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ABSTRACT 

 

Mesothelioma is an aggressive tumour that can develop decades after exposure to 

asbestos. Hypoxia is a hallmark of locally advancedsolid tumours and is recognized as 

a key determinant of tumour aggressiveness (1). It has been reported that significant 

regions of hypoxia are formed in human malignant mesothelioma (HMM) as the tumour 

progresses (2, 3), which augments the aggressive phenotypes of HMM (4). Tumour 

hypoxia plays a fundamental role in macrophage recruitment and accumulation within 

the hypoxic regions of tumours (5). Solid tumours, including mesothelioma 

tumours, develop their own vascular system to support their growth and metastasis (6). 

The newly formed tumour blood vessels represent poorly functional vasculature, 

enforcing a hypoxic environment within tumours (7). Our group has shown that the 

intra-tumoural injection of Interleukin-2 (IL-2) or an agonistanti-CD40 antibody (α-

CD40) alone can shrink small, but not large, mesothelioma tumours (8, 9). However, 

our group also found that the intra-tumoural injection of IL-2 combined with α-CD40 

induced curative regression of large tumours (8-10), therefore, the effect of IL-2/α-

CD40 on mesothelioma cells, macrophages and endothelial cells under hypoxia was 

examined in this thesis. Furthermore, VTX-2337 has been shown to activate immune 

cells via TLRand has been assessed in a phase I oncology trial and was therefore also 

tested in this thesis(11, 12).  

This project’s overall hypotheses was that the effect of the dynamic properties of the 

human mesothelioma microenvironment could be represented by studying the crosstalk 

between mesothelioma tumour cells, macrophages and endothelial cells (ECs) under 

hypoxic and normoxic conditions. It was further hypothesised that these cells’ 

responses to immunotherapies involving IL-2, α-CD40 and VTX-2337 could be better 

understood by developing a 3D spheroid tumour model incorporating the three cell 

types (mesothelioma cells, macrophages and ECs). It was hoped that this organoid 

approach would reproduce the in-vivo tumour microenvironment and reveal novel 

immune/EC-mediated therapeutic approaches for treating mesothelioma. Whilst 

considerable progress in developing solid 3D human and murine spheroid tumour 
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models aiming to incorporate the three cell types was achieved, a major hurdle proved 

to be maintaining the viability of the ECs (human umbilical vein endothelial cells 

(HUVECs) – a problem which had not been solved at the time this thesis was written. 

The 3D work was stopped due to time and budget constraints; this is addressed in 

chapter 6. Therefore, the study was continued using a 2D model under two in vitro 

conditions – normoxia (20% O2) and hypoxia (2% O2). The aim was to determine 

changes that may occur in these two environments (that are both seen in tumour 

microenvironments, sometimes simultaneously) and avoid models that are only 

conducted at atmospheric conditions (21% O2) and do not simulate the real tumour 

microenvironment(13). Therefore, the aims of the project are: 

➢ To assess the effect of hypoxia on human macrophage subsets (MØ, M1 and 

M2) and endothelial cells (human umbilical vein endothelial cells, HUVECs). 

Cells were grown in a hypoxic environment and compared to their normoxic 

controls using multiparameter staining and flow cytometry. 

➢ To investigate the effect of mesothelioma-derived factors on macrophage 

subsets (MØ, M1 and M2). Human monocyte-derived macrophages were 

incubated under hypoxic conditions with mesothelioma-derived factors also 

generated under hypoxia, and compared to the normoxic mesothelioma model, 

in which mesothelioma-derived molecules were generated under normoxia and 

macrophages differentiated from monocytes under normoxia using 

multiparameter staining and flow cytometry. 

➢ To investigate the effect of mesothelioma-derived factors on ECs under 

normoxic versus hypoxic conditions. HUVECs were incubated in hypoxic 

conditions with mesothelioma-derived factors generated under hypoxia, and 

compared to the normoxic mesothelioma model, in which the mesothelioma-

derived molecules were generate under normoxia, using multiparameter 

staining and flow cytometry. 

➢ To investigate the cross talk between macrophages and HUVECs under 

normoxia and hypoxia, HUVECs were exposed to supernatants collected from 
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macrophage subsets (MØ, M1 and M2) under their relative conditions examined 

for changes using multiparameter staining and flow cytometry. 

➢ To assess molecular alterations in macrophages and ECs in response to 24 hour 

exposure to IL-2, α-CD40, IL-2/α-CD40 or VTX-2337 under normoxic versus 

hypoxic conditions using multiparameter staining and flow cytometry. 

➢ To assess the effect of supernatant from mesothelioma-exposed macrophages 

treated with IL-2, α-CD40, IL-2/α-CD40 and VTX-2337on ECs under 

normoxic versus hypoxic conditions using multiparameter staining and flow 

cytometry.  

➢ To use an in silico approach to confirm in vivo expression of target genes among 

human cancers including mesothelioma. 

➢ To use an in silico approach to identify possible mechanisms for upregulation 

of molecules seen in mesothelioma-exposed ECs and macrophages under 

hypoxia by identifying functionally active hypoxia response elements (HREs) 

in promoter regions of the target genes; identifying hypoxia related transcription 

factors binding sites (TFBSs), and determining the role of hypoxia related 

transcription factors; and analysing relevant signalling pathways. 

The comparison of the in vitro results between normoxic and hypoxic 2D cell culture 

monolayers should aid translational studies on macrophage profiling, vessel-wall injury 

and treatment effects in healthy and diseased (mesothelioma) human tissues. This work 

demonstrated the importance of choosing the appropriate in-vitro environment in which 

to study tumours, where oxygen levels affect mesothelioma tumour cells, macrophages 

and endothelial cells. The data highlighted the complexity of the potential crosstalk 

between mesothelioma cells, macrophages and ECs under two different oxygenation 

levels, especially when considering that a single tumour microenvironment can contain 

both hypoxic and normoxic regions. This becomes more complicated when attempting 

to dissect the effect of responses to stimuli, such as LPS/IFN-γ, IL-4/IL-13, IL-2 +/-

anti-CD40 and VTX-2337.  

The impact on macrophages includes modulating their capacity for T cell stimulation 

via decreased HLA-DR antigen presentation, decreased or increased co-stimulatory 

(CD40, CD80 and CD86) and co-inhibitory (CD39, A2A-R, PD-L1 and Gal-9) pathway 
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activity, and modification of their bioenergetic profiles towards high OXPHOS, 

associated with high ATP production, yet simultaneously maintaining glycolysis. 

However, with inadequate oxygen availability, macrophages decrease mitochondrial 

ATP production through OXPHOS but maintain their glycolytic rate. The hypoxic 

environment proved to be harsh on macrophages, as their responses to LPS/IFN-γ were 

compromised in comparison to those seen under normoxia, which may contribute to 

their poor responses to stimuli, downregulated mitochondrial respiratory activity and 

ATP production.  

 

Hypoxia plays a major role directly and indirectly on ECs by modifying molecules 

secreted by macrophages, thereby affecting ECs. The effect on ECs demonstrated 

potentially increased vascular permeability, leukocyte extravasation and potential 

metastatic activity as hypoxia lead to increased expression of CD309, CD54 and 

CD105. While indirect hypoxia effects include modulating soluble factors secreted by 

macrophages which in turn modulate ECs expression of CD144 (VE-cadherin). This 

study also demonstrates that normoxic and hypoxic tumour-derived factors can modify 

the functional status of ECs. Under normoxia, only CD54 increased, with CD309, 

CD146, CD144 and CD105 remaining unchanged in response to tumour derived 

factors; however, hypoxia led to the upregulation of CD309, CD146, CD105 and CD54.  

 

The in silico study confirmed in vivo gene expression of the target molecules of interest 

(HLADR, CD206, CD309, CD54, CD40, CD144, A2A-R, CD105, CD163, CD80, Gal-

9, CD39, CD86, PDL-1, and CD146) in human mesothelioma. The silico study also 

showed that HREs could not account for elevated expression of CD309, CD54, CD105 

and CD146 on ECs or macrophages under hypoxic conditions, as there were no 

functionally active HREs in promoter regions of genes for these molecules. However, 

hypoxia related TFBSs in promoter regions of the upregulated genes under hypoxia in 

mesothelioma were identified. The presence of binding sites for essential TFs related 

to hypoxia in the VEGFR2, CD54, CD105 and PD-L1 genes on ECs and/or 

macrophages provides a plausible underlying mechanism for their upregulation in the 
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hypoxic mesothelioma microenvironment. These findings may help identify novel 

targets and possible combination treatments for mesothelioma. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Mesothelioma 

Mesothelioma is a rare, aggressive cancer that affects serosal membranes and is 

primarily caused by exposure to asbestos. Pathologically, mesothelioma develops 

from the transformation of mesothelial cells. Mesothelial cells form the serosa 

membrane, a layer that comprises the linings of body cavities such as the heart sac 

(pericardium), thoracic cavity (pleura), the abdominal cavity (peritoneum) and the 

tunica vaginalis of the testes (14). The development of mesothelioma is primarily 

associated with the inhalation of asbestos fibres. More than 80% of all mesotheliomas 

originate in the pleural area. Once asbestos fibres are inhaled and reach the pleural 

cavity, they are able to directly injure mesothelial cells to induce tumour 

development (15). This induction can occur by fibres penetrating the lungs and crossing 

into the pleural cavity, resulting in pleural irritation. The fibres are also capable of 

damaging mesothelial cell chromosomes by piercing their mitotic spindles. They may 

also promote local inflammation that generates reactive oxygen species (ROS), which 

can damage DNA and activate proto-oncogenes (16, 17). Currently, the incidence of 

malignant mesothelioma (MM) worldwide is rising. Even though asbestos has been 

prohibited in most western countries, incidences of mesothelioma have continued to 

rise due to its long latency period of about 20 years. Some studies have even shown that 

this period can extend to 70 years. The latency period is the period between initial 

asbestos exposure and clinically detectable mesothelioma (16, 18, 19). For example, in 

Australia, the annual mesothelioma incidence rate between 1982 and 2009 increased 

from 156 to 666 (20). 

Diagnosis of mesothelioma cancer is first conducted through a chest X-ray to identify 

the presence of a pleural effusion or any pleural thickening. Further imaging follows 

using a CT scan, and cytological and histological studies of the pleural fluid and 

extracted biopsies are conducted (21). 
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There are three histological categories of mesothelioma: sarcomatoid mesothelioma, 

which occur as spindle cell morphologies in 20% of mesotheliomas; epithelioid 

mesothelioma, which constitute around 60% of mesotheliomas; and biphasic 

mesothelioma, which constitute 20% of mesotheliomas. Biphasic mesotheliomas have 

a combination of sarcomatoid and epithelioid histologies and are commonly termed 

Biphasic-E or Biphasic-S, depending on the predominant histology (sarcomatoid or 

epithelioid cells) (22, 23). The median survival rates of patients diagnosed 

with mesothelioma depends on the histological subtype. For instance, pure epithelioid 

histologies allow for a longer survival of around 12-27 months post diagnosis. In 

contrast, sarcomatoid histologies have the shortest endurance rate of 7-18 months, 

while biphasic tumours occur with a transitional outcome of around 8-21 months (23). 

1.1.1 Hypoxic environment of mesothelioma 

In solid tumours including mesothelioma, hypoxia is created when oxygen levels 

required by proliferating tumour cells surpasses the amount of oxygen that the tumour 

receives through the bloodstream (24). Different studies have shown that hypoxia in 

human malignant mesothelioma (HMM) is a major barrier to effective mesothelioma 

treatment because hypoxic tumour cells tend to be resistant to chemotherapy and 

radiation through inhibition of apoptosis (4, 24). Hypoxia also enhances 

mesothelioma cell survival, migration and invasion (4). 

1.1.2 Current treatments 

Currently, there is no curative therapy for MM. Thus, the goals of current treatment are 

to reduce patients’ symptoms, extend life expectancy and improve quality of life. 

Chemotherapy, surgery and immunotherapy represent current treatment options 

available for mesothelioma patients (15, 23). 

1.1.2.1 Chemotherapy 

Combination chemotherapy, which includes antifolate and platinum regimens, has been 

established for the treatment of mesothelioma. Pemetrexed plus cisplatin is the currently 
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approved regimen with Phase III studies showing a 45.5% tumour response rate with 

improvements in progression-free survival of about 6.1 months, overall survival of 13.3 

months, and improvements in cancer-associated symptoms. Nonetheless, the benefits 

of the therapy are limited and survival is estimated to be prolonged by a few months (15, 

23). 

1.1.2.2 Surgery 

Debulking surgery is a procedure that involves removal of a portion of the lung, the 

pleura, the pericardium and the diaphragm. However, because mesothelioma tumours 

grow diffusely, they are difficult to totally resect (15). Although extrapleural 

pneumonectomy procedures have largely been abandoned due to their poor results, as 

shown by the Mesothelioma and Radical Surgery (MARS) trial, they are considered a 

treatment therapy in North America. Furthermore, while randomised trials on extended 

pleurectomy decortication are currently being conducted in the United Kingdom, the 

procedure remains controversial elsewhere (23). 

1.1.2.3 Multimodal approaches 

As the aim of surgery in mesothelioma patients is to reduce the number of cancer cells, 

some residual tumour tissue is generally left behind. Multimodal approaches, which 

involve surgery combined with chemotherapy, are other options used to eliminate 

remaining tumour cells (15). 

1.1.2.4 Radiotherapy 

Although radiotherapy can relieve pain, there is no evidence that it is effective alone, 

as MM is not sensitive to it. In some cases, radiotherapy can be used as part of a 

multimodal approach by combining it with surgery and/or chemotherapy (15). 

1.1.2.5 Immunotherapy 

As mentioned before, the prognosis of mesothelioma patients remains poor. This has 

triggered studies on the application of immunotherapy in the treatment of mesothelioma 

(25). There is data suggesting that immune modulation in mesothelioma patients can be 

beneficial (26). The induction of immune responses is not a new method in cancer. For 
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instance, the first attempt was by William Coley over a century ago who injected 

inoperable sarcoma patients with streptococci (27). Around 10% of these cases 

experienced tumour regression (28). Cancer immunotherapy mainly involves use of 

compounds to promote killing of tumour cells by the host’s immune response (28, 29). 

Our group has shown that administration of Interleukin-2 (IL-2) or an agonist anti-

CD40 antibody when used as single drugs into tumours can cure small murine 

mesothelioma tumours (8, 9), while the IL-2/α-CD40 combination induces regression 

of larger mesothelioma tumours (8, 10). Furthermore, IL-2-/CD40-activated 

macrophages rescued production of IFN-γ by T cells from geriatric mice. Therefore, 

targeting macrophages using IL-2/α-CD40 may improve innate, as well, as T-cell 

immunity (30). Furthermore, VTX-2337 has been assessed in a phase I oncology trial 

(12). Both approaches will be explored in this thesis. 

1.1.2.5.1 Interleukin-2 (IL-2) 

IL-2 is involved in the propagation and differentiation of immune cells (31, 32). IL-2 

resembles granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 in 

structure, as they are 15.5 kDa glycosylated proteins (33, 34). IL-2 is mainly produced 

by CD4+ T helper cells and stimulates the growth and differentiation of T and B cells, 

and the proliferation and activity of cytotoxic T cells (32). The growth of some human 

tumour cells is inhibited by IL-2 (35). IL-2 biological activity occurs via interaction 

with its cognate receptor, which consists of three subunits: IL-2Rα (CD25), IL-2Rβ 

(CD122) and γc (CD132) (31). Whilst a number of human clinical trials have shown 

that IL-2 can promote anti-cancer activity, systemic IL-2 administration can be toxic. 

However, when locally applied, it has been seen in pre-clinical trials to be safe and 

effective in cancer treatment, including for mesothelioma. For instance, IL-2 

administration in mice with small flank tumours at the beginning of treatment results in 

increased survival. However, for larger tumours, the rate of survival did not increase 

(9).  
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1.1.2.5.2 Anti-CD40 antibody 

CD40 was first identified on B cells and was known as a B cell growth activator (36, 

37). CD40 is a 48 kDa transmembrane glycoprotein receptor and is a member of the 

tumour necrosis factor receptor superfamily (TNFRSF) (38). CD40 is also found on 

other antigen presenting cells (APCs) such as DCs and macrophages and non-immune 

cells including epithelial and endothelial cells. CD40 can be found on activated T cells, 

as well as some tumour cells (39-41). CD154 (also known as Bp35, CD40L, TRAP or 

T-BAM) is the ligand for CD40. CD154 is a 34–39 kDa type II integral membrane 

protein. CD40L can be expressed in various cells, such as monocytes, platelets, 

activated T cells, ECs, basophils, activated human dendritic cells (DCs) and eosinophils 

(42). Agonist anti-CD40 antibody generates a number of changes when targeted into 

the tumour bed (43). For example, CD40-activated tumour blood vessels become 

permissive to T cell migration and DC emigration (43). However, CD40-activated ECs 

have also been shown to promote tumour neoangiogenesis in a murine model of 

mammary carcinoma (43, 44). 

