-to-cell contact is reduced and the confluent 

cobblestone layer does not form. It was possible that the initial isolation and 

culturing methods did not take seeding density into account, resulting in the 

occurrence of senescent-like cells or fibroblast contamination. Therefore, an 

experiment to determine the ideal seeding density was performed as described 

in section 5.2.7. 

The experiment was performed at least three times with three different 

mesothelial populations. When mesothelial cells were grown in DMEM 10% 

(v/v) FBS media, they required an average of 6.5 days to achieve confluence 

when seeded at 2500 cells/cm2, 4.3 days at 5000 cells/cm2, 3.3 days at 10,000 

cells/cm2 and 2 days when seeded at 20,000 cells/cm2 (Figure 85A). 

At double the FBS concentration i.e. 20% (v/v), the mesothelial cells achieved 

confluence at least 11% quicker. A confluent monolayer was observed after 5.7 

days when seeded at 2500 cells/cm2, 3.6 days at 5000 cells/cm2, 2.9 days at 

10,000 cells/cm2 and 1.7 days at 20,000 cells/cm2 (Figure 85B). 

Based on these data, mesothelial cells were seeded at least 10,000 cells/cm2 

for experiments or for population expansion, as an optimum monolayer could be 

achieved by day 3.  
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Figure 85. Determining the ideal seeding density of mesothelial cells by 

adjusting seeding density and FBS concentration. Cells were seeded at 

increasing densities, as indicated, in 24-well plates containing DMEM 10% (v/v) 

FBS (A) or DMEM 20% (v/v) FBS (B). Confluence was determined via phase 

contrast microscopy at the same time daily. Data presented as mean ± SD 

(n=3-4). 
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5.5 Discussion 

5.5.1 Isolation of mesothelial cells using an enzymatic method 

A method based on enzyme-digestion was successfully developed to isolate 

mesothelial cells from the human omentum, and was found to be more effective 

than the initial non-enzyme-based method. The latter relied on the shedding of 

the outer mesothelial cell layer through agitation but the yield was too poor for 

the cells to propagate. 

During the enzymatic isolation procedure, the layering of the mixed cell 

suspension into the modified PBS solution was found to be crucial. With the 

foam layer at the top of the solution, introduced by agitation, the rate of the 

downward seepage of the mixed cell suspension was controlled; as opposed to 

the whole suspension falling straight through the solution when the foam layer 

was not present. This foam is a result of the proteinaceous BSA denaturing 

upon agitation to form a layer at the liquid-air interface.(470) 

Freshly isolated cells were seeded into 6-well plates. From observation, if they 

did not form confluent cobblestone-like cultures by day 5, the plates could be 

safely discarded. This was because if the cell numbers were too few, cell-to-cell 

contact was reduced and cell growth was reduced. At the same time, the culture 

could be overrun by fibroblasts. In nearly half (45%) of the isolation attempts, a 

confluent cobblestone cell monolayer was successfully attained, which could be 

later passaged and expanded. If a mixed culture of both mesothelial cells and 

fibroblasts was obtained, the proportion of fibroblasts was assessed via phase 

contrast microscopy and cultures with <50% fibroblasts were processed using 

magnetic fibroblast depletion to obtain cultures containing pure mesothelial 

cells. 
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5.5.2 Fibroblast depletion using magnetic beads 

a) Anti-fibroblast magnetic bead specificity 

After fibroblast depletion using magnetic bead technology, the culture of the 

non-magnetised portion resulted in cobblestone monolayer suggestive of 

mesothelial cells, while the culture of the magnetised portion showed a mix of 

fibroblastoid and cobblestone appearance. This suggested that the anti-

fibroblast beads have increased affinity for fibroblasts, but were not specific to 

fibroblasts alone since the mesothelial cells appeared to bind to the beads. 

From the product description, the magnetic anti-fibroblast beads were “based 

on a fibroblast-specific antigen.” An enquiry to the manufacturer did not reveal 

the specific marker recognised by the anti-fibroblast beads (proprietary 

information), but the product website pointed towards references for D7-Fib and 

CD271.(471) Both D7-Fib and CD271 were previously studied in fibroblasts of 

various origins, but not studied in mesothelial cells. It is possible that 

mesothelial cells may contain these markers; detection via 

immunocytochemistry or flow cytometry could have been performed to 

determine this. Additionally, CD271 is present in mesenchymal stromal cells, 

which are precursors of diverse differentiated tissues including adipose 

tissue,(472) and thus may be a mutual mesenchymal marker for both the 

omental fibroblasts and mesothelial cells.  

b) Second fibroblast depletion procedure 

Further purification of the mesothelial cells (in the mixed magnetised fraction of 

section 5.3.4) by a second magnetic fibroblast depletion procedure resulted in 

increased numbers of senescent-like cells. A possible explanation might be that 

at this point, the cells would have been subjected to multiple passaging – twice 

for fibroblast depletion and once for culture expansion. A recent critical review 

reported that at higher passage numbers, the cell cycle elongates and cell 

proliferation declines leading to cell senescence,(446) which may be the case in 

the present study. Hence, subjecting the isolated primary cells to multiple 

depletion procedures to purify cell yield was not suitable, as the cells would be 

of a higher passage number and no longer suitable for experiments.  

Further discussion on cell senescence is elaborated in section 5.5.4. 
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c) Fibroblast depletion during mesothelial cell isolation 

An alternative to performing the magnetic fibroblast depletion twice, was to 

perform the procedure at the point of cell isolation from the tissue. This would 

reduce unnecessary passaging and potentially yield a purer mesothelial cell 

population at passage 0 itself. The protocol also saved time as the twice-

layering steps were omitted and the purity of the mesothelial cell yield was 

similar to when the procedure was performed at later passages post-tissue 

isolation.  

In practical terms, however, incorporating the fibroblast depletion step into the 

isolation protocol was technically challenging. This was because both the 

mesothelial cell and HOMEC isolation protocols needed to be performed 

concurrently, since collagenase type II digestion step was a shared early 

processing step, and within 24 hours of tissue collection to retain cell viability. 

Presently, the enzymatic method of mesothelial cell isolation (described in 

section 5.3.2) has a success rate of 45%. Since fibroblast depletion at the point 

of isolation did not improve the overall success rate of achieving a pure 

mesothelial culture and it was impractical, it was not routinely adopted.  

 

5.5.3 Mesothelial cell characterisation via immunocytochemistry 

Confirmation of mesothelial cell identity was performed via 

immunocytochemistry. Since fibroblasts were a major contaminant and the 

mesothelial cell isolation procedure incorporated the initial step of HOMEC 

isolation, a combination of primary antibodies was utilised to differentiate 

between the three cell types, i.e. the anti-vimentin and anti-cytokeratin-18 (to 

distinguish between mesothelial cells and fibroblasts), and anti-CD31 and anti-

vWF (to distinguish mesothelial cells and HOMECs). 

The mesothelial cells from different omental samples variously stained positive 

or negative for vWF. However, even when present, vWF was observed to be 

less abundant than that found in HOMECs. Due to this observation, which has 

been previously reported,(451, 473) vWF is not a reliable marker to differentiate 

between mesothelial cells and ECs. Hence, as a minimum, the three antibodies 

– vimentin, cytokeratin-18 and CD31 – were used to differentiate mesothelial 
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cells from fibroblasts and ECs. Overall, the enzymatic isolation and the 

fibroblast depletion procedures were successful in yielding pure populations of 

mesothelial cells.  

 

5.5.4 Optimal growth conditions for mesothelial cells 

With the establishment of the mesothelial cell isolation protocol, confirmed by 

immunocytochemistry, the next step was to optimise the growth conditions of 

the cells. Coating of lab cultureware was performed to mimic the basement 

membrane in vivo. As assessed by BrdU assay, the collagen I and collagen IV 

coated surfaces showed greater cell proliferation compared with the gelatin 

0.2% and 2% (v/v) surfaces. Collagen IV was shown to be the best coating for 

mesothelial cell proliferation. This is likely to be because the collagen family 

most closely resembles the in vivo basement membrane. Being of human 

origin, the isolated mesothelial cells may possess higher affinity for the collagen 

IV than collagen I, as the collagen IV was derived from human placenta, while 

the latter from rat’s tail. 

When comparing growth in media containing FBS 10% (v/v) and 20% (v/v), 

confluence was achieved slightly quicker at the higher FBS concentration. This 

was expected, as a higher concentration of serum contains a higher 

concentration of growth factors, which in turn supports cell growth.  

When investigating the mesothelial cell seeding density, confluence within a 

well was achieved quicker with a higher seeding density. Doubling the seeding 

density reduced the time to achieve confluence by a day. At a higher density, 

cell-to-cell contact is greater which enhances proliferation via contact-mediated 

signalling.(462, 474) This can be seen from the projection of filopodia on the 

mesothelial cells which form contacts with neighbouring cells. Conversely, when 

mesothelial cells were seeded at a low density, cell-to-cell contact was minimal 

and the cells were less likely to form a confluent monolayer and eventually 

senesced or died. This suggests that mesothelial cell proliferation is dependent 

on the physical interaction between the cells i.e. juxtacrine signalling, rather 

than a secreted factor through paracrine signalling. Possible interactions 

between the cells may activate proliferative pathways including the 
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phosphatidylinositol 3-kinase pathway implicated in ECs,(474) or connexin gap 

junction proteins implicated in mesothelioma or osteosarcoma.(475, 476) Using 

receptor/pathway inhibitors, further experiments could be performed to 

investigate the mechanisms by which physical interactions between the 

mesothelial cells leads to their proliferation. 

Another advantage of seeding the mesothelial cells at high density is to reduce 

the risk of senescence. With greater cell-to-cell contact, a phenomenon termed 

‘contact inhibition’ occurs where the cells experience cell cycle arrest. It has 

been proposed that contact inhibition inhibits the mammalian target of 

rapamycin (mTOR) pathway within cells. Since mTOR activation is involved in 

converting the cell cycle arrest into the irreversible senescence state, mTOR 

inhibition might decrease senescence.(477) Additionally, the high density of 

cells is able to inhibit mTOR by exhausting essential growth factors within the 

medium.(478) 

The results of the cell seeding density experiment may also explain the 

observation of senescent-like cells in cultures from post-fibroblast depletion 

(sections 5.3.3 and 5.3.4). Loss of cells during the procedure, because some 

mesothelial cells bind to the magnetic beads and were eliminated, may have 

resulted in low seeding densities post-procedure. To improve, a cell counting 

step could be incorporated post-fibroblast depletion to ensure that the cells 

were seeded at the prescribed minimum density of 10,000 cells/cm2. 

A common approach to cell senescence is the Hayflick limit, wherein cell 

division occurs for a finite number of times before entering the senescent 

phase.(447) This limit was related to the number of cell division and not the 

duration of time in culture, since previously frozen cells retained their ‘memory’ 

of the number of times they have divided previously.(447) For the omental 

mesothelial cells, the Hayflick limit is yet unknown and the mesothelial cells 

were utilised for experiments up to passage 5 only. Future work may determine 

what is the maximum number of cell doublings or passaging in these primary 

cells before senescent-like cells are detected. Additionally, markers to 

differentiate senescent from non-senescent cells, such as senescence-

associated beta-galactosidase (SA-β-gal) and ribosomal protein S6 

(RPS6),(478) may be utilised. 
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In the present study, the mesothelial cell population doubling time was found to 

be nearly 26 hours based on three different mesothelial cell populations. As a 

comparison, the doubling time of murine mesothelial cells ranged from 18 to 40 

hours.(479-481) However, there were limited past studies informing the 

doubling time of human mesothelial cells. One study mentioned that their 

omental mesothelial cell doubling time ranged from 4 to 6 days when cultured in 

media also containing FBS 20% (v/v),(451) but the growth media (M199 media) 

was different than that used in the present experiment, which may explain the 

disparity in doubling time. Furthermore, the method of doubling time calculation 

may be different; it was possible that the previous study’s calculation was not 

performed during the log phase of cell growth, but was based on a general cell 

count after a defined period of days. Using the present cell count data, the 

interval of days between the cell number on the final day of the experiment and 

its half value was approximately 3 to 4 days, closely resembling that obtained in 

the previous study. 
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5.6 Chapter conclusion 

In conclusion, a protocol to obtain pure cultures of mesothelial cells from human 

omental tissue was successfully developed using an enzyme-based digestion 

protocol. This protocol did not routinely include fibroblast depletion, but this was 

utilised using magnetic bead technology when fibroblast contamination in the 

initial isolate was less than 50% coverage.  Both approaches generated a pure 

population of mesothelial cells (<95%) with a low enough passage number for 

experimental use. In experiments, mesothelial cells were only utilised up to 

passage 5 due to the higher occurrence of senescent-like cells at higher 

passage numbers. 