1.1.2.5.3 Toll-like receptors (TLRs) 

TLRs are a family of proteins that recognize different pathogen-associated molecular 

patterns (PAMPS) as well as damage-associated molecular patterns (PAMPs and 

DAMPs) and provide the initial defence against pathogens (45, 46). Upon recognition, 

TLRs activate inflammatory responses via NF-kB that acts as a switch for inflammation 

and is involved in tumour development associated with chronic inflammation (47). 

Once TLRs are engaged, various cell populations are activated and cytokine and 

inflammatory mediator production is upregulated, leading to immune responses (12). 

TLR3, 7, 8 and 9 induce protective immune responses by detecting viral and bacterial 

nucleic acids. These TLRs have been linked to RNA detection (48). TLR8 is expressed 

primarily in macrophages or monocytes, neutrophils and myeloid dendritic cells. A new 

TLR8 agonist, known as Motolimod (formerly known as VTX-2337) activates 

monocytes, Natural Killer (NK) cells and DCs, increases cytolytic activity and IFN-γ 

production (49). VTX-2337 may help shift the TAM phenotype from M2 towards M1.  
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1.2 Tumour Immunity 

1.2.1 The immune system 

The immune system is a defence mechanism whose main function is to protect the body 

by recognising non-self “infectious organisms”, such as viruses, bacteria, parasites and 

fungi, and altered-self “transformed cells”, such as tumour cells. Molecules that can be 

recognised by the immune system are known as antigens, and the ability of the body to 

resist these invaders is referred to as immunity. The immune system is made up of 

complex interconnections of molecules, cells, tissues and organs.  There are two major 

types of immunity: innate immunity and adaptive immunity (50).  

1.2.1.1 The innate immune system 

The innate immune system responds rapidly to tissue destruction and infection and is 

highly selective in recognising pathogens. The innate system includes epithelia, which 

are the first line of defence in fighting pathogens. Innate immunity is acquired naturally 

by the host and does not require antigen sensitisation since it is acquired at birth and 

remains active throughout the person’s life. It is comprised mainly of a wide array of 

cells, including macrophages/monocytes, NK cells and DCs, as well as several plasma 

proteins, such as the complement system. Its mechanism of action occurs when an 

infectious agent penetrates the body’s physical and chemical barriers, such as epithelial 

tissue, whereupon pattern recognition receptors (PRRs) detect specific molecular 

structures. These structures or PAMPs, vary depending on the type of pathogen. For 

instance, bacterial PAMPs mainly comprise of lipoteichoic acids, lipopolysaccharides 

(LPS) and peptidoglycan. β-glucan, the most abundant fungal cell wall polysaccharide, 

and unmethylated CpG motifs found in the nucleic acid of bacteria and viruses, can also 

be recognised. Once a pathogen is recognised by PRRs such as toll-like receptors 

(TLRs), immune cells are activated leading to pathogen uptake by phagocytic cells such 

as neutrophils, macrophages and DCs. In addition, activated immune cells secrete pro-

inflammatory chemokines and cytokines resulting in the activation and recruitment of 

other immune cells within the host (51). 
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1.2.1.2 The adaptive immune system 

Unlike innate immunity, adaptive immunity develops throughout an individual’s life 

and during the priming phase exhibits delayed responses towards pathogens. It 

develops upon exposure to pathogens including when a person is immunised through 

vaccinations. Adaptive immunity involves specialised T and B lymphocytes, which 

recognise many types of antigens. B cells are derived from B cell progenitors in the 

bone marrow and their maturation is accompanied by expression of membrane-bound 

immunoglobulins, called B cell receptors (BCRs). Activation of B cells upon 

an antigen binding the BCRs leads to their differentiation into memory or antibody-

secreting plasma cells. On the other hand, T lymphocyte precursors migrate from the 

bone marrow to the thymus, where they complete their antigen-independent maturation 

into functional T cells. These lymphocytes contain T cell receptors (TCRs), which 

recognise antigens displayed as peptides by major histocompatibility complex (MHC) 

molecules on the surface of tissue cells. T cells are divided into two subsets, namely 

CD4+ and CD8+ T cells. The former recognises antigens embedded in MHC class II 

molecules, while CD8+ T cellsrecognise antigens in MHC class I molecules. For full 

activation of T cells to occur, additional costimulatory signals via molecules such as 

CD80, CD86 and CD40 must occur. Along with MHC molecules, these costimulatory 

signals are mainly displayed by APCs (52, 53), with professional APCs being 

macrophages, B cells and DCs. 

1.2.2 Tumour immunology 

The local microenvironment of a cancer contains immune cell subsets which have the 

ability to prompt anti-tumour responses (54). Even though the immune system can 

recognise and eliminate abnormal cells, cancer is a very common disease with around 

38% of women and 39% of men diagnosed with cancer at some point in their lives (55). 

This is a clear indication that the body’s immune responses against tumours is 

insufficient and cannot destroy tumours completely. 

The inability of the immune system to completely destroy tumours can be attributed to 

several factors. First, some subsets of immune cells promote tumour development. 

Additionally, the induction of immunosuppressive tumour microenvironments through 
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conditions, such as hypoxia or secretion of suppressive factors, can assist tumours to 

evade immune destruction (56). Furthermore, the immune system may facilitate 

tumour progression by modifying their immunogenic phenotypes during cancer 

development through a concept referred to as cancer immunoediting (57, 58). Indeed, 

avoiding immune destruction is recognised as one of the hallmarks of cancer (59). 

There are three phases of tumour outgrowth: elimination, equilibrium and escape. These 

are referred to as the “three Es” of immunoediting. Elimination, the first phase, involves 

recognition and elimination or control of tumour growth by the immune system. In 

equilibrium, the second phase, selection and/or promotion of tumour cell variants due 

to their inherent genetic instability occurs, leading to an increased capacity to survive 

immune attack. The third phase, known as the escape phase, refers to the final 

outgrowth of tumours. During this time, immunologically sculpted tumours begin to 

grow progressively and produce cells that are resistant to immune effector cells (59-

61). Evidence has accumulated that during neoplastic programming, cancer cells 

recruit and re-educate immune cells to become active collaborators in the process (62).  

1.2.3 Macrophages 

Macrophages were first described by Elie Metchnikoff in the 19th century as 

phagocytic cells that have the ability to engulf and destroy pathogens such as 

bacteria (63). The origin of macrophages is a topic of a debate that many researchers 

have investigated. For instance, it has been opined that macrophages originate from the 

circulating adult precursor cells referred to as monocytes, which are produced from 

bone marrow that later differentiate into macrophages upon entry into tissues. Ginhoux 

et al. (2010) argued that recruitment of tissue macrophages occurs during embryonic 

development, after which they persist into adulthood independent of input by blood 

monocytes (64, 65). 
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Figure 1. 1 The origin and development of tissue-resident macrophages (66) 

The diversity or heterogeneity of tissue macrophages is proposed to be dependent on 

the tissue microenvironment. Heterogenicity also includes differences in functional 

specialisations. For instance, macrophages may differentiate to attain a functional 

specialisation that is driven by tissue-specific signals. Therefore, resident macrophages 

are referred to as microglia (brain), osteoclasts (bone), alveolar macrophages (lung), 

Langerhans cells (dermis), Kupffer cells (liver) and histiocytes (interstitial connective 

tissue) (67) (see Figure 1.1 (66). It is important to note that the tissue differentiation of 

these macrophages is both functional and phenotypical. However, this differentiation is 

not end-stage because tissue macrophages still retain the capacity to proliferate 

alongside functional plasticity.  Macrophage activation refers to the process through 

which the morphology and functional activity of macrophages is altered after 

engagement of PRRs. This response is mainly influenced by cytokines and involves 

enlargement of resting macrophages, making them more motile. These macrophages 

also increase MHC class II proteins on their surface, have more lysosomes and 

lysosomal enzymes and increased phagocytic activity, among other properties (68). 

Based on their activation status, macrophages can be classified into classically-

activated pro-inflammatory macrophages (M1-like) or alternatively-activated anti-

inflammatory macrophages (M2-like). M1 macrophages are induced by microbial 
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products, including LPS and/or cytokines, such as tumour necrosis factor alpha (TNF), 

interferon-γ (IFN-γ) and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

and amongst other functions promote tumour destruction. In contrast, activation of M2 

macrophages is mainly regulated by glucocorticoids interleukin-4 (IL-4), IL-13 and IL-

10 (69)however, these M2 cells can promote tumour development (see Figure 1.2 (70)). 

 

 

Figure 1. 2 Schematic and polarisation of macrophage activation 

by lymphoid cells (70) 

1.2.3.1 Macrophage expression of activation markers 

Signals from APCs, including macrophages, are required to activate T cells (71). The 

first signal required is antigenic peptide presented on MHC class I and II molecules to 

the TCR. MHC II, also called human leukocyte antigen-DR (HLA-DR), is a cell-surface 

glycoprotein that presents peptide antigens to CD4+ TCRs leading to the coordination 

and regulation of effector or regulator cells (71-73). For full T cell activation, 

costimulatory signals include engaging the T cell co-stimulator, CD28, by its ligands 

that are members of the B7 family, i.e. B7-1 and B7-2 (also called CD80 and CD86 

respectively); CD40 ligand (CD40L):CD40 interactions are also required (74). CD40 

is a member of the tumour necrosis factor super family. It is a 48-kDa type I 

transmembrane protein and interacts with CD40L (CD154) on T cells (75). The CD40-

CD40L axis is necessary in the delivery of T cell help for CTL priming (39) and plays 
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a key role for tumour rejection mediated by CD8+ effector cytotoxic T lymphocytes 

(CTLs)(76). This is because upon CD40 ligation, APCs upregulate costimulatory 

molecules such as CD80 and CD86 (75). Macrophages activated via agonist anti-CD40 

antibody also exhibit direct tumoricidal activity against B16 melanoma cells, through 

TNFα and NO secretion (77). 

CD80, a 55 kDa type I hydrophobic transmembrane glycoprotein, and CD86, a 70kDa 

type 1 membrane glycoprotein, are members of the immunoglobulin supergene family 

(IgSF). Macrophages have been reported to express low basal levels of CD80 and 

moderate basal levels of CD86 (78). Expression of both molecules increases rapidly 

after stimulation via GM-CSF, CD40, IFN-γ, IFN-α and LPS; however, cytokines such 

as IL-4 and IL-10 may inhibit their expression (72, 79). After CD80/CD86-CD28 

interactions, CD28 provides an essential costimulatory signal that induces T cell 

activation, proliferation, and differentiation to acquire effector functions (73, 80). This 

interaction also triggers T cells to produce IFN-γ and IL-2 (81). After T-cell activation, 

CTLA-4 surface expression is upregulated rendering it available for binding to CD86 

or CD80 leading to inhibitory signals that prevent immune overactivation (80). CTLA-

4 has a higher affinity for CD86 or CD80 and out-competes CD28 to inhibit IL-2 

accumulation and restrict T cell transition from the G1 to the DNA Synthesis (S) phase 

(82, 83). 

1.2.3.2 Macrophage expression of regulatory markers 

Activation of immune checkpoint mechanisms can occur within the hypoxic tumour 

microenvironment to suppress local anti-tumour immune responses. Accumulating data 

have highlighted the impact of purinergic nucleotides such as adenosine in modulating 

the immune response (84, 85). In inflammation, adenosine triphosphate (ATP) the most 

studied purine, is actively released by immune cells in extracellular spaces (86). Local 

tumour-associated metabolic activity can regulate the recruitment and functional 

polarization of immune cells via ATP. ATP contributes to inflammation by binding P2 

purinoreceptors, such as P2X7, on immune cells (87, 88). Most cell types, including 

macrophages, produce ATP following activation or stress. ATP attracts APCs, leading 

to enhanced anti-tumour responses (88). Extracellular ATP is rapidly hydrolysed by the 
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membrane-bound nucleotidase,CD39 (NTPDase1 nucleoside triphosphate 

diphosphohydrolase 1) into adenosine diphosphate (ADP) and adenosine 

monophosphate (AMP). The final step, the dephosphorisation of AMP, into adenosine, 

is activated by ecto-5’nucleotidase, or CD73 (84, 88). Adenosine can inhibit immune 

cells (88). Among adenosine receptors, such as A1, A2A, A2B and A3, the 2A receptor 

is the highest affinity receptor (89) and plays a significant role in reducing inflammation 

and tissue damage (88). The presence of adenosine in tumours is a critical metabolic 

immune checkpoint that impairs anti-tumour immune responses (90). 

Ectonucleotidase and adenosine production can be controlled by the microenvironment. 

For example, hypoxia contributes to increasing the rate of extracellular adenosine 

accumulation by upregulating CD39, which leads to increased adenosine production 

(90). Furthermore, cytokines can control ectonucleotidase expression. For example, in 

tumours, IL-27 induces CD39 on local cells (88).Some cancer tissues increase 

extracellular adenosine, which directly promotes tumour progression which is further 

aided by its immunosuppressive functions on effector T cells whilst promoting 

regulatory T cells (Treg). High expression of extracellular adenosine in mesothelioma 

leads to tumour cell apoptosis but maintains tumour growth showing its importance in 

disease progression (87). 

Programmed death ligand-1 (PD-L1, CD274 or B7-H1) is a type I transmembrane 

protein expressed by tumour cells, TAMs and T cells. Binding PD-L1 to PD-1 on 

activated T and B cells leads to immune suppression. In tumours, cytokines such as 

TNF-α and IFN-γ, and factors such as hypoxia increase PD-L1expression, which 

enhances interactions between PD-1 and PD-L1 and inhibits CTLs (91). In lung cancer, 

a poor prognostic value was associated with high intensity PD-L1 expression by 

macrophages(92). Galectin-9 (Gal-9) is another immune modulator belonging to the 

tandem-repeat subfamily of galectins (93, 94). Expression of Gal-9 has been detected 

in macrophages (95). T cell immunoglobulin mucin (Tim)-3 is a receptor expressed by 

Th1 cells and CD8+ T CTLs(96). The binding of Gal-9 to Tim-3 induces apoptosis of 

Tcells and negatively regulates immune responses mediated by Tcells (96-98).  
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1.2.3.3 Macrophage expression of scavenger receptors 

The main function of scavenger receptors is to recognize and remove modified 

lipoproteins (99). M1 and M2 macrophages express scavenger receptors such as CD163 

and CD206; the former is a member of the cysteine-rich family class B (100) and the 

latter is a type 1 membrane glycoprotein mannose receptor (101). High CD163 and 

CD206 expression are used as markers for M2 (102, 103), whereas M1 macrophages 

increase CD80 and CD86 expression and decrease CD163 and CD206 expression 

(104). 

CD163 expression is increased by M-CSF, IL-6, IL-10, IL-10, IL-12, corticosteroids 

and oxidative stress and decreased by IL-4, IFN-γ, TGF-, TNF-α, GM-CSF and LPS 

(105-107). During acute and chronic inflammation, CD163 is cleaved by the disintegrin 

and metalloproteinase 17 (ADAM17)/TNF-α–cleaving enzyme (TACE) into soluble 

CD163 (sCD163) (107), which can be induced by exposure to oxidative stress or an 

inflammatory stimulus such as LPS. Moreover, ADAM17 has been found to cause 

excessive TNF-α shedding with a similar increase in the sCD163 level (108). In 

addition to TNF-α, a positive correlation was seen between IL-6 and IL-10 with 

sCD163 concentrations (109). Although the mechanism of how sCD163 interacts with 

T-lymphocytes remains unclear, sCD163 proteins are known to be able to inhibit the 

proliferation of T-lymphocytes (110). 

CD206 expression on the macrophage cell surface is downregulated by IFN-γ and LPS 

(111), whereas evoking macrophages with Th2 cytokines such as IL-4 and IL-13 

upregulated CD206 expression (112, 113). Tumour-infiltrating macrophages in human 

pleural mesothelioma exhibit a high level of CD163 and CD206 (114). 

1.2.3.4 Molecular mechanisms that regulate macrophage polarisation 

Macrophage reprogramming and activation involves three different signalling 

pathways. The first is the cytokine signalling pathway, which uses JAK-STAT 

molecules. The second pathway involves microbial recognition receptors, such as 

TLRs. The last pathway uses immunoreceptors that signal through immunoreceptor 

tyrosine-based activation motifs (ITAMs). For instance, M1 stimuli such as IFN-γ and 

LPS trigger IFN-α/β, TLR-4 and IFN-γ receptors leading to activation of transcription 
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factors such as STAT1, NFκB and AP-1, resulting in transcription of M1-associated 

genes (115, 116). However, M2 stimulation of IL-4Rα through IL-4/13 results in 

activation of STAT6, which regulates expression of M2-associated genes (116, 117). 

Furthermore, activation of kinases, such as Syk and PI3K, as well as expression of 

certain molecules, such as prostaglandin E and IL-10, occur as a result of the FcγR, an 

ITAM-containing receptor, triggered by immune complexes (116). 

1.2.3.5 Tumour-associated macrophages 

Macrophages in tumours are referred to as tumour-associated macrophages (TAMs). 

Up to 60% of the tumour stroma can be comprised of TAMs (118). As mentioned 

above, a key characteristic of macrophages is their plasticity, which allows them to 

either fight or aid tumours, depending on their microenvironment (119).  TAMs may 

play a substantial role linking inflammation with cancer. This is because TAMs 

contribute to the proliferation, invasion and metastasis of tumour cells. TAMs can also 

stimulate tumour angiogenesis, obstruct anti-tumour immune responses mediated by T 

cells and promote tumour progression. Therefore, macrophages are considered a 

double-edged sword in the tumour microenvironment (119, 120). The concept of 

macrophages differentiation highlights the two types of macrophages mentioned above; 

M1 and M2 macrophages, however it is now recognised that these two functional and 

phenotypic states represent the end stages of a spectrum of macrophage sub-types. This 

classification has also been applied for TAMs i.e. M1 TAM and M2 TAMs. These two 

types have several effects and influence the tumour microenvironment differently. For 

instance, M1 TAMs are pro-inflammatory, anti-angiogenic and anti-tumour. In 

contrast, M2 TAMs are anti-inflammatory and involved in angiogenesis, 

immunosuppression and are pro-tumour growth. Therefore, M2 TAMs are more pro-

tumoural than M1 TAMs and contribute significantly to disease progression.  

 

Several researchers have argued that due to the heterogeneity of TAMs, many types of 

macrophage subpopulations can exist within a M1-to-M2 spectrum (121, 122). For 

example, in the early phases of tumour development most TAMs have more M1-like 
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phenotypes; however, in the later stages of development, this shifts in favour of M2-

like phenotypes (122-124). 

 

 

Figure 1. 3 Tumour-associated macrophages (TAMs) play a major role 

in tumour progression through their promotion of tumour growth, 

angiogenesis, metastasis and immunosuppression (125) 

Studies have shown that high levels of TAMs are associated with poor prognoses in 

several cancers (126, 127). In addition, overexpression of M-CSF, which is responsible 

for the regulation of macrophage proliferation, differentiation and survival, is also 

associated with poor prognoses of some types of cancer (128, 129). Furthermore, it 

should be noted that most TAMs closely resemble M2 phenotypes. Also, the functional 

polarisation of these macrophages is due mainly to the absence of M1 signals, such as 

bacterial components and IFN-γ in the tumour microenvironment. Moreover, abundant 

M2 polarising factors in this microenvironment drive macrophage differentiation to 

express high IL-10 but not IL-12. Accordingly, secretion of IL-10 by TAM prevents 

the differentiation of monocytes into DCs and shifts monocyte differentiation 

to macrophages (130). Studies on murine TAMs have shown that defective NFκB 
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activation in response to M1 signals correlates with impaired production of NF-kB-

dependent inflammatory cytokines such as TNF-α, IL-1β, IL-6 and IL-12 

(131). Additionally, TAMs have been observed as poor producers of nitric oxide (NO) 

due to their low expression of inducible nitric oxide synthase (iNOS) and subsequent 

secretion of low levels of reactive species of oxygen (ROS) (132). Moreover, TAMs 

demonstrate M2 pro-tumoural functions (e.g. tumour progression, angiogenesis, 

invasion and metastasis) and skew away from pro-inflammatory responses and adaptive 

immunity (Figure 1.3 (125)). 

1.2.3.5.1 The origin of TAMs 

There are two theories regarding the origin of TAMs. The first is that blood monocytes 

are recruited into the tumour microenvironment, after which they differentiate into 

macrophages. The second is that TAMs originate from recruitment of tissue-resident 

macrophages (133). 

1.2.3.5.2 Suppression of adaptive immunity 

Unlike macrophages from healthy tissues, TAMs display a diminished capacity to 

destroy tumour cells(134). TAMs mediate suppression directly via cell-to-cell 

interactions and indirectly by secretion of chemokines and cytokinesthat create an 

immunosuppressive environment (135). Therefore, significant IL-10 activity and a 

defective NFκB pathway result in production of low levels of stimulatory cytokines, 

such as IL-12, IL-1 and TNF-α, which further decrease anti-tumour immune responses 

(131). In addition to the fact that TAMs are poor APCs, Mantovani and colleagues 

showed that TAMs have a high potential to suppress T cell activation and proliferation 

through transforming growth factor beta (TGF-β) and IL-10 (136). Furthermore, TAMs 

evade immune responses via secretion of chemokines, including Chemokine (C-C 

motif) ligand (CCL) 17 and CCL22 that recruit Tregs to the tumour microenvironment, 

which abolish anti-tumoural T cell responses (137). Moreover, macrophages in murine 

lung carcinoma models have been observed to produce arginase, resulting in impaired 

T cell function within tumours (138). On the other hand, direct contact between cells 

within a tumour microenvironment weakens the immune system by expressing immune 
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checkpoint ligands to immune checkpoint receptors, which inhibit immune cell 

function and allow tumours to evade anti-tumour immune responses. Additionally, it 

has been confirmed that macrophages express some of these immune checkpoint 

ligands, for instance, programmed death ligand-1 (PDL-1), which binds to PD-1 on T 

cells, triggering a reduction in T cell effector activity. In a study by Winograd and 

colleagues using a genetically engineered KPC mouse model of pancreatic ductal 

adenocarcinoma (PDAC), TAMs were found to express very high levels of PDL-1 

(139). 

1.2.3.5.3 The role of TAMs in angiogenesis 

Many studies have established that in order for malignant tumours to grow and spread, 

they require angiogenesis. Angiogenesis refers to the physiological process that 

involves the formation of new blood vessels from pre-existing ones. Therefore, 

angiogenesis in tumours revolves around abnormal tumour vascularisation. Tumour 

vascularisation is a complex process that involves the interaction of tumours with their 

surrounding stroma, in addition to other diverse factors that regulate angiogenesis. This 

process is a vital in tumours, as it contributes to disease progression, nutrient and 

oxygen supply to tumour cells, as well as aiding metastatic spread (140). In addition, 

most cancers and cancer models have shown increased tissue vascular density inside 

and around tumours during transformation to the malignant state, providing a door for 

metastatic cells to enter the general circulation (141, 142). Although many types of cells 

contribute to angiogenesis TAMs are a major player. Studies have shown that the 

infiltration of TAMs is closely associated with increased angiogenesis. For instance, 

Leek et al. (1996) confirmed this in the study they conducted on breast carcinomas 

(143). Their findings are analogous to studies conducted by Saji et al. (2001), Koide et 

al. (2004) and Ohta et al. (2003)(144-146). In addition, TAMs also enhance tumour 

revascularisation in response to cytotoxic therapy, such as radiotherapy, resulting in 

cancer relapse. This means that they contribute to the resistance of tumours to therapies 

(147). A subpopulation of TAMs are recruited to avascular regions within tumours in 

response to chemoattractant molecules secreted by tumour cells (148). These TAMs 

play an essential role in tumour angiogenesis through production of multiple pro-
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angiogenic factors, including platelet-derived growth factor (PDGF), vascular 

endothelial growth factor (VEGF), TGF-β and fibroblast growth factor (FGF). In 

human cervical cancer, TAMs promote lymph angiogenesis as well as the formation of 

lymphatic metastasis through the release of VEGF (149). In lung cancer, TAMs 

produce PDGF, which supports tumour progression (150). Production of chemokines 

is another feature of proangiogenic TAMs. Studies show that secretion of CXCL1, 

CCL2, CCL5, CXCL12, CXCL8 and CXCL13 contribute to angiogenic processes such 

as neovascularisation (151-153). Furthermore, TAMs that reside within avascular 

regions with low oxygen levels support production of pro-angiogenic factors,as 

hypoxia activates a pro-angiogenic program regulated by Hypoxia inducible factor 

(HIF)-1 and HIF-2 transcription factors. This induces expression of pro-angiogenic 

factors, including VEGF, CXCL8, CXCL12 and FGF, intensifying angiogenic 

responses (154). 

1.2.3.5.4 Matrix remodelling and metastasis 

TAMs have been shown to play a significant role in tumour cell migration, invasion 

and metastasis via expression of extracellular matrix (ECM)-remodelling enzymes in 

response to cytokines from tumour cells. The main ECM enzymes secreted by TAMs 

include matrix metalloproteinases (MMPs) 1,2, 9, 12 and 14; lysosomal enzymes; 

cathepsins B, S, C, L and Z; and serine proteases (155). Additionally, chemokines such 

as CCL5 and factors such as VEGF, IL-1β and TNF-α increase MMP expression, which 

result in tumour cell invasion and metastasis (156, 157). 

1.2.3.5.5 TAMs in malignant mesothelioma 

Malignant pleural mesothelioma is the most common form of mesothelioma associated 

with exposure to asbestos. Once the pleural cavity comes into contact with 

asbestos fibres, macrophage recruitment and activation occur in an attempt to remove 

the fibres. Failure to clear these fibres results in chronic inflammation as well as free 

radical secretion, leading to genotoxic damage and transformation of normal 

mesothelial cells to malignant ones (mesothelioma) in a process called frustrated 

phagocytosis (158, 159). Therefore, it has been opined that the abundance of TAMs in 
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the MM microenvironment plays a significant role in mesothelioma tumour biology. 

Additionally, both normal and established human mesothelial cell lines produce 

cytokines, including IL-6, G-CSF, GM-CSF and IL-8, which recruit monocytes to 

tumours. These monocytes then differentiate into macrophages (160, 161). Therefore, 

a large number of circulating monocytes is associated with poor prognosis and survival 

among mesothelioma patients. Burt et al. investigated the prognostic significance of 

circulating blood monocytes and TAMs in 667 pleural mesothelioma patients who 

underwent cytoreductive surgery between 1989 and 2009. The data showed that a large 

number of TAMs is associated with poor survival in non-epithelial malignant pleural 

mesothelioma (MPM) patients. Moreover, these TAMs resembled M2-like phenotypes 

with high expression of CD163 and CD206. Thus, due to the high densities of 

macrophages in mesothelioma, any therapeutic target that includes manipulation of 

TAMs may represent a promising strategy (114). This becomes particularly important 

as polarisation of macrophages can alter the sensitivity of the mesothelioma 

microenvironment (including tumours cells) to chemotherapy and other therapeutic 

approaches (162, 163). 

1.2.3.5.6 The effect of hypoxia on macrophages 

The term “hypoxia” describes a state of oxygen insufficiency that can be 

experienced in tumours, wounds and even normal tissues (164). Hypoxia develops 

within certain areas of tumours as a result of inadequate perfusion of the vascular 

network and is attributed to the development of blood vessels that are both disorganised 

and immature (1). Tumour hypoxia is thought to affect macrophages in diverse ways; 

for instance, it regulates the activation and polarisation of macrophages towards the 

pro-angiogenic phenotype via IL-10-activated pathways (165, 166). It is important to 

note that hypoxia carries out this function alongside various signals 

derived from tumour and stromal cells. Also, hypoxia regulates the mobilisation of 

macrophages into tumour tissues via release of higher quantities of VEGF, endothelial 

cell monocyte-activating polypeptide-II (EMAP-II), stromal cell-derived factor 1α 

(SDF1α), semaphorin 3A (SEMA3A), eotaxin, endothelin and oncosatin M, which 

enhance the migration of macrophages to these hypoxic areas. Additionally, hypoxia 
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restrains macrophages by decreasing their mobility through increasing the quantity of 

mitogen-activated protein kinase (MAPK) phosphatase 1 (MPK1) enzymes. Decreased 

macrophage mobility terminates the possibility of macrophages to respond to chemo-

attractants and leads to the accumulation of macrophages in hypoxic/necrotic regions 

(165). Tumour-induced changes in macrophage phenotype and function may be due to 

their metabolic modification or reprogramming. 

1.3 Cellular Respiration 

Cellular respiration refers to the metabolic reactions and processes that occur in cells 

by which biochemical energy from nutrients is converted into adenosine triphosphate 

(ATP). Nutrients that are commonly used by cells in cellular respiration include 

glucose (from carbohydrates), small peptides and amino acids (from protein) and fatty 

acids (from lipids), and a common oxidising agent (electron acceptor) is molecular 

oxygen (O2). Trapped and stored energy in the form of ATP is released when required 

to drive other processes that require energy, such as the biosynthesis, transportation or 

locomotion of molecules across cell membranes. The most significant pathways 

involved in cellular respiration are glycolysis and oxidative metabolism. Glycolysis 

takes place within the cell’s cytosol where glycolytic enzymes are found and by which 

glucose is converted into pyruvate to give a small net energy (167). The oxidative 

phosphorylation (OXPHOS) system is located in the mitochondria, and the process of 

OXPHOS produces large amounts of ATP. During this process, an exchange of protons 

creates an electrochemical gradient across the membrane that allows for 

ATPproduction (168). Cancer cells and immune cells can switch metabolic states to 

facilitate their survival, proliferation and behaviour in a process referred to as metabolic 

reprogramming (169) (Figure 1.4). 
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Figure 1. 4 Cellular respiration 

1.3.1 Metabolic reprogramming of cancer cells 

In the 1920s, Otto Warburg and colleagues discovered a metabolic distinction between 

normal and tumour cells in a phenomenon called “the Warburg effect”. The Warburg 

effect, also known as aerobic glycolysis, suggests that cancer cells prefer to produce 

ATP via glycolysis instead of OXPHOS, even in the presence of oxygen. As part of the 

Warburg effect, the partial suppression of oxidative metabolism in cancer cells is 

believed to be caused mainly by mitochondrial dysfunction (170, 171). Furthermore, it 

has long been recognised that cancer cells’ glycolytic phenotypes are closely connected 

to defective mitochondrial OXPHOS(170). In cancer cells, glucose metabolism is 

mainly characterised by two major biochemical events: (i) aerobic glycolysis, and (ii) 

increased glucose cellular uptake (172, 173). In normal cells, glucose is broken down 

aerobically and further metabolised through the tricarboxylic acid cycle (TCA) and 

OXPHOS in mitochondria. However, cancer cells often shunt glucose away from the 

TCA and metabolise it primarily through the fermentative pathway, ending 

in lactateproduction (174, 175). Oncogenic transformation in glucose-addicted cancer 

cells causes upregulation of glucose transporters (e.g. GLUT1 and GLUT3), thus 

mediating increased glucose uptake, which in turn increases the rate of glucose 

metabolism (173). A higher glycolytic rate in cancer cells was found to be anti-
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apoptotic and associated with resistance to chemotherapy. For example, upregulation 

of GLUT1 and HIF-1 has shown to be resistant to chemotherapeutics in acute myeloid 

leukaemia (173, 176). Additionally, under hypoxic conditions, increased expression of 

glycolytic enzymes, such as hexokinaseII (HKII), phosphofructokinase (PFK) and 

lactate dehydrogenase (LDH), has been linked to chemotherapy resistance due to 

reduced apoptosis (170). Moreover, LDH-A(LDHA) has been demonstrated to provide 

resistance to paclitaxel/trastuzumab in breast cancer patients and the pyruvate 

dehydrogenase kinase (PDK) isoform PDK3 is correlated with hypoxia-induced drug 

resistance in colon and cervical cancer patients (177). 