Additionally, these studies identified optimum growth conditions for the isolated 

mesothelial cells for subsequent routine culture. Specifically, (i) all cell 

cultureware was pre-coated with collagen IV, (ii) the seeding density was 

maintained at least 10,000 cells/cm2 for routine passage or for experiments, to 

generate confluent monolayer in two to three days and reduce the risk of 

senescent-like cells, and (iii) cells were maintained with DMEM 20% FBS 

throughout the isolation procedure and during culture.  

This cell isolation and culture protocol was then followed to carry out further 

experimental studies examining the role of omental mesothelial cells in 

metastasis of EOC cells to the omentum (chapter 6). 
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Chapter 6. An investigation into whether factors secreted from omental 

adipocytes, mesothelial cells or ovarian cancer cells impact adhesion of 

ovarian cancer cells onto the mesothelial cell monolayer 

 

6.1 Introduction 

During metastasis of ovarian cancer to the omentum, cancer cells dislodge from 

the primary tumour and are transported via the peritoneal fluid to reach the 

omentum. The mesothelial layer on the omental surface is the first point of 

contact for the invading cancer cells, and the adhesion of the cancer cells to the 

mesothelial layer is thought to mediated by factors secreted by various cells in 

the omental microenvironment. Expectedly, most studies have focused on the 

role of cancer cells and mesothelial cells. 

Many studies examined cancer cells and their secreted factors which contribute 

to their metastatic potential within the abdomen (previously discussed in section 

1.6.5). For example, ovarian and colorectal cancer cells secrete factors such as 

such as TGF-β and IL-1β to stimulate the transition of mesothelial cells to a 

phenotype more receptive towards cancer cell invasion.(254, 273, 482, 483) 

Additionally, TGF-β can stimulate mesothelial cells to secrete fibronectin, an 

ECM component, that the cancer cells can adhere to as part of the invasion 

process.(263) IL-1β was also discovered to upregulate adhesion molecules, e.g. 

ICAM-1 and VCAM-1, on rat mesothelial cells which aids the adhesion of 

metastatic colon cancer cells.(254) 

As for the role of mesothelial cells in cancer invasion, mesothelial cells 

synthesise molecules such as CXCL12 and hyaluronan which can bind to their 

corresponding receptors, CXCR4 and CD44 respectively, on the ovarian cancer 

cells.(144, 264) These interactions were postulated to be the first step in cancer 

invasion. The fibronectin secreted by mesothelial cells also renders the 

mesothelial cell layer more susceptible to physical clearance by the invading 

ovarian cancer cells.(271) 

However, the role of omental secreted adipokines in facilitating ovarian cancer 

cells adhesion to the outer mesothelial cell layer of the omentum has not been 

widely studied. Adipocytes, a major component of omental adipose tissue, have 
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been previously shown provide an energy source to the growing cancer in the 

form of fatty acids. They also secrete a wide range of factors which allow the 

cancer cells to thrive, e.g. by supporting the EMT process during cancer 

dissemination, by acting as a chemoattractant for the homing of cancer cells 

towards the omentum, or by inducing chemoresistant mechanisms within the 

cancer cells (these and more were discussed in section 1.5).  

Since the omentum is a major secondary site for EOC it is possible that these 

secreted factors may play a role in the metastatic process. Therefore, this 

chapter will examine, using relevant human cell types, the effect of various CM 

(collected from ovarian cancer cells, omental adipose tissue and omental 

mesothelial cells themselves) on the adhesion of ovarian cancer cells onto the 

mesothelial cell monolayer. SKOV3 cells, an ovarian cancer cell line originally 

derived from ascites, were utilised in the following experiments. Due to their 

ascitic origin, SKOV3 cells represent metastatic cancer which has exfoliated 

from the primary tumour, and are thus suited for investigating cancer cell  

adhesion onto the omental mesothelial cells. 

Thus, the specific aims of this chapter are to: 

a) develop a reliable method to assess the adhesion of ovarian cancer cells 

onto the mesothelial cell layer which closely resembles in vivo conditions 

(sections 6.3.1 to 6.3.5); 

b) investigate the effect of adipose tissue CM (plus ovarian cancer cell and 

mesothelial cell CM for comparison) on the adhesion of ovarian cancer 

cells to the mesothelium (section 6.3.6); and 

c) visualise the ovarian cancer cell adhesion onto the mesothelial cell layer 

via immunocytochemistry (section 6.3.7). 
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6.2 General methods 

6.2.1 Culture and seeding of omental mesothelial cells 

Mesothelial cells were isolated from omental tissue samples, as described in 

section 2.5. For experiments, the mesothelial cells were seeded at 30,000 

cells/well in 24-well plates coated with collagen IV. The cultures were 

maintained in DMEM 20% FBS (v/v) and fed every 2 to 3 days until they 

reached confluence, as determined by phase contrast microscopy.  

 

6.2.2 Labelling SKOV3 cells with calcein-AM 

SKOV3 cells were labelled with calcein-AM to allow assessment of their 

adherence to the mesothelial cells. The calcein-AM dye fluoresces green under 

fluorescent microscopy which allows both manual counting of the cells and 

fluorescence spectrophotometry. 

Trypsinised SKOV3 cells were suspended in DMEM/F12 with 10% (v/v) FBS 

and calcein-AM added to a concentration of 1µM; equivalent to 1:2000 (v/v) 

dilution of stock, i.e. 1µL of 2mM calcein-AM in 2mL of media. The cell 

suspension was placed on a rotary mixer at 20 rpm for 20 minutes at 37°C to 

allow the calcein-AM dye to enter the SKOV3 cells. The cells were then 

centrifuged at 200g for 5 minutes, and supernatant aspirated to remove excess 

calcein-AM solution. The labelled SKOV3 cells were suspended in treatment 

media, as indicated in later sections, ready for use in experiments.  

 

6.2.3 SKOV3 adhesion onto mesothelial cell layer (preliminary protocol) 

Calcein-AM-labelled SKOV3 cells (section 6.2.2) were suspended in media 

(media type indicated in later sections), applied onto mesothelial cells (cell 

numbers indicated in later sections) and incubated at 37°C/5% CO2. After the 

indicated duration of incubation, unadhered SKOV3 cells were removed by 

washing with warmed PBS or mesothelial cell growth media. Wells were filled 

with 500µL of PBS before being analysed by fluorescence spectrophotometry or 

fluorescence microscopy. Each experimental condition was conducted in 
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triplicate as a minimum (intra-experimental n ≥ 3), and experiments were 

conducted at least 3 times unless otherwise noted (n ≥ 3). 

 

6.2.4 Fluorescence spectrophotometry 

Prior to fluorescence reading, the wells were filled with PBS (section 6.2.3) 

since mesothelial cell growth media contains phenol red which may increase 

background fluorescence (484) and thus, affect subsequent fluorescence 

measurements.  

On the fluorescence spectrophotometer, the excitation/emission wavelength 

was set to 495/515nm, as recommended by the manufacturer of calcein-AM. 

The readings were expressed as relative fluorescence units (RFU).  

 

6.2.5 Quantification of labelled SKOV3 cells using images from 

fluorescence microscopy 

After washing off the unadhered SKOV3 cells (in section 6.2.3), the plates were 

imaged on the green channel of a fluorescence microscope. Figure 86 depicts 

the location of the imaged areas in each well. For standardisation during 

imaging, the regions of interest comprised of a straight line from centre to the 

edge of the well. The labelled SKOV3 cells appeared green in the images 

(Figure 87); cells were counted manually and averaged across all images from 

the same well.  
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Figure 86. Location of the imaged areas (regions of interest) in each well 
of a 24-well plate. Each well was imaged using the green channel of the EVOS 
Fluo microscope at 10x magnification. 

 

 

Figure 87. Calcein-AM-labelled SKOV3 cells adhere onto a layer of 
mesothelial cells. Representative image depicts SKOV3 cells adhered to 
mesothelial cells when treated with adipose tissue CM. Mesothelial cells were 
seeded at 30,000 cells/well on a 24-well plate and grown to confluence.  
Labelled SKOV3 cells suspended in treatment media were applied onto the 
mesothelial cells (20,000 cells/500μL/well) for 24 hours and the wells washed 
with mesothelial cell growth media to remove any unadhered SKOV3 before 
imaging with EVOS Fluo at 10x magnification. Scale bar 400μm. 
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6.2.6 Calculation of fluid shear stress 

To simulate peritoneal fluid flow conditions, the 24-well plates containing 

mesothelial cells and labelled SKOV3 cells are placed on a see-saw rocker. The 

settings of the rocker were derived from a formula by Zhou et al (2010).(485) 

The formula calculates the fluid shear stress in the centre of a circular well and 

is given as follows.  

𝜏 =  
𝜋𝜇𝜃

2𝛿2𝑇
 

where  𝜏 is the shear stress (dyn/cm2) in the centre of the well 

 µ is fluid viscosity (Pa.s) 

 𝜃 is the angle of tilt (°) 

 𝛿 is the ratio of media depth to the well diameter, i.e. height/diameter 

 T is the time (s) to complete one oscillation on the see-saw rocker 

 

Fluid viscosity (µ) was set to 0.001 Pa.s, which is the viscosity of water since 

the treatment media is >90% water, and was also the value set in Zhou et al 

(2010).(485) The angle of tilt (𝜃) was given in the product specification of the 

Stuart see-saw rocker (model SSL4) as 7°.  

The product specification of the Corning Costar® 24-well plate were considered 

in calculating the ratio of media depth to diameter (𝛿). The diameter of each well 

was given as 1.56cm, and the bottom surface area as 1.9cm2. With a media 

volume of 500µL (or 0.5cm3), the media height was calculated as 0.263cm (0.5 / 

1.9). Hence, 𝛿 was fixed at 0.169 (0.263 / 1.56) with 500µL of media per well. 

Experimentally, the only amendable parameter is the oscillation time (T), which 

is inversely proportional to the fluid shear stress (𝜏). This parameter was 

adjustable via the rocker’s oscillations per minute (osc/min) setting, where 

osc/min = 60 / T.  

There is variation in the physiological shear stress values within the peritoneum; 

proposed values ranged between <0.1 to 11 dyn/cm2 ,(486-488) or even lower 
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at 0.002 to 0.02 dyn/cm2.(140) In the present study, the target shear stress 

value was set at or near to 0.05 dyn/cm2, which translates to a setting of 30 

osc/min on the see-saw rocker. The chosen target shear stress value was also 

due to the technical limitation of the rocker. For example, to obtain 0.1 dyn/cm2 

in the present experimental set up, the rocker oscillation must be set to its 

maximum setting of 70 osc/min, which would cause the media within the wells 

to splash onto the lid of the plate. However, the experimental conditions used 

were able to recreate the very low shear stress values reported for the 

peritoneal fluid and so recreated the physiological conditions more effectively 

compared to other studies using a static system, e.g. previously reported by 

Kenny et al (2014),(263) Sandoval et al (2013),(273) and Kenny et al 

(2007).(468) 

The shear stress values were extrapolated from the example given in Zhou et al 

(2010): 1500µL of media within a dish of 0.35cm diameter (media height 

0.156cm, 𝛿 = 0.0446) rocked at a 5.1° angle at 1 oscillation per second is 

equivalent to 0.70 dyn/cm2. Correspondingly with the current setup, 500µL of 

media in a 1.56cm diameter well (media height 0.263cm, 𝛿 = 0.169) rocked at 

7° at 1 oscillation per 2 seconds (osc/min = 30) results in a fluid shear stress of 

0.0426 dyn/cm2.  