1.3.2 Metabolic reprogramming of macrophages 

1.3.2.1 Metabolic reprogramming of M1 and M2 macrophages 

Briefly, M1 macrophages activated with LPS or IFNγ are associated with a metabolic 

switch from OXPHOS to aerobic glycolysis, displaying a rapid activation of aerobic 

glycolysis followed by a reduction in OXPHOS and attenuated TCA cycle activities 

leading to ROS production (178, 179). Thus, M1 macrophage metabolism displays 

upregulated glycolysis, which involves an increase in glucose uptake as well as the 

conversion of pyruvate to lactate. In contrast, activated M2 macrophages are 

characterised by decreased glycolysis since they use OXPHOS as the main means to 

generate ATP generation (177). Additionally, the metabolic switch that leads to 

elevated aerobic glycolysis experienced by most cancer and immune cells is considered 

a hallmark of their ability to sustain viability and promote inflammatory activity (178, 

180). Inhibition of this shift results in blockage of the M1 phenotype and decreases pro-

inflammatory cytokine/chemokine production (178, 180). 

1.3.2.2 Metabolic reprogramming of TAM 

The metabolic features of TAMs have always been considered complicated, as they 

display complex forms of metabolic change. Although it has been suggested that TAMs 

are M2-like, many studies have demonstrated that, like M1 macrophages, TAMs have 

a high glycolytic rate (181, 182). On the other hand, TAMs have shown increased 

OXPHOS, even with a broken TCA cycle (182). Therefore, the metabolic features of 
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TAMs demonstrate that TAMs do not reflect the strictness of the M1 and M2 

paradigms. Moreover, a tumour’s microenvironmental factors can create different 

TAMs with different metabolic programs and phenotypes, such as hypoxia, depending 

on the area within the tumour they occupy (182). Importantly, the glycolytic pathway 

in TAMs is upregulated via the Akt/mTOR signalling pathway and stabilisation of HIF-

1α, which has been proven to be associated with the pro-inflammatory M1 macrophage 

phenotype (182, 183). Accordingly, HIF-1α expression can be regulated by a different 

classical pathway i.e. NF-κB, which mediates pro-inflammatory cytokine expression, 

and other mediators, such as glycolytic enzymes and glucose transporters of the M1 

phenotype. In contrast, HIF-2α expression is regulated independently from NF-κB and 

is correlated with an alternative pathway activation (184). Furthermore, it has been 

found that TNF-α secreted by TAMs enhances tumour cell glycolysis, whereas TAMs 

facilitate tumour hypoxia via increased AMP-activated protein kinase expression and 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) 

upregulation (185). 

1.4 Tumour Neovascularisation  

1.4.1 Angiogenesis and vasculogenesis 

The network of veins, capillaries and arteries in the body is called the vascular system 

and is essential for maintaining homeostasis (186). The functions of all tissues in the 

body require a blood supply. This blood supply depends solely upon ECs that line the 

interior of blood vessels. Endothelial cells form a network of blood vessels that extend 

to all parts of the body and assist in tissue growth, wound healing and repair. Every 

blood vessel, large or small, must have an endothelial lining as these cells control the 

transport of material and white blood cells to tissues. Blood vessels are formed by two 

processes: angiogenesis and vasculogenesis. The process in which ECs derived from 

precursor endothelial cells or angioblasts form de novo networks of vessels is known 

as vasculogenesis (187). Vasculogenesis occurs with formation of the initial primitive 

vascular network, including the heart and yolk sac, during embryogenesis (188). In 

contrast, angiogenesis is the formation of new vessels from existing ones. Angiogenesis 

can modify and expand the vascular network and construct new veins and arteries from 
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the microcirculation. Angiogenesis involves two vital dynamic mechanisms in the 

formation of new blood vessels: intussusception and sprouting (188, 189).  

1.4.1.1 Intussusceptive angiogenesis 

Intussusceptive angiogenesis, also known as splitting angiogenesis, non-sprouting 

angiogenesis or inverse sprouting angiogenesis, occurs when new blood vessels are 

formed through the formation of multiple transluminal tissue pillars. The pillars that 

arise are reshaped and fused, leading to a “splitting” of the pre-existing vessel into two 

segments. The endothelial cells form protrusions towards the vessel lumen, leading to 

the formation of these trans-capillary, or intussusceptive, pillars (189). 

1.4.1.2 Sprouting angiogenesis 

In adulthood, most blood vessels remain at rest, with the exception of those in the 

placenta during pregnancy (190). During the process of sprouting angiogenesis, the 

capillary originates just like pseudopodia and forms a hollow tube called a capillary 

sprout that grows continuously until it touches another capillary. Then, the two 

capillaries connect, and blood starts flowing. Endothelial cells in arteries and veins have 

specific receptors to enable this highly organised and integrated system (191). 

1.4.1.3 Tumour angiogenesis 

The tumour microenvironment consists of normal cells, such as fibroblasts and ECs, 

and cells that are recruited from the bloodstream such as monocytes/macrophages, 

neutrophils and T and B cells (192). In 1971, Judah, Folkman and co-workers proposed 

that cancer cells can grow in two different environments: in the presence of blood 

circulation (vascular phase) and in the absence of blood circulation (avascular phase). 

In the avascular phase, the tumour mass cannot exceed a size of 1-2 mm3 without 

angiogenesis, as up to this point, cells can obtain the necessary oxygen and nutrient 

supplies from nearby capillaries. Further growth and survival beyond this size is 

severely limited by oxygen and nutrient supply as well as waste removal, which 

increases the tumour’s need to build their own vasculature (vascular phase) (193, 194). 

If there is no vascular support, the tumour may enter into an apoptotic phase or become 
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necrotic, suggesting that angiogenesis is an important factor in tumour growth and 

progression (195). In the vascular phase, thebasement membrane is disrupted, and cells 

experience hypoxia. The process of tumour angiogenesis is complex, as it depends on 

the coordination of many factors, including specifications of tips and stalks of 

endothelial cells (TECs; that lead to capillary growth), basement membrane 

degradation, EC activation and migration to hypoxic regions, followed by their 

proliferation and formation of the capillary network (196). 

Mechanisms of tumour angiogenesis and/or vascularisation include vasculogenesis 

(described on page 23), sprouting (described on page 23), intussusception (described 

on page 23), as well as co-option and vasculogenic mimicry. Vasculogenic mimicry is 

a process in which tumour cells undergo dedifferentiation to mimic endothelial-like 

properties(194). Aggressive tumours follow this process and form tube-like structures 

containing cells that have differentiated into endothelial phenotypes. Certain tumours 

(e.g. in lungs and brain) grow during the avascular phase around existing blood vessels 

without starting the process of angiogenesis; this is called vessel co-option (Figure 1.5) 

(194).  

 

Figure 1. 5 Mode of tumour vessel formation  (133) 
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1.4.2 Tumour blood vessels 

Disorganised vasculature is considered a hallmark of tumour development that arises 

from an imbalance of pro- and anti-angiogenic signalling within tumours (197). Jain 

and co-workers (2008) described vessel architecture and function in tumours (198, 

199). These vessels have different morphological and physiological characteristics than 

normal blood vessels in that they are characterised by chaotic, aberrative, tortuous, 

dilated and hyper-permeable vessels (125,126). Defects in blood vessels can lead to 

spatial and temporal variations in tumour blood flow, increased tumour interstitial fluid 

pressure (IFP), hypoxia and high acidity (198) in the tumour microenvironment. 

Negative consequences of alterations include changes to blood vessel diameter, which 

leads to uneven blood flow in one direction and possible static flow at one or more site. 

Open vessels in tumours cannot be continuously perfused, therefore blood flows along 

different paths (200). These blood vessels are often found less in the centre of the 

tumour. The endothelia of tumour vessels are also defective; for instance, they may 

have junctions that are poorly connected or scattered pericyte coverage. Tight junctions 

play a critical role in the movement of ions across the paracellular space and the absence 

of tight junctions leads to vessel leakiness,less nutrients and oxygen supply to cells 

(201). Thus, tumours have low blood flow, high blood leakage and poor perfusion, 

thereby generating an increase in interstitial pressure, hypoxia, starvation and acidosis 

in the local microenvironment. Irregular blood flow within a tumour can affect the 

delivery of drugs. Furthermore, increased vascular permeability enhances 

transmigration of immune cells, including monocytes, from blood vessels into the tissue 

(202). Also, a hypoxic environment can cause gene alterations in cancerous cells and 

mediate their migration to healthy tissue. Furthermore, an acidic environment can 

impair the ability of immune cells to target cancer cells and induces resistance to 

chemotherapy and radiation (203) (Figure 1.6) (204). 



 

27 

 

 

Figure 1.6 The role of abnormal vasculature in shaping the 

tumour microenvironment(144) 

1.5 Project Hypothesis 

Asbestos-induced abnormalities in mesothelial cells are the triggers that create new 

dynamic tissue-like organs, i.e. mesothelioma tumour masses. Molecules secreted by 

transformed mesothelioma cells likely affect the phenotype and function of 

neighbouring cells including tumour-associated macrophages and ECs that influence 

organisation of the resulting tumour microenvironment. This 

mesothelioma/macrophage/EC axis might be further modified by tumour oxygenation, 

in particular hypoxia, and will be addressed in this project. TAMs and tumour-

associated ECs may directly interact with each other and this cross-talk may modify 

macrophage and EC activation, proliferation and function. Again, tumour oxygenation 

could influence the outcomes of this cross-talk and will be addressed in this project. 

Our laboratory has promising pre-clinical data showing that an IL-2/CD40-based 

immunotherapy can induce regression of large mesothelioma tumours in mice. 

However, its effect in humans is not yet clear, particularly if there are significant 

hypoxic regions. VTX-2337 also showed promising results in preclinical models and 

represents a possible alternative therapy used alone or in combination with IL-2/CD40.  

 



 

28 

 

On average, under 8% of results from animal models are successfully translated to 

human clinical cancer trials. Animal models are constrained in their capacity to imitate 

the intricacies of human carcinogenesis, physiology, and development. Thus, the safety 

and viability of a specific novel therapy found in animal experiments will not 

necessarily hold true in human trials (205). However, this primary concern may be 

addressed by in vitro models which better imitate in vivo human tumours. Such models 

are helpful in early-stage drug development and reduce the number of animals used for 

laboratory experimentation (206-208). There is expanding enthusiasm for using 3D 

spheroid models, or organoids, to show malignant growth and tissue biology, 

quickening the implementation of research results in clinical practice. The 3D 

microenvironment can powerfully impersonate the various cell heterogeneities of in 

vivo settings (209). Of such models, the multicellular tumour spheroid (MCTS) model 

is capable, not only of reproducing the harsh conditions in poorly vascularised tumours, 

but also of assessing compound (drug) infiltration properties (210-212). 

This project’s overall hypotheses was that the effect of the dynamic properties of the 

human mesothelioma microenvironment could be represented by studying the crosstalk 

(mediated by soluble factors) between mesothelioma tumour cells, macrophages and 

endothelial cells (ECs) under hypoxic and normoxic conditions. It was further 

hypothesised that these cells’ responses to IL-2, α-CD40 and VTX-2337 could be better 

understood by developing a 3D spheroid tumour model incorporating the three cell 

types (mesothelioma cells, macrophages and ECs). It was hoped that this organoid 

approach would reproduce the in-vivo tumour microenvironment and reveal novel 

immune/EC-mediated therapeutic approaches for treating mesothelioma.  

To address the project’s hypothesis, the following aims were addressed: 

Aim #1: To assess the ability of healthy, non-mesothelioma exposed human 

macrophages to polarise into pro-inflammatory M1-like cells characterized by high 

CD80 and low CD206 expression or anti-inflammatory M2-like cells defined as high 

CD206 (using monocyte-derived macrophages), and to measure molecular changes to 

healthy ECs (using human umbilical vein endothelial cells, HUVECs), under hypoxic 
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(2% O2) versus normoxic (20% O2) conditions (measured using multiparameter 

staining and flow cytometry). 

Aim #2: To investigate the effect of mesothelioma-derived factors (using tumour 

conditioned media from human JU77 mesothelioma cells) on the ability of human 

macrophages to polarise into M1-like or M2-like cells incubated under hypoxic versus 

normoxic conditions. Note that mesothelioma-derived molecules were matched by 

being generated under normoxic and hypoxic conditions. The same tests were used as 

for Aim #1. 

Aim #3:To investigate the effect of JU77 mesothelioma-derived factors on ECs under 

hypoxic versus normoxic conditions measuring measuring CD309, CD54, CD105, 

CD144, and CD146, using multiparameter staining and flow cytometry. 

Aim #4: To investigate the effects of cross talk between healthy and JU77 

mesothelioma-exposed macrophages and HUVECs incubated under normoxic and 

hypoxic conditions measuring CD309, CD54, CD105, CD144, and CD146, using 

multiparameter staining and flow cytometry. 

Aim #5:To assess the effect of immunotherapy on mesothelioma-exposed macrophages 

by measuring molecular alterations in Ju77-exposed macrophages in response to 24 

hours exposure to IL-2, α-CD40, IL-2/α-CD40 or VTX-2337 under normoxic and 

hypoxic conditions measuring HLADR, CD206, CD309, CD54, CD40, CD144, A2A-

R, CD105, CD163, CD80, Gal-9, CD39, CD86, PDL-1, and, CD146, using 

multiparameter staining and flow cytometry. 

Aim #6:To assess the effect of IL-2, α-CD40, IL-2/α-CD40 and VTX-2337 on healthy 

and mesothelioma-exposed ECs under normoxic and hypoxic conditions measuring 

CD309, CD54, CD105, CD144, and CD146, using multiparameter staining and flow 

cytometry 

Aim #7: To assess the effect of supernatant from mesothelioma-exposed macrophages 

treated with IL-2, α-CD40, IL-2/α-CD40 and VTX-2337 on ECs under normoxic versus 

hypoxic conditions measuring CD309, CD54, CD105, CD144 and CD146 using 

multiparameter staining and flow cytometry. 

Aim #8:To attempt to validate in vitro findings using an in silico approach to: 
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• Confirm expression of the target genes (HLADR, CD206, CD309, CD54, 

CD40, CD144, A2A-R, CD105, CD163, CD80, Gal-9, CD39, CD86, PDL-1, 

and CD146) in human mesothelioma.   

• Identify functionally active HREs in the promoter regions of target genes. 

• Identify hypoxia related transcription factors binding sites  

• Identify possible mechanisms for upregulation of molecules seen in 

mesothelioma-exposed ECs and macrophages under hypoxia by analysing 

signalling pathways to identify the role of hypoxia related transcription factors. 

Two experimental approaches were planned: 2D and 3D in vitro cell culture models. In 

traditional, 2D cell culture conditions, cells were plated on a flat surface and, therefore, 

had a flat shape. Macrophages were exposed to mesothelioma-derived factors, while 

ECs were exposed to mesothelioma-derived factors or macrophage-derived molecules 

in normoxic and hypoxic environments. In 3D cell culture conditions, the aim was to 

develop a spheroid model that would enable direct, cell-to-cell communication by 

incorporating mesothelioma cells, macrophages and ECs in ultra-low adhesion round-

bottom plates,as described in chapter 6. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Human Ethics 

This study has been approved by the Curtin University Human Research Ethics 

Committee (approval number HRE2017-0823). 

2.2 Recruitment of Volunteers 

Twenty healthy young volunteers (21–37 years of age) were recruited via word-of-

mouth within and outside Curtin University and in collaboration with Dr. P. 

Methoram’s research group, whose focus is platelets leaving the buffy coat available 

for others. All volunteers were provided with an information sheet prior to participating 

in the study. Their health status was assessed via a questionnaire detailing current and 

past medical conditions, current medications, family disease history, smoking status 

and asbestos exposure status (Appendix A). Any volunteer who previously or currently 

had cancer or who suffered from severe immune disorders, such as autoimmune 

disorders, were excluded from the study.Before blood collection, eligible donors were 

required to sign a consent form to participate in the study. The experiments were 

repeated at least 8 times using different donors (12 times per normoxic naive 

macrophages (MØ), 10 times per hypoxic macrophages MØ, 12 times per normoxic 

tumour-conditioned macrophages (TCM-CM), 10 times per hypoxic TCM-CM, and 8 

times for all other conditions). 

2.3 Cell Culture and Maintenance 

2.3.1 The JU77 human mesothelioma cell line 

The malignant mesothelioma JU77 cell line is an adherent cell line that was generated 

from the pleural effusion of a patient with a confirmed disease diagnosis (213). JU77 

cells were maintained in complete RPMI (Life Technologies, USA) media containing 

10 % FCS (Thermo Fisher Scientific, USA), 1% glutamax, 50 M 2-mercaptoethanol 

(2-ME, Life Technologies, USA), 100 U/ml Penicillin (Life Technologies, USA) and 

50 mg/ml Streptomycin (Life Technologies, USA). JU77 cells were cultured in a 37º C 
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and 5 % CO2 humidified incubator until 80-90 % confluent. Cells were then washed 

twice using warm phosphate-buffered saline (PBS; Life Technologies). Next, cells were 

incubated with a new warmPBS to detach cells from tissue culture flasks. The cell 

suspension was transferred to a new tube, centrifuged at 1,200 rpm for 5 min. Pelleted 

cells were resuspended in complete RPMI and cultured into new tissue culture flasks 

or plates (Beckton Dickinson, California, USA). 

2.3.1.1 Collection of mesothelioma tumour-conditioned media 

To generate tumour-conditioned media (TCM), JU77 mesothelioma cells were grown 

under two oxygen conditions, 2% oxygen (a hypoxic environment) or 20% oxygen (a 

normoxic environment) until confluent. Cell‐free supernatants were collected from 

using centrifugation at 1200 rpm for 5 min and stored at −80º C until needed.  

2.3.1.2 Cryopreservation of cells 

Cells were resuspended in a cryopreservation solution (90% FCS and 10% dimethyl 

sulfoxide; DMSO; Sigma‐Aldrich, (214) at 2 x 106 cells/ml and transferred into 

cryogenic vials (Nunc/ThermoScientific) for storage at −80°C.  

2.3.1.3 Thawing cells 

Cells stored at −80°C were warmed quickly by immersion in a 37°C water bath, then 

rapidly transferred to 15 ml tubes containing 9 ml complete RPMI medium and 

centrifuged at 1200 rpm for 5 min to remove the cryoprotective agent. The supernatant 

was discarded, and cells resuspended in a complete medium and transferred to tissue 

culture flasks, for incubation at 37°C in a 5% CO2 atmosphere. 

2.3.2 Primary human macrophages 

2.3.2.1 Blood sample collection 

Via mid-arm venepuncture, whole blood samples (50 ml) from healthy volunteers were 

divided into five 10 ml dipotassium ethylenediaminetetraacetic acid (K2 EDTA) BD 

vacutainer tubes (Beckton Dickinson) and transported to the laboratory for immediate 
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processing. K2 EDTA was used to block the coagulation cascade by chelating calcium 

ions (215). 

2.3.2.2 Isolation of peripheral blood mononuclear cells (PBMCs) 

Whole blood samples (50 ml) collected as described were distributed evenly into two 

50 ml centrifuge tubes. To each 25 ml of blood, 10 ml of PBS solution containing 2 

mM EDTA (Sigma-Aldrich, USA) was added. Then, 35 ml of diluted blood was layered 

over 15 ml of a density gradient medium, Ficoll‐PaqueTM Plus (GE Healthcare, New 

South Wales, Australia) and centrifuged at 400 g for 40 min at 20º C without 

acceleration or brakes. Following centrifugation, the PBMC layer or buffy coat (at the 

interphase) was carefully transferred to a 50 ml tube and resuspended in 50 ml of PBS/2 

mM EDTA for centrifugation at 300 g for 10 min at 20°C with acceleration and brakes. 

For the second and third washes, cells were resuspended in 50 ml of PBS/2 mM EDTA 

and centrifuged at 200 g for 10 min at 20°C with acceleration and brakes. A final wash 

was performed at 120 g to remove any remaining platelets. 

2.3.2.3 Isolation of monocytes 

After the final wash, the supernatant was discarded, and cell pellets resuspended in 

RPMI media (5X106 cells/well) and cells seeded into six-well flat-bottom BD Falcon 

cell culture plates (in 2 ml of RMPI media/well; Beckton Dickinson). Cells were 

incubated for 2-3 hrs at 37º C in 5% CO2 to allow monocytes to adhere to the bottom 

of the plate, whilst lymphocytes remain non-adherent. Media containing non-adherent 

lymphocytes were removed to leave behind a predominantly adherent monocyte 

population in the plate.  

2.3.3 3 In-vitro generation of macrophages and tumour-conditioned macrophages 

Human monocytes were cultured in 2 ml of complete RPMI-1640 medium and 

incubated with 50 ng/ml of human recombinant macrophage colony-stimulating factor 

(M-CSF) for 7 days to differentiate monocytes into macrophages. Media containing M-

CSF was replaced on day 3 and day 6. To mimic the tumour microenvironment and 

generate tumour-conditioned macrophages, monocytes were cultured in a (50:50) 
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medium consisting of 1 ml of complete RPMI-1640 medium and 1 ml of TCM with 50 

ng/ml hM-CSF for 7 days. Please note that for hypoxic studies, monocytes were 

differentiated under a hypoxic environment, and hypoxic TCM was used. 

2.3.3.1 Stimulation of macrophages 

On Day 7, samples and control media were replenished with new media and different 

stimuli added. The stimuli are shown in Table 1 and include lipopolysaccharide (LPS)/ 

interferon gamma (IFN-γ), interleukin (IL)-4/IL-13, IL-2, anti-CD40 antibody, IL-

2/anti-CD40 and VTX-2337(TLR8 agonist). 

Table 2. 1 Stimuli used in this study 

Stimuli Concentration Supplier 

LPS 1 μg/ml Sigma-Aldrich 

IFN-γ  200 ng/ml Shenandoah Biotechnology 

IL-4 10 ng/ml Shenandoah Biotechnology 

IL-13 10 ng/ml Shenandoah Biotechnology 

IL-2 1 g/ml PeproTech 

anti-CD40 

(CP-870,893 hIgG2) 

1 g/ml Supplied by Professor Martin 

Glennie and Dr. Ann White 

VTX-2337 10 M Sapphire Bioscience 

DMSO 10 M Sigma‐Aldrich 

 

2.3.3.2 Collection of macrophages and TCM-conditioned macrophage 

supernatant 

After 24 h, supernatants were transferred to 15 ml tubes and centrifuged to pellet cells 

and cellular debris. Then, supernatants were aliquoted and stored at -80°C until needed. 

To detach macrophages from the bottom of the plate, cells were washed with pre-

warmed PBS to remove residual media, and the supernatant discarded. Then, cells were 

incubated with 2 ml of pre-warmed PBS in a humidified incubator at 37°C in 5% CO2 

for 10 min to detach cells from plate. Cell suspensions were centrifuged for 5 min at 

1200 rpm. 
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2.3.4 Human umbilical vein endothelial cells (HUVECs) 

Human umbilical vein endothelial cells (HUVECs) were obtained from the American 

Type Culture Collection (Manassas, VA, USA). These cells are derived by the 

perfusion of donor umbilical veins and are the most widespread in vitro model for the 

study of endothelial cell regulation and their responses to different stimuli (216). The 

first isolation of endothelial cells from a human umbilical vein by perfusion was in 1973 

(216). 

2.3.4.1 Passaging HUVEC cell lines 

HUVECs were grown in HUVEC media containing endothelial cell basal medium 

(EBM; Lonza) supplemented with ascorbic acid (Lonza), hydrocortisone (Lonza), 

bovine brain extract (BBE; Lonza), foetal bovine serum (FBS, Lonza), 

gentamicin/amphotericin-b (GA, Lonza) and human epidermal growth factor (hEGF, 

Lonza) in tissue culture flasks. Once cells reached 80–90% confluency, HUVECs 

were subcultured using warm PBS to dislodge cells (as described previously) and 

resuspended in HUVEC media. Then, HUVECs were seeded in tissue culture flasks 

and incubated in a humidified 5% CO2 incubator at 37°C. 

2.3.4.2 In-vitro generation of TCM-conditioned HUVECs 

Once passaged HUVECs reached 80–90% confluency in a six-well plate, 3 x 105 

cells/well were seeded in 2 ml of HUVEC media and incubated in a humidified 5% CO2 

incubator at 37°C for 24 h to allow them to adhere to the plate. After 24 h, the media 

was replaced with either 2 ml of 100% HUVEC media or a 50:50 mixture of medium 

consisting of 1 ml of HUVEC media and 1 ml of TCM. Cells were then incubated for 

48 h to generate TCM-conditioned HUVECs. Please note that passage 6 HUVECs were 

used for all experiments to ensure consistency.  

 

2.3.4.3 Stimulation of HUVECs 

On day 3, media was replenished and stimuli as per Table 1 added.  
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2.3.4.4 Collection of HUVECs and TCM-conditioned HUVEC supernatant 

Supernatant was collected using the same method as per macrophage supernatant 

collection described in section 2.3.2.6. 

2.3.4.5 Thawing HUVECs 

Cryopreserved HUVECs were stored in liquid nitrogen and HUVECs vials were dipped 

into a 37°C water bath to enable rapid thawing (< 1 minute). Thawed cells were diluted 

using 1 ml of pre-warmed supplemented medium. Next, HUVECswere transferred to 

15 ml tubes at 1.25 x 104 viable cells/ml using supplemented medium. Finally, 5 ml of 

cell suspension was added to each 25 cm2 culture flask for incubation at 37°C in a 5% 

CO2 atmosphere. 

2.4 Cell Viability and Counting 

To calculate the number of dead and viable cells/ml for all cells, trypan blue staining 

was used. To do this, 10 μl of cell suspension and 10 μl of 0.4% trypan blue solution 

(Sigma-Aldrich, USA) were mixed gently. Then, the trypan blue-treated cell 

suspension was loaded onto a glass hemocytometer. A 10X objective of Nikon Tie 

microscope (Tokyo, Japan) was used to count the number of cells in each set of 16 

corner squares of the grid lines of the hemocytometer. Cell number = average cell 

count/square x dilution factor x 10,000 x volume. 

2.5 Staining Macrophage Cells and HUVECs for FACS Analysis 

Flow cytometry was performed using a BD LRS Fortessa. 

2.5.1 Staining and gating strategy to identify and characterise macrophages 

To setup the instrument and for analysis, negative controls (unstained cells), a single 

stained fluorescence sample for every molecule and fluorescence minus one (FMO) 

controls were used. FMO controls were tested for each fluorochrome during 

optimisation of staining (data not shown) and for subsequent experiments CD80 (Alexa 

Fluor647) and Galectin-9 (Gal-9) (PerCP/Cyanine5.5) were included. The unstained 

and single stained fluorescent controls were used for setting compensation to correct 
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the spill over between the channels. The single stained fluorescent controls were also 

used to identify the positive populations of CD40 (Brilliant Violet 421), CD80 (Alexa 

Fluor647), HLA-DR (Brilliant Violet 650), CD39 (Brilliant Violet 510), CD11b 

(Brilliant Violet 711), CD206 (Alexa Fluor 488), CD163 (Brilliant Violet 605), 

Adenosine-A2A-receptor (A2A-R) (PE) and to identify live cells via Fixable Viability 

Stain (FVS700). The CD80 and Gal-9 FMO controls were used to identify CD80 and 

Gal-9 positive populations, respectively. Note that PDL-1 was stained in a separate 

panel with FVS700. 

Table 2. 2 Anti‐human antibodies used in this study to identify and characterise 

macrophages 
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Table 2. 3 Molecules examined in this study 

Molecule Function 

CD40 
Engagement of CD40 by its ligand CD154 plays a major role in 

providing costimulation for T cell activation (217). 

CD86 

Engagement of CD86 with CD28 leads to T-cell activation, 

survival and cytokine production, or immune regulation with 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

engagement (81). 

HLA-DR Mediates antigen presentation to CD4-positive T cells (218). 

CD39 
Responsible for the breakdown of ATP to immunosuppressive 

adenosine (89). 

CD80 

Engagement of CD86 with CD28 leads to T-cell activation, 

survival and cytokine production or immune regulation with 

CTLA-4 engagement (81). 

CD11b Plays a role in cellular adhesion and cell-cell interactions (89).  

CD206 A scavenger receptor (219). 

CD163 A scavenger receptor (219). 

PD‐L1 
Engagement of PD‐L1 with PD‐1 leads to inhibition of T cell 

proliferation and cytokine production (220). 

A2A-R Binding with adenosine leads to immunoregulation (221). 

Galectin-9 
Binding TIM‐3 on CD8+ and CD4+ cells induces apoptosis and 

promotes Tregs (222). 

 

2.5.2 Staining and gating strategy to identify and characterise HUVECs 

To study HUVECs, controls included unstained cells, a single stained fluorescence 

sample for every molecule and fluorescence minus one (FMO) controls for FVS700 

and CD144 (PerCP/Cyanine5.5). The unstained and single stained fluorescence 

samples were used for setting compensation to correct spill over between channels. 

Single stained fluorescent controls also were used to identify positive populations 

expressing CD146 (BUV395), CD54 (Brilliant Violet 650), CD309 (Brilliant Violet 

510), CD62E (Brilliant Violet 421), CD105 (PE/Cy7), CD31 (Brilliant Violet 711), and 

CD321 (PE). The CD144 and FVS700 FMO controls were used to identify CD144 

positive populations and negative populations (live cells), respectively. 
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Table 2. 4 Anti‐human antibodies used in this study to identify and characterise 

HUVECs 

 

 

Table 2. 5 Molecules examined in this study 

Molecule Function 

CD31 Is involved in cell adhesion and leukocyte diapedesis (223). 

CD54 
Plays a role in cell migration (224), cell-cell adhesion, 

lymphocyte activation and leukocyte trafficking, (225, 226). 

CD62E 
Plays an important role in leucocyte rolling, angiogenesis and 

tumor metastasis (227). 

CD105 
Important accessory receptor to transforming growth factor 

beta (TGF-β) (228). 

CD144 

a master regulator on endothelial cell–cell junctions which 

coordinates the opening and closing of the endothelial barrier, 

thus control permeability changes (229) 

CD146 
Is involved in heterophilic cell adhesion and in the control of 

leukocyte extravasation (230). 

CD 309 
VEGFR2 regulates endothelial migration and proliferation as 

well as mediates vascular permeability (231) 

CD 321 
JAM-A is implicated in several processes including leukocyte 

migration, cell–cell adhesion, angiogenesis, (232, 233) 

2.6 Metabolic Activity Assays 

After 24 h stimulation, basal oxygen consumption rate (OCR) and extracellular 

acidification rate/proton production rate (ECAR/PPR) measurements were undertaken 

using a Seahorse XF96 extracellular flux analyser (Seahorse Bioscience, North 
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Billerica, MA). To measure OCR, cells were seeded at 70,000/well (XF96 plate) in a 

base medium of Dulbecco’s modified eagle’s medium (DMEM; Sigma) containing 

10% FBS, 2.5 mM glucose, 2 mM L-glutamax, 1 mM sodium pyruvate and 0.3% 

phenol red. OCR measurements were taken before and following each injection of 1 

μM oligomycin, an ATP synthase inhibitor (234), 1 μM fluoro-carbonyl cyanide 

phenylhydrazone (FCCP) (Enzo), a mitochondrial electron transport chain uncoupler 

(235) and 1 μM rotenone, a mitochondrial complex I inhibitor + 1 μM antimycin A, a 

complex III inhibitor (236). To measure ECAR, cells were incubated in the base assay 

medium without glucose and ECAR measurements carried out prior to the addition 

of glucose and following each injection of 25 mM glucose, 1 μM oligomycin and 100 

mM 2-deoxy-glucose (2-DG), a glycolytic inhibitor (237). 

2.7 Data Analysis 

Statistical analyses were conducted using GraphPad Prism v7 (GraphPad Software Inc, 

California, USA). Comparisons to determine statistical differences between two groups 

were made using the Mann–Whitney test and between greater than two groups using 

two-way ANOVA. To determine significance, the probability value (p-value) was set 

at less than 0.05. Agilent Seahorse Wave Desktop software was used to analyse the 

metabolic profiles generated by Seahorse XF96. 
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CHAPTER 3 

ASSESSING MACROPHAGE PHENOTYPIC AND 

BIOENERGETIC PROGRAMMING UNDER NORMOXIC 

VERSUS HYPOXIC TUMOUR CONDITIONS 

3.1 Introduction 

Macrophages represent a heterogeneous cell population that demonstrate plasticity, 

possessing the ability to adapt their function in response to microenvironmental stimuli. 

In numerous human cancers abundant macrophage infiltration in tumours has been 

considered an important prognostic factor (238, 239). Although macrophages are 

abundant in epithelial and non-epithelial mesothelioma (114, 240, 241), Burt et 

al. showed that higher densities of tumour-infiltrating macrophages are associated with 

poor survival in patients after surgery in patients with non-epithelioid MPM (114). 