 

6.2.7 Assessing SKOV3 adhesion onto a mesothelial cell layer by manual 

counting (final protocol) 

Mesothelial cells were seeded in standard clear 24-well plates, as described in 

section 6.2.1. Labelled SKOV3 cells (section 6.2.2) were suspended in 

treatment media which consisted of various conditioned media (control CM, 

SKOV3 CM, mesothelial cell CM, or adipose tissue CM) diluted 1:1 (v/v) with 

basal media and supplemented with 10% (v/v) FBS. 

Media from the mesothelial cells were aspirated and exchanged with the 

labelled SKOV3 suspended in the equivalent conditioned media as above; 

SKOV3 cells were seeded at 20,000 cells/ 500µL/ well. For wells designated as 

blanks, fresh mesothelial growth media (DMEM 20% (v/v) FBS) was replaced 

without the SKOV3 cells. Plates were incubated for 24 hours or 48 hours at 
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37°C/5% CO2 on a see-saw rocker set to 30 osc/min. Each experimental 

condition was conducted in quadruplicate (intra-experimental n ≥ 4). 

Plates were then removed from the rocker and the wells were rinsed with 

warmed DMEM 20% (v/v) FBS before cell fixation with 4% paraformaldehyde 

(w/v, 300µL/well) for 20 minutes at room temperature. The wells were rinsed 4 

times with PBS, filled with 500µL/well PBS, and imaged at 4x magnification with 

the green channel of the EVOS Fluo microscope (described in section 6.2.5). 

The settings on the green channel of the microscope were standardised 

throughout the experiments for all images captured. During image capture, 

intensity was set to 90% with 250 millisecond exposure time; while during image 

adjustment, the brightness was set to 90% and the contrast at 95%.  

SKOV3 adhesion onto the mesothelial cells, i.e. areas marked by the green 

colour of the calcein-AM, was measured on ImageJ and expressed as square 

pixels (Image > Adjust > Color Threshold > Hue: 0-255, Saturation: 0-255, 

Brightness 7-14). The values obtained from the background wells were 

averaged and subtracted from all the other wells, to give the net area of 

adhered SKOV3 cells.  

 

6.2.8 Immunocytochemistry 

Mesothelial cells and the adhered SKOV3 cells in 24-well plates were subjected 

to immunocytochemistry as described in section 2.9. 
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6.3 Results 

An initial series of developmental studies were carried out to establish an 

experimental methodology that could accurately and reproducibly assess 

adhesion of ovarian cancer cells to a mesothelial monolayer. It was initially 

intended that adhered cancer cells would be quantified by fluorescence 

spectrophotometry and thus preliminary studies were carried out to validate this 

approach, specifically to determine (a) if fluorescence intensity correlated with 

number of fluorescently labelled cells measured, (b) optimum type of multiwell 

plate required to reduce any background fluorescence. 

 

6.3.1 Determination of fluorescence with different seeding densities of 

labelled SKOV3 and different types of 24-well plates 

To assess if fluorescence readings correlate with labelled SKOV3 cell numbers, 

mesothelial cells were first seeded in 24-well plates as described in section 

6.2.1. Both clear- and black-coloured wall plates were utilised. SKOV3 cells 

were labelled with calcein-AM as described in section 6.2.2, then suspended in 

basal media containing FBS 10% (v/v) and added onto mesothelial cells at 

various seeding densities as indicated. The plates were analysed by 

fluorescence spectrophotometry, described in section 6.2.4.  

The fluorescence readings are shown in Figure 88. Fluorescence readings in 

the clear- and black-walled plates were comparable. The fluorescence readings 

were proportional to the seeding density of the SKOV3 cells: specifically, the 

greater the seeding density, the greater the fluorescence reading. However, 

wells containing only mesothelial cells without the fluorescently labelled SKOV3 

(i.e. background wells) also generated low fluorescence readings, which 

suggested that mesothelial cells autofluoresce at the spectrophotometer 

settings used (495/515nm). 
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Figure 88. The fluorescence per well was similar in both clear and black 
plates when measured after SKOV3 addition. Mesothelial cells were seeded 
at 30,000 cells/well on clear and black 24-well plates and grown to confluence. 
Calcein-AM-labelled SKOV3 cells were suspended in basal media + 10% (v/v) 
FBS and applied to mesothelial cells at increasing densities (0 to 20,000 
SKOV3/ 500µL/ well). Wells with zero SKOV3 cells contained mesothelial cells 
only. Plates were analysed by fluorescence spectrophotometry at 495/515nm 
before 24-hour incubation. Data presented as mean ± SD of replicates from one 
experiment. 

 

 

 

6.3.2 Seeding density of SKOV3 and their adhesion to mesothelial cells as 

visualised by fluorescence microscopy 

The data presented above indicate that the fluorescence readings generated 

reflected the number of SKOV3 cells seeded. Thus, a further validation study 

was performed to determine visually if SKOV3 adhesion onto the mesothelial 

cell monolayer was affected by the seeding density of SKOV3 and if cells 

remained attached after washing.  

Mesothelial cells were seeded as described in section 6.2.1. Labelled SKOV3 

cells (section 6.2.2) were suspended in basal media containing FBS 10% (v/v). 

As described in section 6.2.3, the suspension was added onto mesothelial cells 

at various seeding densities as indicated, incubated for 24 hours and the 

unadhered SKOV3 cells removed by rinsing with mesothelial cell growth media 
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to mimic experimental conditions. The wells were imaged using fluorescence 

microscopy and sample images are shown in Figure 89.  

The number of SKOV3 cells adhering to the mesothelial cell layer increased 

with increasing number of applied cells. This indicated that cancer cells remain 

adhered to the mesothelial layer after washing, and this was reflected by 

increased fluorescence.  

 

 

Figure 89. The greater the numbers of SKOV3 added, the greater the area 

of adhesion onto mesothelial cells. Mesothelial cells were seeded at 30,000 

cells/well in 24-well plates and grown to confluence. Calcein-AM-labelled 

SKOV3 cells were suspended in basal media + 10% (v/v) FBS and applied to 

mesothelial cells at increasing densities (0-20,000 SKOV3/ 500µL/ well). 

Unadhered SKOV3 cells were removed by washing after 24 hours. Each well 

was then imaged by fluorescence microscopy using the green and transmitted 

light channels. Representative images, captured at 4x magnification using 

EVOS Fluo, depict SKOV3 adhesion (green colour) after washing post-24-hour 

incubation (A: background/ no SKOV3 added, B: 5000 SKOV3, C: 10,000 

SKOV3, D: 20,000 SKOV3; n=1. Scale bar 1000µm. 
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6.3.3 Comparing fluorescence readings and manual counting of adhered 

SKOV3 cells 

The results described in sections 6.3.1 and 6.3.2 suggest that fluorescence 

spectrophotometry can be used to reliably assess attachment of fluorescently 

labelled cancer cells. This approached was finally validated by comparing data 

obtained by measured fluorescence values with manual counting of the number 

of adhered SKOV3 cells.  

Mesothelial cells were seeded as described in section 6.2.1. As pre-treatment of 

mesothelial cells, the media was exchanged with basal media (control) or 

adipose tissue CM (500µL/well) and incubated overnight. Labelled SKOV3 cells 

(section 6.2.2) were suspended in basal media or adipose tissue CM, added 

onto their respective pre-treated mesothelial cells at 10,000 cells/well and 

incubated for 6 hours; unadhered SKOV3 cells were removed by rinsing with 

PBS (described in section 6.2.3). The plates were subjected to fluorescence 

spectrophotometry (section 6.2.4), followed by fluorescence microscopy at 10x 

magnification with 7 images captured per well (section 6.2.5).  

Overnight treatment with adipose tissue CM did not affect mesothelial cell 

phenotype, as examined by phase contrast microscopy (Figure 90) and also by 

immunocytochemistry (later described in section 6.3.7). However, there was a 

marked difference in the SKOV3 adhesion data obtained using the two 

assessment methods (Figure 91). The adipose tissue CM treatment induced a 

three-fold increase in SKOV3 adhesion compared with control based on 

fluorescence readings, but this increase was not reflected in the cell counting 

results.  
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Figure 90. Overnight treatment with adipose tissue conditioned media did 

not alter mesothelial cell phenotype. Mesothelial cells were seeded at 30,000 

cells/well on a 24-well plate and grown to confluence. Adipose tissue 

conditioned media were applied overnight. Representative images, captured at 

4x magnification using EVOS XL Core, show cells prior to treatment (A) and 

after overnight treatment (B). Scale bar 200µm. 

 

 

 

Figure 91. Adherence of SKOV3 onto mesothelial cells was dissimilar 

when determined by fluorescence emission (A) or manual cell count (B). 

Mesothelial cells were seeded at 30,000 cells/well on a 24-well plate, grown to 

confluence and treated with basal media (control) or adipose tissue CM 

overnight. Fluorescently-labelled SKOV3 cells were applied for 6 hours before 

washing off unattached cells with PBS. The plates were subjected to 

fluorescence spectrophotometry; then imaged using the green channel of a 

fluorescence microscope and the adhered SKOV3 calculated. Data are 

presented as mean ± SD of replicates from one experiment and expressed as a 

percentage of control media. CM: conditioned media. 
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6.3.4 Fluorescence spectrophotometry of blank 24-well plates 

The inconsistency in the fluorescence readings and manual cell counts (section 

6.3.3) suggested issues with fluorescence spectrophotometry. It has already 

been shown that the mesothelial cells autofluoresced in the absence of labelled 

SKOV3 cells (section 6.3.1), thus any background fluorescence generated by 

the liquid in the wells or by the plates themselves was investigated.  

The 24-well plates were pre-coated with collagen IV, but not seeded with 

mesothelial cells (left blank). The wells were filled (500µL/well) with PBS, 

SKOV3 growth media, basal media with 10% (v/v) FBS or left dry (no media). 

The plates were then subjected to fluorescence spectrophotometry (described 

in section 6.2.4) prior to and after overnight incubation at 37°C/5% CO2.  

A wide range of background fluorescent values were obtained with the different 

conditions. The standard clear-walled plates showed higher variability between 

the individual wells, as depicted by their larger standard deviation values, 

compared with the black plates (Figure 92). Furthermore, the different media 

type used in each well resulted in different readings, even though the volume 

was consistent in all wells (500µL/well). The results suggested that the plates 

and media themselves contribute to variability in fluorescence readings.  
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Figure 92. Fluorescence spectrophotometry of blank black-walled and 
clear-walled plates demonstrated erratic readings. Collagen IV-coated black 
(A) or clear (B) 24-well plates were filled with various media (500µL/well). The 
plates were subjected to fluorescence spectrophotometry at 495/515nm before 
and after overnight incubation. Data presented as mean ± SD of replicates from 
one experiment. 

 

 

6.3.5 Seeding density of SKOV3 and their adhesion to mesothelial cells as 

assessed by fluorescence spectrophotometry 

The previous data suggest that background fluorescence may generate 

unreliable data when using fluorescence spectrophotometry to assess SKOV3 

cell adhesion. However, the results presented in section 6.3.1 did show that 

fluorescence readings were proportional to fluorescent cell number which 

suggests that this methodology is reliable. Therefore, one final validation study 
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was performed to assess the ability of fluorescence spectrophotometry to 

measure the increasing number of adhered fluorescently labelled cells 

remaining after washing, when cells were seeded at increasing densities 

(previously assessed visually, with no quantification, in section 6.3.2).    