Within cancerous tissue, macrophages are educated by the tumour microenvironment 

to assist tumour progression by adopting proangiogenic tumour-promoting (M2-like) 

macrophages features (242). Furthermore, oxygen is vital for living cells, yet in many 

tumours, oxygen levels are between 1%–2% O2(243). This hypoxic environment can 

affect cancer cells and immune cells. Indeed, tumour hypoxia is thought to play a 

pivotal role in the reprogramming of macrophages, as hypoxic TAMs become anti-

inflammatory and start releasing proangiogenic factors (244, 245). What is less clear is 

if the hypoxic environment is the direct cause of macrophage reprogramming, or if an 

indirect mechanism exists that involves cross-talk between hypoxic-modulated cancer 

cells and hypoxic-modulated macrophages.  

In-vitro mesothelioma tumour models were developed for this thesis to determine 

differences between the influence of normoxic and hypoxic environments. To mimic 

the scenario of monocytes being recruited into hypoxic regions of mesothelioma 

tumours, the effect of hypoxic-induced mesothelioma-derived factors on monocyte-

derived macrophages generated under hypoxic conditions was examined. A similar 

approach was used with mesothelioma cells and monocyte-derived macrophages 
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cultured under normoxic conditions. To our knowledge, no in-vitro studies have 

assessed differences between normoxic and hypoxic mesothelioma tumour models.  

Therefore, work in this chapter aimed to compare interactions between mesothelioma 

tumour cells and macrophages in normoxic (20% O2) versus hypoxic (2% O2) 

environments. Human mesothelioma JU77 cells were cultured under both conditions 

and tumour-conditioned media (TCM) collected. Human monocytes were 

differentiated using macrophage colony-stimulating factor (M-CSF), also known as 

colony stimulating factor 1 (CSF-1), into unpolarised MØ macrophages, M1 

macrophages (using LPS/IFN-γ), M2 macrophages (using IL-4/IL-13) or tumour-

exposed (using normoxic or hypoxic TCM) macrophages under both conditions (Figure 

3.1). Changes to expression of molecules associated with macrophage function were 

assessed using flow cytometry (Figure 3.2), whilst changes to metabolic functionwere 

assessed using Seahorse technology.  

3.2 Study characteristics 

This study was approved by the Curtin University Human Research Ethics Committee 

(approval number HRE2017-0823). Healthy young volunteers (21–37 years of age) 

were recruited via word-of-mouth within and outside Curtin University and in 

collaboration with Dr. P. Methoram’s research group, whose focus is platelets leaving 

the buffy coat available for others. All volunteers were provided with an information 

sheet prior to participating in the study. Volunteer health status was assessed via a 

questionnaire detailing their current and past medical conditions, current medications, 

family disease history, smoking status and asbestos exposure status (Appendix A). Any 

volunteer who previously or currently had cancer or who suffered from severe immune 

disorders, such as autoimmune disorders, were excluded from the study. Before blood 

collection, eligible donors were required to sign a consent form to participate in the 

study.  
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Figure 3. 1 Experimental design 

(A) JU77 mesothelioma cells were grown under 20% oxygen (normoxia, shown as 

red) or 2% oxygen (hypoxia, shown as blue). Cell‐free supernatants were isolated 

from tumour cell cultures using centrifugation at 1200 rpm for 5 minutes and 

stored at −80º C. (B) Human monocytes obtained from whole blood samples were 

cultured in 2 ml of complete RPMI-1640 medium with 50 ng/ml human M-CSF 

for 7 days to trigger the differentiation of monocytes into macrophages. To mimic 

the tumour microenvironment and generate tumour-conditioned macrophages, 
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monocytes were cultured in a 50:50 medium consisting of 1 ml of RPMI-1640 

medium and 1 ml of TCM with 50 ng/ml M-CSF for 7 days. For hypoxic studies, 

monocytes were differentiated under a hypoxic environment and hypoxic TCM 

used. The same approach was used for normoxic experiments. On day 7, sample 

and control media were replaced with new media and stimuli added, including 

LPS (1 μg/ml)/IFN-γ (200 ng/ml) and IL-4 (10 ng/ml)/IL-13 (10 ng/ml). 

 

 

Figure 3. 2 Flow cytometric analysis of monocyte-derived macrophages 

(A) FSC-A and time were used to exclude electronic noise. (B) FSC-A and SSC-A 

were used to gate cellular events based on size and granularity. (C) FSC-A and FSC-
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H were used to eliminate doublets by gating on single cells. (D) A viability gate was 

used to eliminate dead cells stained with Fixable Viability Stain 700 (FVS700). (E) 

Live cells were analysed by gating on CD11b+ macrophages for the activation markers 

HLA-DR (F), CD40 (G), CD80 (H) and CD86 (I), the regulatory markers CD39 (J), 

A2A-R (K), Gal-9 (L) and PD-L1 (M), as well as for the scavenger receptors CD163 

(N) and CD206 (O). Figures (F-O) show coloured histograms (positive), overlaid onto 

open histograms (unstained cells). 

 

 

3.3 Results 

3.3.1 Evaluating the effect of mesothelioma on macrophages under normoxic and 

hypoxic conditions 

3.3.1.1 Comparing the effect of normoxic versus hypoxic induced mesothelioma–

derived factors on macrophage expression of activation markers 

The aim of this study was to examine macrophage-mesothelioma cell interactions 

mediated by tumour-derived soluble factors collected under normoxic and hypoxic 

conditions and to evaluate changes to macrophage expression of HLA-DR, CD40, CD80 

and CD86 at baseline and when stimulated with INF-γ+LPS or with IL-4+IL-13. 
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Figure 3.3 Hypoxia and hypoxic-exposed mesothelioma-derived factors reduce 

HLA-DR, CD40, CD80 and CD86 expression on macrophages 

Human monocytes isolated from healthy donors (as described in Figure 3.1.B), were 

differentiated into mature macrophages using M-CSF under normoxic (A) and 

hypoxic (B) conditions. Similarly, tumour-conditioned macrophages were generated 

using M-CSF with or without TCM, under normoxic (A) and hypoxic (B) conditions. 

Cells were stained for activation markers (HLA-DR, CD40, CD80 and CD86) for 

flow cytometric analysis. Surface expression levels for HLA-DR, CD40, CD80 and 

CD86 (C and D) were quantified by flow cytometry and shown as median 

fluorescence intensity (MFI). Pooled data is expressed as mean ± standard error of 

the mean (SEM) in normoxic naive macrophages (MØ) (control) versus hypoxic 

macrophages MØ and normoxic tumour-conditioned macrophages (TCM-CM) 
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versus hypoxic (TCM-CM). P-values were determined using the Mann-Whitney test, 

* = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n = 12 replicates 

per normoxic condition, n = 10 replicates per hypoxic condition. 

3.3.1.1.1 Hypoxia directly reduces CD40 and CD86 on macrophages 

Naïve (non-tumour exposed) macrophages significantly decreased CD40 (Figure 3.3.C; 

p = 0.02) and CD86 expression (Figure 3.3.C; p < 0.0001) under hypoxic relative to 

normoxic conditions. In contrast, no differences were observed between normoxic and 

hypoxic macrophages in HLA-DR (Figure 3.3.C) and CD80 expression (Figure 3.3.C). 

These data show that oxygen deprivation can directly affect macrophage function. 

3.3.1.1.2 Mesothelioma-derived factors generated under hypoxia further reduce 

HLA-DR, CD40 and CD86 expression on macrophages 

Macrophages exposed to hypoxic TCM and cultured under hypoxic conditions 

demonstrate significantly lower expression levels of HLA-DR (Figure 3.3.D; p = 

0.009), CD40 (Figure 3.3.D; p = 0.002) and CD86 (Figure 3.3.D; p = 0.02) relative to 

macrophages exposed to normoxic TCM and cultured under normoxic conditions. A 

decreasing trend was seen for CD80 expression in hypoxic TCM-conditioned 

macrophages relative to normoxic TCM-conditioned macrophages (Figure 3.3.D; p = 

0.06). Taken together, the data show that macrophages adopt significantly different 

functions that are directly determined by oxygen levels and influenced by tumour cell 

responses to reduced oxygen. These data suggest that macrophages are significantly 

affected by the condition of the tumour cell and that oxygen levels also play a key role 

in determining their fate. Therefore, the data was further interrogated to determine the 

effects of normoxia-induced versus hypoxia-induced TCM on macrophages grown 

under normoxic and hypoxic conditions. 
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Figure 3.4 Oxygen levels modulate factors secreted by mesothelioma cells that 

affect macrophage expression of HLA-DR, CD40, CD80 and CD86 

Normal macrophages and tumour-conditioned macrophages differentiated from 

monocytes under normoxic (A)and hypoxic (B) conditions were stained for HLA-DR, 

CD40, CD80 and CD86 for flow cytometric analysis. Pooled data of surface 

expression levels (MFI) (C) and percentages of positive cells (D) are expressed as 

mean ± SEM. P-values were determined using the Mann-Whitney test, * = p < 0.05, 

** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n=12 replicates per normoxic 

condition, n=10 replicates per hypoxic condition. 
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3.3.1.1.3 Regardless of oxygen levels, mesothelioma-derived factors down-regulate 

HLA-DR expression 

Compared to naïve normoxic macrophage controls, HLA-DR expression levels (MFI) 

were significantly lower in normoxic TCM-conditioned macrophages (Figure 3.4.C; p 

= 0.002). There were no differences in HLA-DR expression between naïve normoxic 

macrophages and naïve hypoxic macrophages (Figure 3.4.C; p = 0.065). However, 

hypoxic TCM-conditioned macrophages had lower HLA-DR expression levels than 

normoxic controls (Figure 3.4.C; p = 0.0001), hypoxic controls (Figure 3.4.C; p = 

0.005) and normoxic TCM-conditioned macrophages, as shown previously (Figure 

3.3.D; p = 0.009). These data also showed that hypoxic TCM significantly lowered the 

percentage of HLA-DR+ macrophages compared to normoxic (Figure 3.4.D; p = 0.003) 

and hypoxic controls (Figure 3.4.D; p < 0.0001). No differences were observed between 

normoxic controls and normoxic TCM-conditioned macrophages (Figure 3.4.D). These 

data suggest that mesothelioma derived factors reduce HLA-DR expression levels 

regardless of oxygen levels, and that factors generated when mesothelioma cells are 

under hypoxic conditions further reduce the proportion of HLA-DR+ macrophages. 

3.3.1.1.4 Hypoxia plays an essential role in decreasing CD40 on macrophages 

No differences were observed in CD40 expression in normoxic TCM-conditioned 

macrophages compared to normoxic control macrophages (Figure 3.4.C). However, 

there was a significant decrease in hypoxic controls and TCM-conditioned 

macrophages compared to normoxic control macrophages (Figure 3.4.C; p = 0.02 and 

p = 0.007 respectively). No differences were seen between hypoxic controls and 

hypoxic TCM-conditioned macrophages (Figure 3.4.C). Note that the percentage of 

CD40+ cells did not change in response to different oxygen levels and TCM (data not 

shown). These data suggest that CD40 downregulation on macrophages in tumours may 

be due to hypoxia. 
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3.3.1.1.5 Mesothelioma-derived factors generated under normoxia upregulate 

CD80 on macrophages 

Normoxia-induced TCM significantly increased CD80 expression levels (MFI) and the 

percentage of CD80+ cells relative to normoxic control macrophages (Figure 3.4.C; p 

= 0.02; Figure 3.4.D; p = 0.001 respectively); no differences were seen between 

hypoxic controls and hypoxic TCM-conditioned macrophages compared to normoxic 

control macrophages (Figure 3.4.C). Furthermore, no differences were seen between 

hypoxic and hypoxic TCM-conditioned macrophages in CD80 expression (Figure 

3.4.C). These data suggest that normoxic-induced TCM contains molecules that 

increase CD80 expression. 

3.3.1.1.6 Hypoxia, normoxic and hypoxic TCM downregulate CD86 expression on 

macrophages 

CD86 expression levels (MFI) significantly decreased in normoxic TCM-conditioned 

macrophages (Figure 3.4.C; p = 0.0003), hypoxic controls (Figure 3.4.C; p < 0.0001) 

and hypoxic TCM-conditioned macrophages (Figure 3.4.C; p < 0.0001) compared to 

normoxic control macrophages. Further, hypoxic TCM-conditioned macrophages 

showed lower CD86 expression than hypoxic control macrophages (Figure 3.4.C; p = 

0.006). Similarly, hypoxic and normoxic-induced TCM decreased the percentage of 

CD86+ cells (Figure 3.4.D; p = 0.05) compared to normoxic controls. However, hypoxic 

TCM conditioned macrophages demonstrated the lowest percentage of CD86+ cells 

compared to normoxic controls (Figure 3.4.D; p = 0.0004) and to hypoxic controls 

(Figure 3.4.D; p = 0.04). These data suggest that hypoxic TCMcontains molecules that 

lead to downregulation of CD86 expression on macrophages. Hypoxia further plays a 

major role in decreasing CD86 expression via a direct effect on macrophages. The 

effect would be reduced T cell activation. 

3.3.1.1.7 How do normoxic and hypoxic tumour-conditioned macrophages 

respond to pro-inflammatory LPS/IFN‐γ? 

Next, the effect of proinflammatory stimuli LPS/IFN‐γ on macrophages cultured with 

TCM under normoxic and hypoxic conditions was investigated. Note that no significant 
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changes were seen in HLA-DR surface expression when normoxic and hypoxic normal 

and TCM-conditioned macrophages were stimulated with LPS/IFN‐γ (data not shown). 

 

 

Figure 3.5 Effect of LPS/IFN‐γ on macrophage CD40 expression under 

normoxic and hypoxic conditions 

Normal and tumour-conditioned monocyte-derived macrophages stimulated with 

LPS/IFN‐γ to generate M1 macrophages and tumour-conditioned M1 macrophages 

(TCM-CM1) at day 7 for 24 h, under normoxic (A) and hypoxic (B) conditions were 

stained for CD40 expression. Pooled MFI data (C and D) are expressed as mean ± 

SEM in normoxic naive macrophages (MØ) (control) versus normoxic M1, 

normoxic TCM-CM versus normoxic TCM-CM1, hypoxic naive macrophages (MØ) 

(control) versus hypoxic M1, hypoxic TCM-CM versus hypoxic TCM-CM1, 

hypoxic M1 versus hypoxic TCM-CM1 and normoxic TCM-CM1 versus hypoxic 
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TCM-CM1. P-values were determined using the Mann-Whitney test, * = p < 0.05, 

** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n=8 replicates per normoxic 

and hypoxic M1 and TCM-CM1 conditions. 

3.3.1.1.7.1 Mesothelioma-derived factors generated under hypoxia inhibit the role 

of LPS/IFN‐γ in upregulating CD40 expression 

Stimulating macrophages with LPS/IFN‐γ significantly increased CD40 expression in 

M1 macrophages versus naïve MØ macrophages (Figure 3.5.C; p = 0.005) and TCM-

conditioned M1 macrophages versus TCM-conditioned macrophages (Figure 3.5.C; p 

= 0.0007) under normoxia. Further, M1 macrophages showed higher expression of 

CD40 compared to MØ macrophages (Figure 3.5.D; p = 0.0002) under hypoxia. 

However, LPS/IFN‐γ could not increase CD40 expression under hypoxic tumour 

conditions (Figure 3.5.D) although the action of LPS/IFN‐γ on normal macrophages 

under hypoxia (p = 0.0002) was higher than that on normal macrophages under 

normoxia (p = 0.005). The data implies that the ability of LPS/IFN‐γto induce the 

CD40/CD154 costimulatory pathway in macrophages under hypoxia is compromised. 

This might also be seen as mesothelioma progresses into a hypoxic state. 
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Figure 3.6 The effect of LPS/IFN‐γ on macrophage CD80 expression under 

normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages differentiated stimulated with LPS/IFN‐

γ to generate M1 macrophages and tumour-conditioned M1 macrophages (TCM-CM1), 

under normoxia (A) and hypoxia (B) were stained for CD80 for flow cytometric 

analysis. Pooled MFI data (C, D, E and F) are expressed as mean ± SEM. P-values were 

determined using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 

**** = p < 0.0001, n=8 replicates per normoxic, hypoxic M1 and TCM-CM1 

conditions. 
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3.3.1.1.7.2 Hypoxic-exposed mesothelioma-derived factors attenuate the ability of 

LPS/IFN‐γ to increase CD80 expression on macrophages 

LPS/IFN‐γ stimulation significantly upregulated CD80 surface expression in M1 

macrophages compared to MØ macrophages, as expected (Figure 3.6.C; p < 0.0001) as 

well as in in TCM-conditioned M1 macrophages compared to TCM-conditioned 

macrophages (Figure 3.6.C; p < 0.0001) under normoxia. Similarly, under hypoxia 

LPS/IFN‐γ upregulated CD80 expression in M1 macrophages compared to MØ 

macrophages (Figure 3.6.D; p < 0.0001) as well as in TCM-conditioned M1 

macrophages compared to TCM-conditioned macrophages (Figure 3.6.D; p < 0.0001). 