Mesothelial cells were seeded in clear- and black-coloured 24-well plates 

(described in section 6.2.1). SKOV3 cells were labelled with calcein-AM (section 

6.2.2) and suspended in basal media containing FBS 10% (v/v) and added onto 

mesothelial cells at various seeding densities as indicated. After 24 hours of 

incubation, unadhered SKOV3 cells were removed (section 6.2.3) and the 

plates analysed by fluorescence spectrophotometry (section 6.2.4).  

The results are shown in Figure 93. Fluorescence readings in the clear- and 

black-walled plates were comparable. Similar to Figure 88, the background 

wells (containing only mesothelial cells without the labelled SKOV3 cells) 

generated fluorescence readings which inferred the autofluorescence property 

of mesothelial cells.  
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Figure 93. The fluorescence readings of the background wells were 
similar to the wells with adhered SKOV3. Mesothelial cells were seeded at 
30,000 cells/well on clear and black 24-well plates and grown to confluence. 
Calcein-AM-labelled SKOV3 cells were suspended in basal media + 10% (v/v) 
FBS and applied onto mesothelial cells at increasing densities (0 to 20,000 
SKOV3/ 500µL/ well). Wells with zero SKOV3 cells contained mesothelial cells 
only (background wells). Plates were incubated at 37°C/5% CO2 for 24 hours, 
washed and then analysed by fluorescence spectrophotometry at 495/515nm. 
Data are presented as mean ± SD of replicates from one experiment. 
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After the unadhered SKOV3 were removed by washing, the readings of the 

background wells were similar to the wells with the adhered SKOV3. These 

data therefore suggest that the fluorescence spectrophotometry method did not 

appear sensitive enough to distinguish the fluorescence of the adhered SKOV3 

cells from the background fluorescence. 

These data and the previous data suggested that utilising fluorescence 

spectrophotometry to determine the amount of SKOV3 adhesion onto 

mesothelial cells was unreliable. Therefore, an alternative method to quantify 

SKOV3 adhesion was required. 

 

6.3.6 The effect of adipose, SKOV3 and mesothelial cell conditioned media 

on SKOV3 cell adhesion to a mesothelial monolayer under fluid flow 

conditions as assessed by manual cell counting  

The previous data indicated that analysing adherence of SKOV3 by 

fluorescence spectrophotometry was not a reproducible and reliable 

methodology. Therefore, manual counting was used for all future experiments. 

With this method, the type of plate (clear or black) used becomes immaterial 

and thus, standard clear 24-well plates were utilised. 

In the previous experiments, SKOV3 adhesion to mesothelial cells was 

examined under static conditions, i.e. the media with suspended SKOV3 cells 

was unmoving on top of the mesothelial cell surface. To better simulate the 

passive flow conditions of the peritoneal fluid on the omental surface, the fluid 

shear stress commonly encountered in the peritoneum were generated within 

the wells via mechanical rocking, i.e. by placing the plates on a see-saw rocker. 

The settings of the see-saw rocker to generate the required shear stress are 

detailed in section 6.2.6.  

The experiment was conducted and analysed as described in section 6.2.7. 

Most of the observed SKOV3 adhesion occurred in the middle part of the well, 

where the SKOV3 cells were congregated in a parallel direction to the rocking 

motion (Figure 94), i.e. the ‘pivot’ of the see-saw. 

 



291 
 

 

Figure 94. SKOV3 adhesion onto mesothelial cells was mostly observed in 

the central region of the well, parallel (marked with dotted lines) to the 

rocking direction. Mesothelial cells were seeded at 30,000 cells/well in 24-well 

plates and grown to confluence. Calcein-AM-labelled SKOV3 cells were 

suspended in various treatment media and applied onto mesothelial cells 

(20,000 SKOV3/ 500µL/ well) on a see-saw rocker for 24 or 48 hours. 

Unadhered SKOV3 cells were removed by washing and the wells imaged on a 

fluorescence microscope; labelled SKOV3 cells appear green when imaged on 

the green channel. Representative images, captured at 4x magnification with 

EVOS Fluo, depict SKOV3 adhesion after 48 hours when treated with 

mesothelial CM (A) and adipose tissue CM (B). Scale bar 1000µm. 
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Compared to the control CM after 24 hours, there was no significant difference 

in SKOV3 adhesion to mesothelial cells in the presence of SKOV3 CM or 

adipose tissue CM (Figure 95). Interestingly, less SKOV3 adhesion was 

observed when cells were incubated with mesothelial CM (p<0.05, compared to 

control CM). However, this reduced adhesion was not observed after 48 hours 

when SKOV3 adhesion in all treatment CM (mesothelial cell CM, SKOV3 CM, 

adipose tissue CM) were similar to control. 

 

 

 

Figure 95. Mesothelial cell CM reduced SKOV3 adhesion after 24 hours, 

but not after 48 hours. Mesothelial cells were seeded at 30,000 cells/well in 

24-well plates and grown to confluence. Calcein-AM-labelled SKOV3 cells were 

suspended in treatment media and applied onto mesothelial cells (20,000 

SKOV3/ 500µL/ well) on a see-saw rocker for 24 (A) or 48 (B) hours. 

Unadhered SKOV3 cells were removed by washing and the wells imaged on a 

fluorescence microscope. The total area of adhered SKOV3 cells was 

calculated on ImageJ and compared between treatments. Data are presented 

as mean ± SD and expressed as a percentage of control media (n=4), *p<0.05, 

Mann-Whitney test. CM: conditioned media. 
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6.3.7 Visualisation of SKOV3 adhesion onto mesothelial cells via 

immunocytochemistry 

After SKOV3 cells adhered to the mesothelial cell monolayer, 

immunocytochemistry was performed (described in section 6.2.8) to detect any 

changes in mesothelial cell morphology, either induced by the treatment media 

overnight incubation, or induced by the SKOV3 cells. In terms of the latter, 

previous studies reported that cancer cells were able to cause the migration or 

clearance of mesothelial cells and subsequently, the cancer cells adhered to the 

ECM in the exposed sub-mesothelial layer (discussed in section 1.6.5). Thus, 

immunocytochemistry investigated whether the SKOV3 cells adhered to the 

mesothelial cells themselves or to the collagen coating underneath the 

mesothelial cell layer.  

Immunocytochemistry confirmed the identity of mesothelial cells by the 

presence of both cytokeratin-18 and vimentin, and their general morphology 

appeared unchanged after prolonged incubation (≥24 hours) with treatment 

media and SKOV3 cells (Figure 96). The green of the calcein-AM within the 

SKOV3 cytosol appeared diffuse, while the green of the vimentin within the 

mesothelial cells appeared fibrous; hence the two cell types could be 

distinguished. The nuclei of the SKOV3 cells appeared larger than that of 

mesothelial cells, identified from the blue dye of DAPI staining. 

Immunocytochemistry images showed that the SKOV3 cells adhered to the 

mesothelial cells rather than to the matrix in between them, based on 

cytokeratin-18 staining, which indicated the location of the adhered mesothelial 

cells. 
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Figure 96. SKOV3 cell adhere to mesothelial cells. The presence of vimentin 
(green, A2) and cytokeratin-18 (red, A3) confirmed the identity of mesothelial cells 
and their location. White arrows mark the calcein-AM-labelled SKOV3 and yellow 
arrows mark SKOV3 cells adhered to the mesothelial cells. Mesothelial cells were 
seeded at 30,000 cells/well on a 24-well plate, grown to confluence and treated 
with SKOV3 CM overnight. Fluorescent-labelled SKOV3 cells were applied for 6 
hours before removing unadhered cells with PBS. Cell fixation was performed with 
4% (v/v) paraformaldehyde at room temperature and cells were then permeabilised 
with methanol at -20°C. Primary antibodies (anti-vimentin and anti-cytokeratin-18) 
were applied, followed by fluorescent-conjugated secondary antibodies; cell nuclei 
were stained blue with DAPI (A1), and the plate was visualised via fluorescence 
microscopy. Representative images, captured at 40x magnification using EVOS 
Fluo, show SKOV3 adhesion on mesothelial cells stained for vimentin and 
cytokeratin-18 (A) with the individual channels (A1, A2, A3) shown separately. The 
negative control (PBS in place of primary antibodies) showed background level of 
staining (B). Scale bar 100µm. 
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6.4 Discussion 

Since the interaction between ovarian cancer cells and the omental mesothelial 

cells is crucial in cancer metastasis to the omentum, a method to analyse the 

initial adhesion of ovarian cancer cells to the mesothelial surface layer was 

developed. SKOV3 cells were selected to represent metastatic ovarian cancer, 

as they were derived from the ascitic fluid of EOC,(284) and thus would come 

into contact with the omental surface. The SKOV3 cells were fluorescently 

labelled to ease their detection via fluorescence spectrophotometry or 

fluorescence microscopy. However, the former method proved to be unreliable 

and thus manual cell counting was eventually performed using images captured 

via fluorescence microscopy. Furthermore, to closely resemble in vivo fluid 

shear stress conditions encountered in the peritoneal cavity at the omental 

surface, cells in the culture plates was subjected to mechanical rocking during 

treatment. 

When comparing SKOV3 adhesion under different treatment conditions, 

treatment with mesothelial cell CM resulted in reduced SKOV3 adhesion 

compared with control, adipose tissue CM and SKOV3 CM after 24 hours. 

However, after 48 hours, SKOV3 adhesion was of similar levels in all CM types.  

 

6.4.1 Fluorescence spectrophotometry readings were unreproducible and 

unreliable 

In studying the adhesion of the ovarian cancer cells onto mesothelial cells, 

labelling the SKOV3 cells with calcein-AM, a fluorescent dye, and leaving the 

mesothelial cells unlabelled, was a simple approach to differentiate between the 

two different cell types. 

Fluorescence spectrophotometry was initially thought to be the most objective 

measurement of fluorescence, and also allowed for higher throughput, but 

proved unreliable in these experiments. Examination of fluorescence per well 

immediately after seeding with different numbers of labelled SKOV3 confirmed 

that the level of fluorescence was proportional to cell numbers added. However, 

after 24 hours incubation and washing off the unadhered SKOV3 cells, the 
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fluorescence readings were greatly reduced and were similar to the background 

wells (mesothelial cells without the labelled SKOV3).  

Images of the wells showed greater numbers of adhered SKOV3 when they 

were seeded at a higher density, but this observation was only measured as 

marginal in the fluorescence readings. Importantly, the background wells 

themselves emitted fluorescence in the absence of SKOV3, suggesting that the 

mesothelial cells autofluoresce. This is supported by literature showing that 

cellular components were found to naturally autofluoresce.(489) These data 

suggest that the utility of fluorescence spectrophotometry was limited since it 

could not discern between the fluorescence of the adhered SKOV3 cells and 

the background readings. 

Discrepancies also arose in the fluorescence readings generated and the 

manual cell count numbers. It was proposed initially that the discrepancy could 

be explained by the multiwell plates used in the experiments. Black plates are 

often marketed as suitable for fluorescence-based experiments, since the black-

coloured walls absorb light and thus, reduce intra-well light reflection. In the 

experiment using blank (no cells, media only) clear and black 24-well plates, the 

difference between the readings obtained from the clear and black plates were 

obvious; the standard clear-walled plates showed higher variability (larger 

standard deviation values) between the individual wells, possibly due to the light 

reflection within the walls resulting in high background fluorescence. 

Additionally, a 24-well plate is considered as a low-density plate (as opposed to 

the higher density 384-well plates where the walls of each well are closer 

together) with a wide bottom surface Thus, the clear-bottomed surfaces of both 

the standard and black plates may also cause light reflection and in turn, 

contribute to the background fluorescence.  