Although LPS/IFN‐γ stimulation was associated with a significant increase in CD80 in 

hypoxic M1 and TCM-conditioned M1 macrophages compared to controls, CD80 

expression in TCM-conditioned M1 macrophages was significantly lower than in M1 

macrophages (Figure 3.6.E; p = 0.05). Figure 3.6.F shows that hypoxic TCM-

conditioned M1 macrophages expressed lower CD80 than normoxic TCM-conditioned 

M1 cells (p = 0.03), indicating that hypoxic TCM impairs the response of macrophages 

to LPS/IFN‐γ. 

  



 

55 

 

 

Figure 3. 7 The effect of LPS/IFN‐γ on macrophage CD86 expression under 

normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages were stimulated with LPS/IFN‐γ to 

generate M1 macrophages and tumour-conditioned M1 macrophages (TCM-CM1), 

under normoxic (A) and hypoxic (B) conditions and stained for CD86 for flow 

cytometric analysis. Pooled data of surface expression levels (MFI) (C, D, E and F) 

are expressed as mean ± SEM. P-values were determined using the Mann-Whitney 

test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n=8 replicates 

per normoxic and hypoxic M1 and TCM-CM1 conditions. 
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3.3.1.1.7.3 Mesothelioma-derived factors generated under hypoxia attenuate the 

effect of LPS/IFN‐γ in upregulating CD86 on macrophages 

CD86 surface expression was significantly upregulated by LPS/IFN‐γ in M1 

macrophages compared to MØ macrophages (Figure 3.7.C; p = 0.004) and in TCM-

conditioned M1 macrophages compared to TCM-conditioned macrophages (Figure 

3.7.C; p < 0.0001) under normoxia. Similarly, LPS/IFN‐γ upregulated CD86 expression 

in M1 macrophages compared to MØ macrophages (Figure 3.7.D; p < 0.0001) and in 

TCM-conditioned M1 macrophages compared to TCM-conditioned macrophages 

(Figure 3.7.D; p = 0.0003) under hypoxia. Nonetheless, the increase in CD86 

expression in hypoxic TCM-conditioned M1 macrophages was still significantly lower 

than that seen in M1 macrophages (Figure 3.7.E; p = 0.003). Figure 3.7.F shows that 

hypoxic TCM-conditioned M1 cells have lower CD86 expression than normoxic TCM-

conditioned M1 (p = 0.002). These data indicate that hypoxic TCM confounds the 

ability of macrophages to upregulate CD86 in response to LPS/IFN‐γ. Again, these data 

suggest that mesothelioma cells are significantly affected by oxygen levels and that this 

influences their crosstalk with macrophages. In this case, hypoxic TCM plus an 

environment of reduced oxygen, impair the ability of M1 macrophages to activate T 

cells because of reduced CD86.  

3.3.1.1.8 How do normoxic and hypoxic tumour-conditioned macrophages 

respond to M2-inducing IL-4/IL-13? 

Next, the role of IL-4/IL-13 in regulating expression of the same activation markers 

(HLA-DR, CD40, CD80 and CD86) by macrophages was determined. As expected, the 

data showed that IL-4/IL-13 did not change HLA-DR and CD40 expression levels in 

macrophages (data not shown). However, CD80 (Figure 3.8C) expression significantly 

increased whilst CD86 (Figure 3.8E) decreased under normoxic conditions but not 

under tumour-exposed or hypoxic conditions. The data again show the influence of 

oxygen levels on the functional capacity of macrophages. 
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Figure 3.8 The effect of IL-4/IL-13 on macrophage CD80 and CD86 expression 

under normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages differentiated from monocytes were 

stimulated with IL-4/IL-13 to generate M2 macrophages and tumour-conditioned M2 

macrophages (TCM-CM2) at day 7 for 24 h, under normoxic (A) and hypoxic (B) 

conditions and stained for CD80 and CD86. Pooled MFI data of CD80 (C and D) 

and CD86 (E and F) are expressed as mean ± SEM. P-values were determined using 

the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 

0.0001, n = 8 replicates per normoxic and hypoxic (M2 and TCM-CM2) conditions. 
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3.3.1.1.8.1 Hypoxia and mesothelioma factors prevent macrophages from 

increasing CD80 in response to IL-4/IL-13 

CD80 expression was upregulated in normoxic M2 macrophages compared to 

normoxic controls (Figure 3.8.C; p = 0.0066). However, no differences were seen 

between normoxic TCM-conditioned macrophages versus TCM-conditioned M2 

macrophages (Figure 3.8.C; p = 0.07), or hypoxic controls versus M2 macrophages and 

hypoxic TCM-conditioned macrophages versus TCM-conditioned M2 macrophages 

(Figure 3.8.D). The data suggest that regardless of oxygen levels, mesothelioma derived 

factors hinder the ability of macrophages to respond to IL-4/IL-14 by upregulating 

CD80. 

3.3.1.1.8.2 Hypoxia and mesothelioma factors prevent macrophages from 

decreasing CD86 expression in response to IL-4/IL-13 

CD86 expression decreased under normoxia when macrophages were exposed to IL-

4/IL-13 (Figure 3.8.E; p = 0.007). No differences were seen between normoxic TCM-

conditioned macrophages versus TCM-conditioned M2 macrophages, hypoxic controls 

versus M2 macrophages, and hypoxic TCM-conditioned macrophages versus TCM-

conditioned M2 macrophages (Figure 3.8.F). 

3.3.1.2 Comparing the effect of normoxic versus hypoxic-induced mesothelioma 

factors on macrophage expression of regulatory markers 

 The aim of this study was to examine macrophage-mesothelioma interactions under 

normoxic and hypoxic conditions and evaluate macrophage expression of CD39, A2A-

R, PD-L1 and Gal-9.   
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Figure 3.9 Role of normoxic and hypoxic tumour conditions on macrophage 

expression of regulatory markers (CD39, A2A-R, PDL-1 and Gal-9) 

Normal and tumour-conditioned macrophages differentiated from monocytes under 

normoxic (A) and hypoxic (B) conditions were stained for regulatory markers CD39, 

A2A-R, PDL-1 and Gal-9 for flow cytometric analysis. Pooled data of surface 

expression levels (MFI) (C) and percentages of positive cells (D) are expressed as mean 

± SEM. P-values were determined using the Mann-Whitney test, * = p < 0.05, ** = p < 

0.005, *** = p < 0.0005 **** = p < 0.0001, n=12 replicates per normoxic condition, 

n=10 replicates per hypoxic condition. 
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3.3.1.2.1 Hypoxia downregulates CD39, A2A-R and Gal-9 and upregulates PDL-1 

on macrophages 

The data demonstrates significant downregulation of CD39, A2A-R and Gal-9 

expression in hypoxic macrophage controls relative to their normoxic controls (Figure 

3.9.C; p < 0.0001; p = 0.007; p = 0.046 respectively). However, there was a significant 

increase of PDL-1 in hypoxic macrophage controls compared to their normoxic controls 

(Figure 3.9.C; p = 0.007). Thus, the data show that hypoxia elevates PDL-1 on 

macrophages, which could exacerbate immune suppression in hypoxic tissues. 

3.3.1.2.2 Hypoxia-induced mesothelioma factors reduce CD39 yet maintain A2A-

R, PDL-1 and Gal-9 

There were no significant differences between normoxic TCM-conditioned 

macrophages and hypoxic TCM-conditioned macrophages in A2A-R, PDL-1 and Gal-

9 (Figure 3.9.D). However, a significant reduction was seen in CD39 expression (Figure 

3.9.D; p = 0.002) under hypoxia. Thus, the data show that hypoxia maintains 

mesothelioma-associated immune suppression via A2AA-R, PDL-1 and Gal-9 

expression by macrophages. 
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Figure 3. 10 Figure 3.10 The effect of normoxic and hypoxic-induced tumour 

conditioned media on macrophage expression of CD39, A2A-R, PDL-1 and Gal-

9 

Normal macrophages and tumour-conditioned macrophages differentiated from 

monocytes under normoxic (A) and hypoxic (B) conditions were stained for 

regulatory markers (CD39, A2A-R, PDL-1 and Gal-9) for flow cytometric analysis. 

Pooled data of surface expression levels (MFI) (C) and the percentages of positive 

cells (D) are expressed as mean ± SEM. P-values were determined using the Mann-
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Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n=12 

replicates per normoxic condition, n=10 replicates per hypoxic condition. 

3.3.1.2.3 Hypoxia plays an essential role in downregulating CD39 expression 

There was significant downregulation in CD39 expression in hypoxia-exposed normal 

macrophages and hypoxic induced TCM-conditioned macrophages compared to 

normoxic controls (Figure 3.10C; p < 0.0001; p = 0.007 respectively). Similarly, the 

percentage of CD39+ cells in hypoxic TCM-conditioned macrophages was significantly 

lower than hypoxic normal macrophages (Figure 3.10D; p < 0.0001). There were no 

other differences between hypoxic controls and hypoxic-induced TCM-conditioned 

macrophages or between hypoxic controls and hypoxic TCM-conditioned macrophages 

(Figure 3.10C). However, normoxic TCM-conditioned macrophages also significantly 

decreased the percentage of cells expressing CD39+ relative to normoxic controls, 

hypoxic controls and hypoxic TCM-conditioned macrophages (Figure 3.10D; p = 

0.002; p = 0.02; p < 0.0001 respectively). These data suggest that macrophage 

expression of CD39 is reduced by mesothelioma-derived factors and oxygen 

deprivation and that the adenosine pathway may not play a role in macrophage-

mediated immune suppression in mesothelioma. 

3.3.1.2.4 Hypoxia and normoxic/hypoxic-induced mesothelioma-derived factors 

downregulate A2A-R expression by macrophages 

A2A-R expression levels were significantly downregulated in normoxic TCM-

conditioned macrophages, hypoxic controls and hypoxic TCM-conditioned 

macrophages relative to normoxic controls (Figure 3.10.C; p = 0.0005; p = 0.007; p = 

0.01 respectively).  There were no differences between hypoxic controls and hypoxic 

TCM-conditioned macrophages (Figure 3.10.C). There was also a significant decrease 

in the percentage of A2A-R+ macrophages in hypoxic controls compared to normoxic 

controls (Figure 3.10.D; p = 0.02). Thus, the data indicate that regardless of oxygen 

levels, TCM contains molecules that lead to downregulation of A2A-R expression in 

macrophages, again suggesting that the adenosine pathway may not play a role in 

immune suppression in mesothelioma. 
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3.3.1.2.5 Hypoxia and TCM increase PDL-1 expression 

Expression of PDL-1 increased significantly in normoxic TCM-conditioned 

macrophages relative to hypoxic controls, hypoxic TCM-conditioned macrophages and 

normoxic controls (Figure 3.10.C; p = 0.02; p = 0.007; p = 0.01). However, there were 

no differences between hypoxic controls and hypoxic TCM-conditioned macrophages 

(Figure 3.10.C; p = 0.3). Note that the percentage of PDL-1+ cells did not change in 

response to the different oxygen levels and TCM (data not shown). Thus, the data 

indicate that macrophages increase PDL-1 in response to hypoxia and mesothelioma-

derived factors generated under normoxia and hypoxia, implying an important 

suppressive role in the PDL-1/PD-1 pathway in mesothelioma. 

3.3.1.2.6 Hypoxia decreases Gal-9 expression 

No differences were observed in Gal-9 expression when normoxic controls were 

compared to normoxic TCM-conditioned macrophages and hypoxic TCM-conditioned 

macrophages (Figure 3.10.C). However, there was a significant decrease of Gal-9 in 

hypoxic controls compared to normoxic controls (Figure 3.10.C; p = 0.046). There were 

no differences between hypoxic- and hypoxic TCM-conditioned macrophages (Figure 

3.10.C). The data suggest that mesothelioma-derived factors may induce macrophages 

to maintain their ability to induce apoptosis in CD8+ cells under hypoxia via Gal-9 (96, 

97).  

3.3.1.2.7 Do normoxic and hypoxic tumour-conditioned macrophages respond to 

proinflammatory stimuli LPS/IFN‐γ? 

Next, the ability of macrophages cultured with TCM under normoxic and hypoxic 

conditions to respond to the M1 stimulus, LPS/IFN‐γ, was investigated.  
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Figure 3. 11 The effect of LPS/IFN‐γ on macrophage expression of CD39, PDL-

1 and Gal-9 in normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages differentiated from monocytes were 

stimulated with LPS/IFN‐γ to generate M1 macrophages and tumour-conditioned M1 

macrophages (TCM-CM1) under normoxic (A) and hypoxic (B) conditions and 

stained for CD39 and PDL-1 before flow cytometric analysis. Pooled data (MFI) (C, 

D, E and F) are expressed as mean ± SEM. P-values were determined using the Mann-

Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n=8 

replicates per normoxic and hypoxic M1 and TCM-CM1 conditions. 
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3.3.1.2.7.1 Hypoxia and mesothelioma factors prevent macrophages from 

decreasing CD39 expression in response to LPS/IFN‐γ 

CD39 expression significantly lowered in normoxic macrophages compared to 

normoxic naïve controls in response to LPS/IFN‐γ (Figure 3.11.C; p = 0.04). No 

differences in CD39 expression were observed in all other conditions, including 

hypoxia. The data suggest that regardless of oxygen levels, mesothelioma derived 

factors prevent LPS/IFN‐γ from reducing suppressive adenosine generation by 

maintaining CD39 expression levels.   

3.3.1.2.7.2 Hypoxia and normoxic/hypoxic-induced mesothelioma factors do not 

affect LPS/IFN‐γ upregulation of PDL-1 

PDL-1 surface expression was significantly upregulated by LPS/IFN‐γ in M1 

macrophages compared with MØ macrophages (Figure 3.11.E; p = 0.0004) and in 

TCM-conditioned M1 macrophages compared with TCM-conditioned macrophages 

(Figure 3.11.E; p = 0.0001) under normoxia. Further, LPS/IFN‐γ upregulated PDL-1 

expression in M1 macrophages compared with MØ macrophages (Figure 3.11.F; p = 

0.002) and in TCM-conditioned M1 macrophages compared with TCM-conditioned 

macrophages (Figure 3.11.F; p = 0.0003) under hypoxia. The data suggest that 

regardless of oxygen level and therefore mesothelioma tumour size, LPS/IFN‐γ could 

increase regulatory potential via increased PD‐L1 expression on macrophages. 

3.3.1.2.8 How do normoxic versus hypoxic tumour-conditioned macrophages 

respond to IL-4/IL-13? 

Next, the ability of macrophages previously cultured with TCM under normoxic and 

hypoxic conditions to respond to IL-4/IL-13 was determined.  
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Figure 3. 12 The effect of IL-4/IL-13 on macrophage expression of PDL-1 under 

normoxic and hypoxic conditions 

Normal macrophages and tumour-conditioned macrophages differentiated from 

monocytes were stimulated with IL-4/IL-13 to generate M2 macrophages and tumour-

conditioned M2 macrophages (TCM-CM2) at day 7 for 24 h, under normoxic (A) and 

hypoxic (B) conditions and stained for PDL-1 flow cytometric analysis. Pooled data 

of surface expression levels (MFI) (C and D) are expressed as mean ± SEM. P-values 

were determined using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p 

< 0.0005 **** = p < 0.0001, n=8 replicates per normoxic and hypoxic (M2 and TCM-

CM2) conditions. 
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3.3.1.2.8.1 Hypoxia-induced mesothelioma factors prevent IL-4/IL-13 from 

upregulating PDL-1 expression 

Figure 3.12 shows that normoxic M2 macrophages express higher levels of PDL-1 than 

normoxic controls (Figure 3.12.C; p = 0.006). Furthermore, IL-4/IL-13 significantly 

upregulated PDL-1 on normoxic TCM-conditioned M2 macrophages compared to 

normoxic TCM-conditioned macrophages (Figure 3.12.C; p = 0.03). These data imply 

a suppressive role for M2 macrophages, as expected. 