Another contributory factor to background fluorescence is the autofluorescence 

of compounds within the media itself.(490, 491) This was shown earlier when 

the different types of media within the blank wells generated different 

fluorescence values. From the data shown it was concluded that fluorescence 

spectrophotometry was not suitable method to measure calcein-AM-labelled 

SKOV3 adhesion onto mesothelial cells. Therefore, a visual-based method was 

used instead i.e. by analysing microscope images of fluorescent SKOV3 cells. 
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6.4.2 Fluid shear stress generation in culture wells 

To date, this is the first time the adhesion of ovarian cancer cells onto omental 

mesothelial cell layer was investigated under physiological shear stress 

conditions. Previous studies adopted a static system,(273, 468) while another 

study generated fluid shear stress using a gyro-rocker instead of a see-saw 

rocker in order to examine the changes induced in ovarian cancer cells.(492) 

The gyro-rocker method was not utilised as the calculation of shear stress did 

not appear reliable, since it was based on the equation for a see-saw rocker as 

stated in the Zhou et al (2010) study. 

The method of using a see-saw rocker to generate fluid shear stress was 

chosen due to the ease of set up and operation. Cells were cultured as usual in 

24-well plates, and placed on the rocker within the incubator itself; with no need 

for extra tubing, additional temperature control or other specialist equipment. 

Furthermore, the authors of the article that the fluid shear stress equation was 

adapted from, proposed that their method and equation is applicable for rocking 

systems with a low magnitude, i.e. ≤1 dyn/cm2;(485) which is appropriate to 

simulate peritoneal fluid shear stress in the current experiment. 

In terms of the fluid shear stress experienced by the mesothelial cell layer, the 

calculated shear stress, 0.0426 dyn/cm2, applies to the centre of the well as 

stated in the original article.(485) The authors of the article also stated that the 

shear stress values do not differ greatly (<17% difference) within the central 

50% of the well, as long as the bottom of the well is fully covered by media 

during rocking. Such a situation is applicable in these experiments as the 

volume of media was sufficient and the angle of tilt small enough to prevent the 

mesothelial cells at the bottom being exposed to air at any point. By 

extrapolation, the maximal shear stress within the central 50% of the well is 

0.0498 dyn/cm2, which is within the physiological peritoneal shear stress value 

of <0.1 dyn/cm2.(140) Hence, to analyse SKOV3 adhesion, microscope images 

were positioned in the centre of the well to encompass the central 50% region. 

It was observed that the pattern of SKOV3 adhesion was concentrated in the 

middle of the well and formed a parallel band in the same direction as the 

rocking see-saw motion. This suggests that higher shear stress enhanced 

SKOV3 adhesion. This is supported by the literature indicating that the 
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application of fluid shear stress increases the invasiveness of many types of 

cancers. For example, in ovarian cancer cells shear stress induced cytoskeletal 

changes (486) and increased secretion of IL-8, both of which are linked to 

enhanced tumour adhesion.(487) In chondrosarcoma, shear stress increased 

MMP-12 expression and subsequent ECM degradation.(493) In hepatocellular 

carcinoma shear stress led to upregulation of autophagy and conservation of 

resources during tumour invasion.(494) 

 

6.4.3 The effect of treatment with conditioned media on SKOV3 adhesion 

onto mesothelial cells 

Interestingly, none of the CM tested i.e. adipose tissue, mesothelial cell or 

SKOV3 CM, increased SKOV3 adhesion to the mesothelium above control 

levels. This was unexpected since the CM were sourced from cells reported to 

be capable of secreting factors which contribute to cancer metastasis. For 

example, adipocytes, a major component of adipose tissue, are linked to cancer 

metastasis through the secretion of adipokines for tumour invasion and 

angiogenesis (section 1.5).  Mesothelial cells are also recognised as active 

participants in tumour metastasis through the upregulation of adhesion factors 

and receptors in ovarian cancer cells (discussed in section 1.6.5).(464, 468, 

495) Factors secreted from SKOV3 cells have been reported to induce MMT, 

making mesothelial cells more conducive towards cancer invasion.(273) 

Interestingly, incubating SKOV3 and mesothelial cells in mesothelial cell CM 

reduced adhesion of the cancer cells to the mesothelium after 24 hours, 

although no difference from control was seen after 48 hours. These data 

suggest that mesothelial cells secrete factors that protect against cancer cell 

adhesion, at least in the short term (≤24 hours). At the 24-hour timepoint, the 

findings were similar to a previous study by Kenny et al (2007) who compared 

SKOV3 adhesion to human omental mesothelial cells or fibroblasts.(468) They 

showed that SKOV3 adhesion to mesothelial cells was considerably lower than 

adhesion to fibroblasts, and inferred that the mesothelial cells inhibited cancer 

cell adhesion while fibroblasts induced it. Adhesion to fibroblasts was lower 

when the SKOV3 cells were pre-treated with mesothelial cell CM, but the pre-

treatment of the SKOV3 cells did not further reduce adhesion to mesothelial 
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cells.(468) The authors postulated that SKOV3 adhesion to mesothelial cells 

was mediated by direct cell-contact since mesothelial cell CM had no 

effect.(468)  

In the experimental setup described in Kenny et al (2007), the pre-treatment of 

SKOV3 with mesothelial cell CM was for 18 hours, and then the SKOV3 cells 

suspended in mesothelial cell CM was added to the mesothelial cell layer for a 

further 4 hours to allow SKOV3 adhesion.(468) This is equivalent to a 22-hour 

exposure time of the SKOV3 to the mesothelial cell CM. This was similar to the 

present experiment where the SKOV3 cells, suspended in the treatment CM, 

were incubated with the mesothelial cells for 24-hours. The difference in the 

present setup was that the SKOV3 cells were not pre-treated with treatment CM 

prior to addition to the mesothelial cell layer. 

The decreased SKOV3 adhesion observed in cells incubated with mesothelial 

cell CM for 24 hours may be due to the presence of factors in the CM which 

protects against cancer cell adhesion. A possible candidate may be free-floating 

hyaluronan which had previously detached from the mesothelial cells during CM 

collection.(268) This exogenous hyaluronan may have served as a decoy for 

the SKOV3 cells to bind to. However, at the 48-hour timepoint, SKOV3 

adhesion in all treatment CM types was similar to control CM. It was possible 

that the free-floating hyaluronan had been depleted or ‘mopped up’ by the 

SKOV3 cells by 48 hours, thus the SKOV3 cells could then go on to bind to the 

mesothelial cell layer. 

In a previous study, omental mesothelial cells which had converted to the 

mesenchymal phenotype showed greater SKOV3 adhesion compared to the 

epithelial-like mesothelial cells.(273) This same study showed that MMT in the 

omental mesothelial cells could be induced by incubating them with either 

SKOV3 CM or a treatment containing both TGF-β1 and IL-1β for 6 days; the 

spindle-shaped morphology of mesenchymal-like mesothelial cells was 

observed by day 3.(273) Interestingly, both TGF-β1 and IL-1β were detected in 

the omental adipose tissue CM of the present study (Figure 97 in the 

appendix), and these factors have been implicated in the MMT process from 

other studies.(496, 497) Altered morphology in mesothelial cells was not 

observed in the present study, possibly due to the shorter incubation time (≤48 

hours) with CM from SKOV3 or adipose tissue. By extrapolation, it is possible 
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that extending the incubation duration to at least 72 hours may have resulted in 

increased SKOV3 adhesion to the mesothelial cell layer compared with the 

control when incubated in CM from SKOV3 or adipose tissue. 

It is also possible that the method by which the media in the wells were 

removed, i.e. by pipette aspiration, may have contributed to the lack of 

difference observed in SKOV3 adhesion when treated with the different CM 

types, especially at the 48-hour timepoint. Media aspiration was performed in 

the wells containing mesothelial cells prior to SKOV3 seeding. It was possible 

that media aspiration via pipette may have mechanically destroyed the surface 

structure of mesothelial cells, possibly the hyaluronan coating (discussed in 

section 1.6.5), which then allowed SKOV3 adhesion regardless of the type of 

CM treatment present including the control. A study by Jones et al (1995),(268) 

showed that the mesothelial cell pericellular coat, consisting of hyaluronan, 

conferred protection against ovarian cancer cell adhesion. They reported that 

media aspiration resulted in a greater loss of this coat compared to when the 

media was poured out, and that cancer cell adhesion was greater when the 

former method was employed.  

The mechanism of SKOV3 adhesion was not explored in this project. Possible 

mechanisms from past studies, as discussed in subsections 1.6.5b and 1.6.5c, 

proposed the role of integrins (bind to the fibronectin secreted by mesothelial 

cells), the CD44 receptor (binds to surface hyaluronan on mesothelial cells), or 

the CXCR4 receptor (binds to CXCL12 secreted by mesothelial cells). Thus, 

future work could include investigating the roles of these molecules. 

 

6.4.4 SKOV3 adhere to mesothelial cells and not the extracellular matrix 

From immunocytochemistry, it could be seen that SKOV3 cells adhered to the 

mesothelial cells themselves rather than the extracellular matrix in between 

them. Images from fluorescence microscopy showed that the structure of the 

cytokeratin-18 and vimentin within the mesothelial cells were not altered when 

SKOV3 were adhered. While vimentin was also present in SKOV3,(498) this 

was not apparent in the images as the diffused appearance of the green 

calcein-AM masked the fibres of the also green vimentin. 
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It is interesting to note that this finding was not aligned to previous studies 

which suggested that cancer cell adhesion is enhanced by the ‘clearing away’ of 

mesothelial cells to expose the underlying matrix, where the initial adhesion 

then occurs.(271, 272) Specifically, it has been suggested that the ovarian 

cancer cells in contact with the mesothelial cell layer use traction force to 

disassemble mesothelial cells from their underlying matrix.(271) It is possible 

that these differential results are due to the different coating substrates used or 

different cancer cells. For instance, Davidowitz et al (2014) used fibronectin to 

coat their cultureware,(272) whereas the present experiment used collagen IV. 

Additionally, these authors did not test SKOV3 cells in their study. Metastatic 

ovarian cancer cells may preferentially bind to fibronectin, with previous studies 

reporting interactions between cancer cell integrins and fibronectin.(141, 142, 

263) In the present study, collagen IV coating was utilised when culturing 

mesothelial cells as it was tested to be the most suitable (demonstrated in 

section 5.4.1), and also because collagen most closely resembles the basement 

membrane of adipose tissue in vivo.(466, 467) 

It is possible that the mechanism of ovarian cancer invasion (mesothelial 

clearance or adhesion) may be dependent on the coating substrate utilised. 

Thus, for future experiments, it would be interesting to compare the effect of 

fibronectin or collagen coating on SKOV3 adhesion to mesothelial cells, and 

subsequently identify the cancer cell integrins involved.  

Davidowitz et al (2014) also reported that ovarian cancer cells (derived from 

primary cancer or cancer cell lines) with greater gene expression of 

mesenchymal markers showed better mesothelial cell clearance ability; while 

those with greater expression of epithelial markers showed poor clearance 

ability.(272) This was confirmed by the increased expression of vimentin (a 

mesenchymal marker) or the decreased expression of E-cadherin (an epithelial 

marker) in the clearance-competent cancer cell types.(272) The role of EMT 

was also implicated in the binding of cancer cells to fibronectin, observed as 

increased binding when E-cadherin expression was inhibited.(141) 

These findings implied that the extent of EMT in the cancer cells correlates with 

their ability to clear the mesothelial cell layer and thus, facilitate cancer invasion. 

Indeed, the significance of the EMT process in ovarian cancer dissemination 

was discussed in section 1.3.5. Additionally, increased E-cadherin mRNA 
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expression in ovarian cancer cells in peritoneal and pleural fluid correlated with 

better patient survival.(499) Therefore, future work could examine the role of 

EMT and whether the adhered SKOV3 cells showed changes in levels of 

mesenchymal and epithelial markers. Although vimentin expression was 

detected via immunocytochemistry, this was not quantified in the present study. 

Since the mesothelial cell layer appeared intact in the present study, adhesion 

molecules on the mesothelial cells such as ICAM-1 or VCAM-1 may be 

implicated in their interaction with the SKOV3 cells, based on a study 

investigating colon cancer cell adhesion to rat mesothelial cells.(254) This study 

attributed the increased expression of adhesion molecules to the action of IL-

1β,(254) which is also one of the mediators secreted by omental adipose tissue. 

A more recent study reported that SKOV3 cells migrate across the mesothelial 

cell layer (human mesothelial cell line cultured in pore filter chambers) through 

the interaction between VCAM-1 expressed on the mesothelial cells and the 

α4β1 integrin on the cancer cells.(500) Additionally, mesothelial VCAM-1 

expression was negatively correlated to patient survival in EOC.(501) Future 

work could focus on identifying the molecules involved in ovarian cancer 

adhesion and invasion, and the mediators which regulate their expression.  

The immunocytochemistry images also showed that the adhered SKOV3 

retained their circular morphology. This was also noted by Sandoval et al (2013) 

(273) in mesothelial cells which retained their cobblestone or epithelial-like 

characteristics as per normal physiology (as observed here). However, these 

authors noted that when the mesothelial cells transdifferentiated to a 

mesenchymal phenotype (via MMT), the adhered SKOV3 cells produced 

pseudopodial projections on the mesothelial cell surface.(273) This 

phenomenon was not observed in the current experiment, possibly because the 

experiment was carried out for 24 hours, whereas that of Sandoval et al was for 

72 hours.(273) Indeed, such pseudopodial projections on the adhered SKOV3 

were observed after 48 hours, based on fluorescent microscopy images from 

early experiments (Figure 99 in the appendix). 
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6.5 Chapter summary 

The omental mesothelial cells are the first point of contact for ovarian cancer 

cells metastasising via the peritoneal fluid. Since the omentum is a favoured site 

of metastasis it was hypothesised that the release of soluble adipokines by this 

adipose tissue organ may contribute to the rich “soil” that encourages cancer 

cells to “seed” onto this organ. Thus, the effect of adipose tissue CM on cancer 

cell adhesion onto the outer mesothelial layer of the omentum was examined.  

Since both the cancer cells and mesothelial cells can also potentially secrete 

pro-adhesive factors in the tumour cell microenvironment the effect of CM 

collected from these two cell types on cancer cell/mesothelial cell adhesion 

were also examined for comparison.  

To facilitate these studies an in vitro experimental system was successfully 

established. This identified that quantification of the adhesion of SKOV3, as a 

model for metastatic ovarian cancer, onto mesothelial cells by manual cell count 

was optimum rather than the use of fluorescence spectrophotometry. To 

simulate peritoneal fluid flow conditions, experienced in the microenvironment of 

the omental mesothelial cells, fluid shear stress was generated by mechanical 

rocking of the culture plates.  

Interestingly, after 24 hours incubation the adipose CM had no effect on SKOV3 

adhesion onto mesothelial cells and similarly no changes in adhesion were 

induced by cancer cell CM. However, the mesothelial cell CM significantly 

reduced mesothelial cell adhesion compared with the control.  After 48 hours, 

SKOV3 adhesion was similar in all treatments which suggests that secreted 

factors in the CM did not enhance SKOV3 adhesion. These data suggest that 

none of the CM in isolation contain factors that enhance cancer cell adhesion, 

at least in the experimental system studied.  It is possible that a combination of 

CM may have different effects, and this could be studied in the future 

In contrast, these data support the conclusion that factors secreted from 

mesothelial cells actively contribute to maintaining a relatively low adhesive 

surface for migrating cancer cells and that removal of these factors may disrupt 

this homeostatic process. Thus, it would be interesting to examine whether a 

mixture of CM would suppress this effect, i.e. would mixing SKOV3 CM with 

mesothelial cell CM override the protective effects of the mesothelial cell CM. 
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This serves as a potential direction for future studies in elucidating the 

mechanism of SKOV3 adhesion onto the omental mesothelial cells. 
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Chapter 7. General discussion and future work 

Of all the gynaecological cancers, EOC is the most lethal. In the UK, survival 

rate after 10 years is only 35%.(57) Most patients are diagnosed at stage III and 

IV, and 10-year survival at stage IV is a paltry 13%.(58) Some of the reasons for 

this advanced stage at diagnosis are non-specific symptoms during the early 

stages of the cancer, lack of awareness, lack of effective screening methods 

and relatively ineffective long term treatment. Chemotherapy post-surgery is the 

mainstay treatment, however, advancement in this aspect has been slow. The 

current platinum-taxane combination chemotherapy was first established in 

1996, and still remains mostly unchanged, except for slight regimen changes in 

dosage and administration duration.(95-97) 

Anti-angiogenic treatments were heralded as a new era in anti-cancer 

therapies. The premise for their development was the discovery of VEGF. Solid 

tumours, including ovarian cancers, secrete this pro-angiogenic factor which is 

reported to stimulate tumour angiogenesis to supply the growing primary and 

metastatic tumours with nutrients and oxygen.(44, 45) Anti-angiogenic therapies 

targeting VEGF are designed to prevent VEGF signalling in host ECs, which in 

turn should inhibit new vessel growth and regression of newly formed 

vasculature, ultimately leading to tumour death.(502)  

The anti-angiogenic therapy bevacizumab (anti-VEGF antibody) was approved 

for use in ovarian cancer and appeared promising in the short term, with quality 

of life scores comparable to standard chemotherapy.(102, 103) However, 

improvements were not sustained in the long term, as evidenced by the lack of 

clinical benefit. Unfortunately, clinical endpoints such as overall survival and 

progression-free survival showed modest or no improvement with the addition 

of bevacizumab to standard treatment.(101-103) This lack of impact could be 

the result of compensatory pro-angiogenic pathways in tumours, 

inappropriateness of administration route of the therapies, or drug resistance. In 

fact, resistance to bevacizumab is increasingly recognised, whereby treatment 

induces resistance genes in cancer cells, leading to adaptive mechanisms to 

circumvent bevacizumab’s action,(104, 105) again suggesting compensation by 

alternative pro-angiogenic pathways to the VEGF-VEGFR axis. Thus, tumour 

angiogenesis is a complex process, and more research is required to 
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understand the mechanisms involved and translate findings into clinically useful 

therapy. 

In ovarian cancer metastasis, the transcoelomic dissemination route is the most 

common, whereby the tumour cells break away from the primary tumour and 

are transported by peritoneal fluid into the peritoneal cavity. The metastatic cells 

then preferentially attach to peritoneal surfaces which are composed of 

mesothelial cells. One such location is the surface of the omentum, a large 

abdominal organ composed of adipose tissue. The preference, or tropism, of 

the tumour cells for the omentum is not coincidental. It is partly due to the 

structure of the omentum itself, especially the ‘milky spot’ areas where 

peritoneal fluid containing the tumour cells enters through fenestrations and the 

action of macrophages and mesothelial cells aid tumour colonisation.  

Adipocytes are the main component cells of adipose tissue and previous 

studies showed that they may also play a role in tumour metastasis and 

progression. Not only can the adipocytes provide fatty acids as an energy 

source for the metastatic tumour cells, but other elements of the secretome, 

including adipokines, can promote cancer EMT (supporting the survival of 

exfoliated tumour cells), function as an attractant for metastatic cells and aid 

their adhesion, promote chemoresistance in tumour cells and promote tumour 

angiogenesis.(159, 186) It is also possible that EOC metastasis to the omentum 

is so successful because the secreted adipokines also contribute to the process 

of angiogenesis initiated by the growing tumour to support delivery of nutrients 

and oxygen. However, the specific mechanisms by which the latter may occur 

have not been fully investigated.  

Clearly, a greater understanding of the influence of adipokines on the metastatic 

process may reveal potential pathways for future therapeutic targets, and given 

the relatively poor advances in this area over the past 30 years, new therapeutic 

options for sufferers of ovarian cancer are urgently needed. Thus, the aim of 

this thesis was to examine, using disease relevant human cell types, whether 

secreted omental adipokines support EOC metastasis to the omentum by (a) 

influencing initial ovarian cancer cell adhesion to the surface of the omentum 

(mesothelial cell layer), and (b) by inducing pro-angiogenic changes in the 

microvascular ECs within the omentum (i.e. the HOMECs). 
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To investigate this, the existing protocol to isolate HOMECs was improved to 

reliably increase their yield. Key changes included extending the duration of 

enzymatic digestion of the omental tissue (a greater proportion of the tissue 

sample is digested away to release a higher number of the intended cells) and 

extending the incubation duration of the immunoselection step (allowing more 

time for the antibody to bind to the HOMEC surface marker, CD31). The identity 

of the isolated cells was confirmed via immunocytochemistry for known 

endothelial cell markers including CD31 and vWF.(278, 281) 

EC activation is critical for angiogenesis, and this activation was measured by 

EC proliferation (assessed by WST8 and BrdU assays) and migration 

(assessed by scratch assay). Initial studies examined the ability of factors 

secreted from omental adipose to induce HOMEC proliferation. Importantly, the 

complete secretome of the adipose tissue, in the form of CM, significantly 

enhanced HOMEC proliferation, suggesting that the adipose tissue alone is a 

rich “soil” for metastatic EOCs. However, although analysis of the CM identified 

key secreted adipokines with potential angiogenic effects (adiponectin, 

cathepsin L, leptin, lipocalin-2 and MIF), none of these proteins alone or in 

combination, enhanced HOMEC proliferation suggesting that the secreted pro-

proliferative factor(s) is still to be identified. However, antibody array analysis of 

the HOMEC receptors and intracellular signalling pathways activated by 

adipose tissue CM suggested activation of a pro-proliferative pathway involving 

STAT3 signalling. Based on the existing literature, STAT3 is possibly activated 

upstream by receptors such as ALK, FGFR, or another as yet unidentified 

receptor (Figure 67).(385, 503, 504) 

The range of adipokines secreted by adipose tissue (Figure 97 in the appendix) 

may act as ligands for these receptors. A possible candidate is HGF, which was 

shown to induce HUVEC and human aortic EC proliferation as assessed by a 

[3H]Thymidine assay (similar to BrdU assay).(505, 506) Moreover, treatment 

with HGF was associated with increased STAT3 activation in ECs.(506)[refH6b] 

Other potential pro-angiogenic factors derived from the adipocyte secretome 

are CCL5 and IGFBP-3, which were shown to induce tube formation in 

HUVECs in vitro and in murine models in vivo.(507, 508) 
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It was interesting to note that neither the adipose tissue CM nor the selected 

individual adipokines enhanced cell migration, raising the possibility that 

adipokines play a larger role in HOMEC proliferation than migration.  

Since it is generally accepted that the cancer cells themselves contribute to 

their own metastasis, the effect of basal cancer CM on HOMEC proliferation 

was also examined. Interestingly, while CM from A2780 cells, (ovarian cancer 

cells derived from the primary tumour) did enhance EC proliferation, CM from 

SKOV3 cells (an ovarian cancer cell line originating from a metastatic tumour), 

did not. This contrasting observation showcased the different angiogenic and 

thus, invasive capabilities of the cancer cells. It was also unexpected, since 

most solid tumours, including EOC, have been shown to secrete VEGF, a 

prominent pro-angiogenic growth factor.(509, 510) 

Since both cell types i.e. adipocytes and EOC cells, are present in the complex 

omental microenvironment of the invaded omentum during metastasis, it was 

hypothesised that the interaction between secreted adipokines and the cancer 

cells may be further driving angiogenesis. Thus, the ovarian cancer cells were 

exposed to the individual identified adipokines prior to collection of their CM 

which was then applied onto the HOMECs. Excitingly, it was shown for the first 

time that CM from both SKOV3 and A2780 cells, pre-incubated with leptin or 

lipocalin-2, significantly enhanced HOMEC proliferation compared with cancer 

cell CM alone.  These data strongly suggested that these two adipokines 

induced the release of proangiogenic factors from the cancer cells, highlighting 

the complexity of the cellular crosstalk occurring in the omentum during EOC 

metastasis.  

A series of experiments were then carried out to try to identify the pro-

angiogenic factors secreted from the cancer cells in response to leptin and 

lipocalin-2 and the signalling pathways activated in the HOMECs. It was found 

that VEGF and TGF-β1 secretion was induced by both adipokines in both 

SKOV3 and A2780 cells. However, inhibitor studies confirmed that only 

VEGFR2 inhibition significantly reduced the proliferative effects of the CM from 

adipokine treated cancer cells. The CM activated a range of common 

intracellular signalling kinase targets in the HOMECs including ERK1/2, HSP27 

and PDGFRβ.  These combined data strongly suggested that activation of the 

VEGF-VEGFR2/ERK1/2 axis was responsible for the observed HOMEC 
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proliferation and that additionally the VEGF/VEGFR2 activation may have been 

potentiated by PDGFRβ signalling (Figure 66). 

Separately, increased VEGFR3 activation was detected in the HOMECs which 

prompted additional immunocytochemistry of HOMECs with an anti-VEGFR3 

antibody. Indeed, VEGFR3 was detected in two separate populations of the 

isolated HOMECs. This was interesting since this VEGF receptor type has been 

reported to be mostly expressed in lymphatic ECs in previous studies, 

highlighting the heterogeneity of ECs and the importance of using relevant ECs 

when studying a specific disease (in this case HOMECs).  

In summary, the data presented here indicate that the secretome of omental 

adipocytes not only contains (as yet unidentified) factors that alone or in 

combination are able to activate a pro-angiogenic i.e. pro-proliferative, 

phenotype in HOMECs, but also leptin and lipocalin-2 which interact with EOCs 

to induce secretion of VEGF. Thus, the resident microvasculature in the 

omentum is exposed to two sources of pro-angiogenic signals originating from 

the adipocytes, one direct and one indirect via the cancer cells and this double 

trigger may be enough to initiate the angiogenic switch and induce new vessel 

growth. Thus, the highly complex interactions between adipocytes, cancer cell 

and ECs in the omentum during EOC metastasis may promote metastasis 

growth and partly explain the high rate of successful secondary spread to this 

tissue i.e. it provides a fertile “soil” for the “seeded” cancer cells.     

Aside from targeting angiogenesis, methods to overcome the establishment of 

metastasis in the first place would be beneficial in treating EOC. Mesothelial 

cells form the outer layer of the omentum and are the first point of contact for 

the invading cancer cells.  It was thus hypothesised that factors secreted from 

the omental adipocytes may also contribute to this stage of EOC metastasis.    

To investigate the adhesion of the ovarian cancer cells onto the mesothelial 

layer, a reliable protocol to isolate the omental mesothelial cells was first 

developed. The identity of the isolated cells was confirmed via 

immunocytochemistry. Next, a series of studies to optimise in vitro omental 

mesothelial cell growth conditions established that cultured cells should be 

grown in vessels or plates coated with collagen IV, maintained in DMEM with 
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20% FBS and seeded at a density of at least 10,000 cells/cm2 to reduce the risk 

of senescent-like cells.   

Once this was established, the cells were used to develop an assay to examine 

cancer cell adhesion to the mesothelium under flow conditions similar to those 

found in vivo, where peritoneal fluid movement along the omental surface 

generates fluid shear stress. Interestingly neither the CM from SKOV3 cells or 

adipose tissue had any effect on adhesion of SKOV3 cells to the mesothelial 

layer. However, CM from the mesothelial cells themselves reduced SKOV3 

adhesion to the mesothelium at 24 hours, suggesting that mesothelial cells 

secrete protective factors against cancer cell adhesion in the short term (<24 

hours). However, by 48 hours, SKOV3 adhesion was similar across all CM 

types. Free-floating hyaluronan was proposed as a possible protective factor 

secreted by the mesothelial cells and is a possible candidate for future work. 

Thus, the factors secreted from mesothelial cells could be further investigated in 

the future, to determine if they could be exploited for therapeutic use. 

Additionally, it was observed from the microscopy images that the SKOV3 cells 

adhered to the mesothelial cells rather than the ECM in between them, as 

suggested by previous studies.(271, 272) Future work could explore the 

mechanism of this adhesion, possibly by examining the surface molecules of 

both the mesothelial and SKOV3 cells, and how these are affected by shear 

stress.  

To summarise, the data presented in thesis suggest that activation of HOMECs 

by ovarian cancer cells during metastasis to the omentum is significantly 

enhanced by adipokines (particularly leptin or lipocalin-2) secreted from the 

resident adipocytes. These adipokines enhance secretion of VEGF from the 

cancer cells which in turn activates the VEGFR2 on the HOMECs, triggering 

downstream ERK1/2 phosphorylation and initiating cell proliferation. This added 

to the direct pro-proliferative effects of the adipocytes, triggers angiogenesis.    

Clearly, these data provide additional evidence for the involvement of VEGF in 

metastasis of EOC to the omentum. However, as mentioned many anti-

angiogenic therapies have targeted the VEGF pathway, including bevacizumab 

which has been trialled with disappointing results in advanced, i.e. 

metastasised, EOC. The data obtained provide insights into the 
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pathophysiology of the metastatic cancer itself and possible reasons behind this 

lack of clinical success.  Firstly, bevacizumab is intravenously administered into 

the blood circulation system and relies on leaky tumour vessels for the drug to 

be delivered to the tumour mass or to the peritoneal ascites (since the therapy 

is an antibody, incapable of passing through the intact vessel wall). However, 

during the transcoelomic metastasis of ovarian cancer, metastatic tumour cells 

colonise non-diseased omental tissue where the vasculature is intact. Then, as 

shown here, they initially interact with the omental adipocytes to create an 

environment which stimulates angiogenesis in the growing tumour. Thus, 

perhaps the therapy is simply not able to initially access the areas where is it 

most required and the metastases are too established for the bevacizumab to 

induce clinically relevant effects.  Secondly, perhaps the anti-VEGF therapies 

are administered too late in the cancer pathogenesis to bring about their full 

impact i.e. they are usually administered once metastasis has occurred.    

The greater insight into the mechanisms involved in angiogenesis in omental 

metastases, shown here, suggest that anti-VEGF therapies that can be 

delivered at less advanced stages and through the intact microvasculature 

might be more effective than bevacizumab.  However, this situation can only be 

addressed with earlier diagnosis, and as mentioned previously this is 

challenging for several reasons. It appears that the most likely way forward for 

improving the outcome of patients with EOC is an effective screening 

programme; proverbially, ‘prevention is better than cure.’ 

Several screening strategies were previously put forward, but no particular 

method has stood out due to the challenges they presented. For example, 

pelvic examination failed for a number of reasons: it was not sensitive enough 

to detect early tumours in asymptomatic patients;(511) the cancer could have 

metastasised elsewhere before growing large enough to be detected via 

ultrasound;(512) inter-observer variation in visualising and interpreting 

ultrasonography images of ovaries especially those in post-menopausal 

women.(513-515) Additionally, the blood biomarker CA125, commonly 

associated with ovarian cancer, is not sensitive or reliable as the cut-off 

threshold levels vary between different cancer subtypes.(64, 512) 

Thus, ovarian cancer screening is not currently a viable option, and targeting 

angiogenesis in omental metastases may be the next best thing. A possible 
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strategy is to develop anti-angiogenic therapies which can be delivered much 

more efficiently to the adipose tissue of the omentum (for patients with omental 

metastases). This thesis highlights additional possible targets for therapeutic 

intervention. For instance, perhaps targeting leptin or lipocalin-2 or their 

signalling pathways in the EOC cells to reduce the overall VEGF burden could 

be considered. The pathways activated by these two adipokines resulting in 

enhanced VEGF production by the cancer cells were not investigated, and thus 

could be an important area for future work. A simple way to examine this is to 

collect the cancer cell lysate upon treatment with the adipokines and subject it 

to antibody arrays to detect the phosphorylation of relevant receptors and other 

signalling targets, similar to the procedures used to interrogate the lysate from 

CM-treated HOMECs.  

Additionally, identifying the pro-angiogenic factor(s) secreted from the omental 

adipocytes could provide further targets for intervention. Inhibitor studies, like 

those performed in HOMECs when treated with cancer cell CM, could be 

replicated when HOMECs are treated with adipose tissue CM. As discussed 

earlier (section 4.4.5c), potential targets for inhibition include FGFRs and ALK to 

inform which receptor(s) upstream of STAT3 is/are implicated in HOMEC 

proliferation induced by the adipocyte secretome. Identifying the relevant 

receptor, and subsequently its activating ligand presents another target for anti-

angiogenic therapy development.  

Aside from targeting angiogenesis, therapies which aim to inhibit the initial 

tumour adhesion and colonisation in the target organ (omentum) may be 

beneficial. The data suggests that factors originating from mesothelial cells may 

inhibit the adhesion of ovarian cancer cells onto the outer mesothelial cell layer 

of the omentum, thus amplifying these protective factors presents a possible 

treatment strategy. Future work may involve electron microscopy to visualise 

the outer surface of the mesothelial cells, possibly visualising the theorised 

protective hyaluronan or the other components of the mesothelial glycocalyx, to 

better understand the physical communication between the adhering cancer 

cells and the mesothelial cell surface. This may provide insight into designing 

therapies which target the relevant adhesion molecules present on the 

metastatic cancer cells and on the mesothelial cells in order to curb the initial 

tumour colonisation.  
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While the use of antibody arrays in detecting the secretome of adipocytes in this 

thesis was convenient, the range of targets were limited by what was pre-set in 

the array, which are common or known targets from existing literature. Mass 

spectrometry is a possible alternative method especially in detecting the 

components in the secretome collected and utilised in this study, i.e. CM from 

adipose tissue, adipokine-incubated cancer cells, as well as mesothelial cells. 

For example, HOMECs treated with adipose tissue CM showed increased ALK 

activation but to date, its corresponding ligand is still unknown. Activating 

ligands such as midkine, which has cancer-promoting roles including 

angiogenesis,(516) were put forward in past studies (section 4.4.1d), however 

midkine is not included in the commercial antibody arrays. In such cases, mass 

spectrometry may be beneficial in revealing lesser-known ligands. Similarly, this 

method may be utilised to reveal the components of CM obtained from cancer 

cells incubated with leptin or lipocalin-2 (which may have induced HOMEC 

proliferation alongside VEGFR2 activation), or of mesothelial cell CM (which 

conferred protection against cancer cell adhesion onto the mesothelium). 

As mentioned previously, the use of disease relevant human cells is pertinent to 

mimic in vivo conditions as much as possible. In the present study, the ECs for 

angiogenesis studies and the mesothelial cells for cancer adhesion studies 

were isolated from the omental tissue itself (primary cells). Furthermore, the 

omental tissue is non-diseased, i.e. normal omental tissue, to better represent 

the process of metastasis when cancer cells colonise healthy tissue. However, 

the ovarian cancer cells utilised in the present study, SKOV3 and A2780, are 

cell lines. Compared to primary cells, cell lines contain genetic alterations which 

may have changed their structure and function,(517) however in the case of 

SKOV3 and A2780, a mice study showed that injecting these cells resulted in 

tumour formation implying that their tumorigenicity appeared unaffected.(305) 

One study sought to profile several ovarian cancer cell lines, including SKOV3 

and A2780, in terms of their clinical origin, morphology and genetic makeup; 

and the authors concluded that their extensive usage in in vitro studies are 

justified.(304) Contrastingly, another genetic profiling study on ovarian cancer 

cell lines reported that  SKOV3 and A2780 cells have little genetic resemblance 

to HGSC.(518) Thus, it would be interesting to utilise primary ovarian cancer 

cells alongside these cell lines as a comparison, for example in terms of their 
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ability to induce HOMEC proliferation and in terms of adhesion to the 

mesothelium, as they may potentially reveal new targets for therapy 

development.  

Building on the in vitro (2D) experiments conducted in the present study, 3D 

modelling studies is a viable option for future work. Examples include scaffold-

based gels (e.g. Matrigel, alginate) or bioreactors (e.g. rotatable culture flasks), 

both of which consist of a mixture of cell types resembling the studied tissue, to 

better recreate the tumour microenvironment.(519) Presently, the investigation 

into the adhesion of cancer cells onto the mesothelial cell layer which utilises 

collagen IV as a suitable ECM for mesothelial cells, together with mechanical 

rocking to simulate peritoneal fluid movement, may potentially be classified as a 

3D model. To improve the power of this model, other components or cell types 

may be included and structured within a scaffold-based gel, or bio-printed into a 

microfluidic chip device; e.g. inclusion of fibronectin and laminins with the 

collagen IV to better resemble the ECM, together with HOMECs, adipocytes 

and macrophages to better resemble native omental tissue. 

In vivo animal studies are also avenues for future work and serve to verify the 

results of in vitro studies. For example, the present study postulated that leptin 

from omental adipocytes triggered the nearby metastatic cancer cells to secrete 

a pro-angiogenic factor to induce EC activation; thus inhibiting the action of 

leptin is a potential therapeutic target. In vivo studies may be useful to evaluate 

the efficacy of a leptin inhibitor in terms of inhibiting angiogenesis. Since leptin 

also has other roles in the body, e.g. appetite regulation and lipogenesis,(520, 

521) the route of administration of a leptin inhibitor is also of significance as the 

therapeutic target ought to be leptin secreted by the omental adipocytes. 

Similarly, targeting adhesion molecules on the mesothelial cell surface requires 

precision in the route of therapy administration since mesothelial cells are 

present in other body cavities, such as the pleural (lung) cavity. Thus, animal 

studies are a suitable next step further work, and bridge the gap between in 

vitro studies and subsequent clinical studies in humans.  

In summary, the data presented in this thesis highlight the complexity of the 

interaction between omental adipocytes, EOC cells and the host ECs during 

metastasis of ovarian cancer to the omentum. Additionally, it provides a 

possible rationale behind the disappointing results of the existing anti-VEGF 



315 
 

therapies and may be a useful starting point for development of future therapies 

that would ideally target multiple aspects of metastasis development.  
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Figure 97. Range of adipokines secreted by omental adipocytes and 

adipose tissue. The average relative abundance, compared to control, of the 

58 adipokines tested in adipocyte CM (n=3) (A) and adipose tissue CM (n=2) 

(B). CM containing 200µg of total protein, and equivalent volume of basal media 

as matched control, were incubated overnight on nitrocellulose membranes pre-

spotted with capture antibodies for various adipokines. Following multiple 

washings, chemiluminescent reagents were applied prior to imaging the 

membranes. After subtracting the negative control, the abundance of each 

adipokine was calculated as a percentage of the basal media’s (control) pixel 

density and averaged across replicates. CM: conditioned media. 
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Figure 98. Conditioned media from SKOV3 pre-incubated with leptin or 

lipocalin-2 for 48 hours enhanced HOMEC proliferation as assessed by 

WST8 assay. HOMECs were seeded at 10,000 cells/well in 96-well plates and 

cultured for at least 24 hours before overnight serum starvation. SKOV3 

conditioned media, composed of complete growth media, after incubation with 

individual adipokines for 24 (A) or 48 (B) hours, were applied onto cells. WST8 

reagent was added after 24-hour treatment incubation and plates were read at 

450nm after 2 hours. Results shown are mean ± SD and as a percentage of the 

control; data were analysed with Mann-Whitney U tests, n=3-4, *p<0.05 vs 

control. 

 

 

Table 8. VEGF concentration in freshly derived CM is different from 

previously frozen CM from A2780 cells. A2780 cells were incubated with 

basal media (control) or leptin for 24 hours and the CM was then collected. Half 

of the CM was analysed by ELISA immediately, while the other half was frozen 

at -80°C for 10 days. The frozen CM was then thawed and analysed by ELISA. 

The supplied VEGF standards were diluted to the recommended range of 

concentrations, assayed in triplicate by ELISA and the absorbance read at 

450nm. The absorbance values, after subtracting the blank controls, were 

interpolated on the standard curve to determine the VEGF concentrations. 

 VEGF concentration intrapolated from 
standard curve (pg/mL) 

Freshly derived CM 
CM thawed after frozen 

at -80°C for 10 days 

CM from control A2780 651 1197 

CM from leptin-treated A2780 957 1876 

 



319 
 

Table 9. Activation (phosphorylation) of receptor tyrosine kinase targets 
in HOMECs treated with conditioned media from adipokine-incubated 
A2780 cells. HOMECs were treated with basal media, and CM from lipocalin-2-
incubated A2780 cells and leptin-incubated A2780 cells for 5 minutes. HOMECs 
were then lysed, and lysate was incubated overnight with nitrocellulose 
membranes pre-spotted with capture antibodies for various phosphorylated 
receptor tyrosine kinases. Detection antibodies, streptavidin-HRP and 
chemiluminescent reagents were applied in between multiple washings, and the 
membranes imaged on the Azure 500 imager. Each target receptor was 
quantified by pixel density analysis; after subtracting background values, the 
abundance of each target was calculated as a percentage of the control. Only 
targets with values above the background levels are shown. CM: conditioned 
media. 

 HOMEC treatment (average pixel density as a % of control CM) 

Target 
CM from lipocalin-2-

incubated A2780  
(A) 

CM from lipocalin-
2-incubated A2780  

(B) 

CM from leptin-
incubated A2780  

(A) 

CM from leptin-
incubated A2780  

(B) 

ALK 138.9 143.2 175.3 145.0 

Axl 88.6 155.5 137.9 142.1 

c-Ret 106.5 128.8 126.0 99.0 

DDR1 127.4 145.9 128.4 133.5 

DDR2 93.3 106.9 113.4 81.6 

Dtk - 131.4 - 177.9 

EGFR - 63.9 - 65.4 

EphA1 93.4 83.8 110.3 113.0 

EphA10 79.8 138.7 123.5 115.2 

EphA2 - 77.3 - 94.1 

EphA4 93.5 156.9 140.6 163.3 

EphA5 - 96.2 - 140.1 

EphA6 100.1 - 92.8 - 

EphB2 - 109.2 - 95.1 

ErbB4 119.4 149.8 128.8 53.9 

FGFR2α 127.0 152.5 156.0 101.5 

FGFR3 - 186.2 - 222.7 

HGFR 84.4 101.7 99.5 104.1 

IGF-I R - 73.3 - 37.5 

M-CSFR 120.9 106.0 150.0 148.6 

MSPR 103.0 - 125.9 - 

PDGFRβ 92.3 - 111.6 - 

ROR1 - 93.5 - 91.0 

ROR2 - 153.4 - 177.0 

RYK 115.3 139.5 139.1 118.6 

Tie-1 76.0 131.3 131.0 137.4 

Tie-2 98.3 97.7 109.8 88.3 

VEGFR1 67.0 117.8 113.5 228.2 

VEGFR2 66.3 109.8 130.4 115.8 

VEGFR3 118.5 120.0 172.4 150.3 
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Table 10. Activation (phosphorylation) of receptor tyrosine kinase targets 
in HOMECs treated with conditioned media from adipokine-incubated 
SKOV3 cells. HOMECs were treated with basal media, and CM from lipocalin-
2-incubated SKOV3 cells and leptin-incubated SKOV3 cells for 5 minutes. 
HOMECs were then lysed, and lysate was incubated overnight with 
nitrocellulose membranes pre-spotted with capture antibodies for various 
phosphorylated receptor tyrosine kinases. Detection antibodies, streptavidin-
HRP and chemiluminescent reagents were applied in between multiple 
washings, and the membranes imaged on the Azure 500 imager. Each target 
receptor was quantified by pixel density analysis; after subtracting background 
values, the abundance of each target was calculated as a percentage of the 
control. Only targets with values above the background levels are shown. CM: 
conditioned media. 

 HOMEC treatment (average pixel density as a % of control CM) 

Target 
CM from lipocalin-2-

incubated SKOV3  
(A) 

CM from lipocalin-2-
incubated SKOV3 

(B) 

CM from leptin-
incubated SKOV3  

(A) 

CM from leptin-
incubated SKOV3  

(B) 

ALK 87.4 119.7 124.7 66.4 

Axl - 65.4 - 78.4 

c-Ret 122.4 127.7 187.4 87.9 

DDR1 107.8 219.2 121.0 105.8 

DDR2 95.9 109.6 144.5 93.7 

Dtk - 83.2 - 95.1 

EGFR - 151.9 - 104.3 

EphA1 - 75.6 - 92.7 

EphA10 124.2 115.0 147.0 90.7 

EphA2 - 49.9 - 109.9 

EphA4 88.9 91.7 117.9 96.0 

EphA5 - 78.9 - 100.5 

EphB2 - 123.4 - 118.1 

EphB3 - 101.2 - 70.7 

ErbB4 155.0 214.0 245.6 115.4 

FGFR1 - 106.8 - 118.3 

FGFR2α 130.0 136.4 258.2 171.4 

FGFR3 - 79.4 - 72.5 

Flt-3 97.9 105.6 216.8 88.4 

IGF-I R - 61.4 - 94.2 

M-CSFR - 86.7 - 98.8 

MSPR - 140.7 - 121.5 

PDGFRβ - 105.4 - 120.0 

ROR1 - 88.5 - 88.5 

ROR2 - 80.9 - 83.6 

RYK 159.0 143.4 238.9 123.3 

Tie-1 106.5 89.8 127.4 85.6 

Tie-2 102.9 120.6 153.0 100.5 

VEGFR1 113.5 80.1 139.9 102.8 

VEGFR2 90.2 148.3 201.0 119.8 

VEGFR3 87.3 108.8 128.0 85.0 
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Table 11. Activation (phosphorylation) of receptor tyrosine kinase targets 

in HOMECs treated with conditioned media from omental adipose tissue. 

HOMECs were treated with basal media and adipose tissue CM for 5 minutes. 

HOMECs were then lysed, and lysate was incubated overnight with 

nitrocellulose membranes pre-spotted with capture antibodies for various 

phosphorylated receptor tyrosine kinases. Detection antibodies, streptavidin-

HRP and chemiluminescent reagents were applied in between multiple 

washings, and the membranes imaged on the Azure 500 imager. Each target 

receptor was quantified by pixel density analysis; after subtracting background 

values, the abundance of each target was calculated as a percentage of the 

control. Only targets with values above the background levels are shown. CM: 

conditioned media. 

 

HOMEC treatment 
(average pixel density as a % of control CM) 

Target 
Adipose tissue CM 

(A) 
Adipose tissue CM 

(B) 

ALK 327.2 149.9 

Axl 112.5 95.7 

c-Ret 202.7 120.8 

DDR1 139.1 137.3 

Dtk 318.7 - 

EGFR - 77.3 

EphA10 180.4 113.5 

EphA4 202.1 98.0 

EphA6 217.7 178.3 

ErbB4 214.7 155.3 

FGFR2α 235.3 144.9 

FGFR3 219.4 116.4 

HGFR - 78.2 

M-CSFR 158.9 107.0 

PDGFRα 120.5 - 

RYK 275.5 105.3 

Tie-1 127.9 97.3 

Tie-2 189.3 143.8 

TrkA 173.4 - 

VEGFR1 64.6 58.3 

VEGFR2 85.2 89.0 

VEGFR3 214.9 111.0 
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Figure 99. Pseudopodial projections of SKOV3 cells, marked with arrows. 

Calcein AM-labelled SKOV3 cells suspended in SKOV3 CM (10,000 

cells/500µL) were applied onto confluent mesothelial cells in 24-well plates. 

After 48 hours the wells were washed with complete growth media. Cells were 

fixed with 4% (v/v) paraformaldehyde at room temperature and visualised using 

EVOS Fluo at 20x magnification. Scale bar 200µm. 
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