Under hypoxia, IL-4/IL-13-stimulated M2 macrophages significantly upregulated 

PDL-1 expression compared to hypoxic controls (Figure 3.12.D; p = 0.0003), again an 

expected suppressive response. However hypoxic TCM-conditioned macrophages did 

not respond similarly, as there were no differences between hypoxic TCM-conditioned 

macrophages and TCM-conditioned M2 macrophages (Figure 3.12.D). The data 

implies hypoxia affects mesothelioma cells in way that changes tumour cell-

macrophage crosstalk when faced with IL-13 and IL-4. The result being reduced PDL-

1 that may reduce the suppressive function of TAMs.  

3.3.1.3 Comparing the effect of normoxic versus hypoxic-induced mesothelioma 

factors on macrophage expression of scavenger receptors 

The aim of this study was to examine macrophage-mesothelioma interactions in the in-

vitro normoxic and hypoxic mesothelioma models to evaluate macrophage expression 

of CD163 and CD206 and assess the effects when they are stimulated with INF-γ/LPS 

or with IL-4/IL-13. 
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Figure 3. 13 Effect of normoxic and hypoxic tumours on scavenger receptors 

Normal and tumour-conditioned macrophages differentiated under normoxic (A) 

and hypoxic (B) conditions were stained for CD163 and CD206. Pooled data of 

percentages of positive cells (C, F) and MFI (D, E, G, H) expressed as mean ± SEM. 

P-values determined using Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = 

p < 0.0005 **** = p < 0.0001, n=12 replicates per normoxic condition, n=10 

replicates per hypoxic condition. 
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3.3.1.3.1 Hypoxic-induced tumour factors further reduce CD206 expression 

relative to normoxic-induced factors 

The percentage of CD206+ normoxic TCM exposed macrophages increased (Figure 

3.13.C; p = 0.02); this associated with significantly elevated CD206 expression levels 

relative to normoxic controls (Figure 3.13.D; p = 0.0004).  No differences in the 

percentage of CD206+ cells and CD206 expression levels were observed under hypoxia 

compared to hypoxic controls (Figure 3.13.C and D). Moreover, hypoxic TCM-

conditioned macrophages had significantly lower CD206 relative to normoxic TCM-

conditioned macrophages (Figure 3.13.E; p = 0.01). 

In contrast, a decreasing trend was seen for the percentage of CD163+ cells in normoxic 

TCM-conditioned macrophages compared to normoxic controls (Figure 3.13.F; p = 

0.08). This effect was amplified under hypoxia, as the decrease in the percentage of 

CD163+ cells was significantly lower in hypoxic controls and hypoxic TCM-

conditioned macrophages relative to normoxic controls (Figure 3.13.F; p = 0.05; p = 

0.0034). No differences were observed in CD163 expression levels between normoxic 

and hypoxic TCM-conditioned macrophages (Figure 3.13).  

The data suggest that mesothelioma-derived factors in the normoxic early stages of 

disease development mediate macrophage polarization toward M2-like cells through 

increasing CD206 expression. However, this M2-like phenotype is only partially 

maintained as mesothelioma progresses into a hypoxic state where TAM reduce CD206 

and CD163 and may assume a mixed M1/M2 phenotype, as shown in our group’s 

murine studies (246). 

3.3.1.3.2 How do normoxic and hypoxic tumour-conditioned macrophages 

respond to proinflammatory stimuli LPS/IFN‐γ? 

Next, the ability of macrophages previously cultured with TCM under normoxic and 

hypoxic conditions to respond to LPS/IFN‐γ was determined.  
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Figure 3. 14 Effect of LPS/IFN‐γ on macrophage CD206 and CD163 expression 

under normoxic and hypoxic condition 

Normal and tumour-conditioned macrophages differentiated from monocytes were 

stimulated with LPS/IFN‐γ to generate M1 macrophages and tumour-conditioned M1 

macrophages (TCM-CM1), under normoxic (A) and hypoxic (B) conditions and 

stained for CD206 and CD163 flow cytometric analysis. Pooled data of surface 

expression levels (MFI) (C, D, E and F) are expressed as mean ± SEM. P-values were 

determined using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 

0.0005 **** = p < 0.0001, n=8 replicates per normoxic and hypoxic M1 and TCM-

CM1 conditions. 
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3.3.1.3.2.1 Under hypoxia, LPS/IFN‐γ increases CD206 in normal but not TCM-

conditioned macrophages 

CD206 expression significantly increased under hypoxia when naïve macrophages 

were stimulated with LPS/IFN‐γ (Figure 3.14.D; p = 0.002). No changes were seen 

under normoxic conditions (Figure 3.14.C), normoxic tumour conditions (Figure 

3.14.D) or hypoxic tumour conditions (Figure 3.14.D). 

3.3.1.3.2.2 Hypoxia and normoxic and hypoxic-induced mesothelioma factors 

hamper LPS/IFN‐γ in decreasing CD163 expression 

CD163 expression was downregulated under normoxia when naive macrophages were 

stimulated with LPS/IFN‐γ (Figure 3.14.E; p = 0.007). However, no differences were 

seen in hypoxic naïve macrophages (Figure 3.14.F), normoxic TCM-conditioned 

macrophages (Figure 3.14.E) and hypoxic TCM-conditioned macrophages (Figure 

3.14.F) after stimulation with LPS/IFN‐γ. This data suggests that hypoxia and 

mesothelioma factors may impair potential polarization toward the M1 phenotype after 

stimulation with LPS/IFN‐γ. 

3.3.1.3.3 How do normoxic and hypoxic tumour-conditioned macrophages 

respond to anti-inflammatory stimuli IL-4/IL-13? 

The ability of macrophages previously cultured with TCM under normoxic and hypoxic 

conditions to respond to IL-4/IL-13 was also determined. 
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Figure 3. 15 Effect of IL-4/IL-13 on macrophage expression of CD206 and 

CD163 under normoxic and hypoxic conditions 

Normal macrophages and tumour-conditioned macrophages differentiated from 

monocytes were stimulated with IL-4/IL-13 to generate M2 macrophages and 

tumour-conditioned M2 macrophages (TCM-CM2) at day 7 for 24 h, under normoxic 

(A) and hypoxic (B) conditions and stained for CD206 flow cytometric analysis. 

Pooled data of surface expression levels (MFI) (C and D) are expressed as mean ± 

SEM. P-values were determined using the Mann-Whitney test, * = p < 0.05, ** = p 

< 0.005, *** = p < 0.0005 **** = p < 0.0001, n=8 replicates per normoxic and 

hypoxic (M2 and TCM-CM2) conditions. 
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3.3.1.3.3.1 Hypoxia prevents elevated CD206 expression in macrophages 

responding to IL-4/IL-13 

IL-4/IL-13 significantly increased CD206 expression under normoxic conditions 

compared to normoxic control (Figure 3.15.C; p < 0.0001), as expected. The same IL-

4/IL-13 effect was seen on normoxic TCM-conditioned macrophages (TCM-CM2) 

compared to unstimulated normoxic TCM-conditioned macrophages (TCM-CM) 

(Figure 3.15.C; p = 0.004) but at lower levels.No changes in CD206 were seen in naïve 

macrophages and TCM-conditioned macrophages to IL-4/IL-13 under hypoxia (Figure 

3.15.D). These data suggest that hypoxia may impair polarization toward the M2 

phenotype after stimulation with IL-4/IL-13. 

3.3.2 Assessing metabolic changes of macrophages in response to mesothelioma-

derived factors induced under normoxic and hypoxic conditions 

Immunometabolic studies emphasise the relationship between metabolic statues and 

immune cell phenotype (184). Macrophages can utilise energy from glycolysis or 

oxidative phosphorylation (OXPHOS) with the energy source determining their 

phenotype (184). Polarisation of macrophages also includes metabolic reprogramming; 

for example, M1 macrophages upregulate glycolysis that involves an increase in 

glucose uptake. M2 macrophages are characterised by decreased glycolysis, as they 

use OXPHOS as the main means to generate ATP (177-179). A metabolic switch that 

leads to enhanced aerobic glycolysis is considered a hallmark of most cancer and 

immune cells’ ability to sustain their viability and promote inflammatory activity (178, 

247). Inhibition of this metabolic shift results in blockage of the M1 phenotype and 

decreases pro-inflammatory cytokine/chemokine production (178, 247). The tumour 

microenvironment, often via hypoxia and factors secreted by tumour cells, reprogram 

the metabolic processes of other tumour-associated cells, such as proliferation, survival, 

cytokine production and phagocytosis (182). The metabolic features of TAMs have 

always been considered complicated, as they display complex forms of metabolic 

change. Although it has been suggested that TAMs are M2 like, many studies have 

demonstrated similarities to M1 macrophages as TAMs have a high glycolytic rate 

(181, 182). However, TAMs have shown increased OXPHOS, even with a broken TCA 
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cycle (182). Moreover, tumour microenvironmental factors can create different TAMs 

with different metabolic programs and phenotypes, such as hypoxia, depending on the 

area within the tumour they occupy (182). Therefore, understanding 

metabolic regulation of TAMs by tumour-derived factors may provide insights into 

how macrophages access their energy needs and how this may affect their function. 

This may also reveal novel therapeutic targets for the treatment of tumours. 

 

 

Figure 3. 16 Bioenergetic profiling of macrophages under normoxic and hypoxic 

tumour conditions 

Normal and tumour-conditioned macrophages differentiated under normoxic (A) and 

hypoxic (B) conditions were investigated for oxygen consumption rates (OCR) and 
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extracellular acidification rates (ECAR) to quantify mitochondrial respiration 

and glycolysis respectively. Pooled data for basal respiration rate (A, B), ATP 

production rate (C, D) and glycolytic rate (E) are expressed as mean ± SEM. An 

energy map (F) of the 4 conditions was obtained by plotting ECAR and OCR values 

obtained from the data shown in (A) and (C). P-values were determined using two-

way ANOVA. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001. 

3.3.2.1 Mitochondrial OCR is upregulated by normoxic TCM and downregulated 

under hypoxic conditions 

Compared to normoxic controls, normoxic TCM-conditioned macrophages increased 

their mitochondrial oxygen consumption rate (OCR; Figure 3.16.A; p = 0.007). 

Hypoxic controls and hypoxic TCM-conditioned macrophages (Figure 3.16.A) 

demonstrated a decreasing trend compared to normoxic controls. There were no 

differences between hypoxic controls and hypoxic TCM-conditioned macrophages 

(Figure 3.16.A) indicating a regulatory role by oxygen deprivation. Data suggest that 

mesothelioma-secreted molecules induce macrophages to upregulate mitochondrial 

OXPHOS under normoxia, whereas hypoxia abrogated this effect on macrophages. 

3.3.2.2 Oxidative ATP production is upregulated by normoxic TCM and 

downregulated under hypoxia 

Measuring the rate of oxidative ATP production showed a significant increase in ATP 

production in normoxic TCM-conditioned macrophages compared to normoxic 

controls (Figure 3.16.C; p = 0.004). Further, a significant decrease in ATP production 

was observed in hypoxic controls (Figure 3.16.C; p = 0.0075) and hypoxic TCM-

conditioned macrophages (Figure 3.16.C; p = 0.02) relative to normoxic control. There 

were no significant differences between hypoxic controls and hypoxic TCM-

conditioned macrophages (Figure 3.16.C). As expected, under normoxia, ATP 

production level increases as a result of OXPHOS upregulation, whereas hypoxia 

decreases it. 
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3.3.2.3 Glycolysis is upregulated by normoxic TCM and downregulated by 

hypoxic TCM 

Normoxic TCM-conditioned macrophages demonstrated high glycolytic activity 

compared to hypoxic TCM-conditioned macrophages (Figure 3.16.E; p = 0.01). No 

other differences were seen including between normoxic TCM-conditioned 

macrophages and normoxic controls; hypoxic TCM-conditioned macrophages versus 

normoxic control; and hypoxic controls versus hypoxic TCM-conditioned macrophages 

(Figure 3.16.E). The data imply that when oxygen is sufficient, mesothelioma induces 

aerobic glycolysis in macrophages. However, when oxygen is lacking, mesothelioma 

reduces the glycolytic rate in macrophages. 

3.3.2.4 Comparing normoxic and hypoxic tumour conditions on the macrophage 

bioenergetic profile 

The data shows that hypoxic TCM-conditioned macrophages have significantly lower 

basal respiration (Figure 3.16.B; p = 0.003), ATP production (Figure 3.16.D; p = 

0.0003) and glycolytic rate (Figure 3.16.E; p = 0.01). These data suggest that under 

normoxia, mesothelioma-derived factors drive macrophages into an M2 state, as M2 

cell obtain energy mostly from oxidative metabolism, while, M1 cells increase their 

glycolytic rate and attenuate oxidative rates (69). However, under hypoxia, reduced 

mitochondrial respiration and maintenance of glycolysis may result in significantly less 

ATP production which may attenuate macrophage activity. 

3.4 Discussion 

Mesothelioma is an aggressive tumour that develops on surfaces of body cavities lined 

by mesothelial cells decades after exposure to asbestos. Hypoxia is a hallmark of locally 

advanced solid tumours and is recognised as a key determinant 

of tumour aggressiveness (1). It has been reported that as human malignant 

mesothelioma progresses, the tumour creates hypoxic regions (2, 248). Tumour 

hypoxia plays a fundamental role in the recruitment and accumulation of macrophages 

(5). The relationship between mesothelioma and macrophages has not been studied 

under the influence of hypoxia. Most tumour studies that include mesothelioma have 
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been conducted in an atmospheric environment (21% O2), on the grounds that the 

results may not differ between the atmospheric environment and the hypoxic 

environment (2% O2). However this might not simulate the tumour microenvironment 

(13). Burt et al., (2011) demonstrated that macrophages made up about 27% of 

malignant pleural mesothelioma cellularity and expressed high levels of HLA-DR, 

CD206 and CD206 and low or modest levels of CD80 and CD86. There are also data 

showing that macrophage infiltrates promote tumour growth and are associated with 

poor survival in mesothelioma patients (114). Another study assessed the relationship 

between several cancers (colorectal, prostate, ovarian and breast) with macrophages. 

Colorectal cancer enhanced expression of HLA-DR, CD40, CD80 and CD86, while the 

other cancers significantly lowered expression of these molecules. The authors 

concluded that macrophages in colorectal cancer were pro-inflammatory as enhanced 

antigen presentation and T-cell co-stimulation correlated with good prognoses, while 

the other cancers had a minimal capacity to present antigens, co-stimulate T-cells, and 

promoted tumour growth (249). 

Note that this chapter initially aimed to understand the relationship between 

macrophages and mesothelioma cells using the 2D model shown in the results and then 

to compare/confirm this relationship with the 3D tumour model that better mimics the 

in vivo tumour microenvironment. However, attempts to develop a multicellular 

spheroid model had limited success.  

The data showed that mesothelioma-derived factors decreased HLA-DRexpression 

regardless of oxygen levels, i.e. this response was mostly tumour dependent but hypoxic 

condition further reduced HLA-DRexpression. Decreased HLA-DR implies a reduction 

in mesothelioma tumour antigens presented by macrophages to local CD4+ T-cells. 

Thus, the data suggest that mesotheliomas impair the ability of macrophage to present 

antigens to CD4+ T-cells and that this capability was further impaired at hypoxic state. 

Decreased HLA-DR expression has been seen in pro-tumour macrophages in prostate, 

ovarian and breast cancer, yet remains high in macrophages in colorectal cancer (249) 

and human mesothelioma (114).  The contradictory results of the present study and 

those of the study conducted by BM Burt et al. (2011) (114) in terms of HLA-DR 
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expression may be due to the fact that in the latter, macrophages were assessed in 

mesothelioma tumour tissue from patients who underwent cytoreductive surgery, in 

which many factors could influence macrophages compared to in vitro studies.  

Furthermore, this study showed that CD40 expression was downregulated under 

hypoxic conditions, suggesting oxygenation influences CD40 expression. Macrophage 

expression of CD40 has been detected in mesothelioma (250); however, there is no data 

investigating the level of expression. CD40–CD40L engagement regulates T-cell 

functions and macrophage activation. High levels of ligation between CD40 and 

CD40L lead to macrophage activation and IL-12 production, resulting in the skewing 

of Th0 CD4+ T cells toward Th1 cells. In contrast, low levels of CD40–CD40L ligation 

induce T-cells to produce IL-10, TGF-b and IL-2, resulting in deactivated macrophages 

and generation of Th2 and Treg cells (251). In addition, upon CD40 ligation, 

macrophages up-regulate CD80 and CD86, which are required for CD8+ T-cell co-

stimulation via CD28 to generate anti-tumour responses (252) or for cytolytic T-

lymphocyte–associated protein 4 (CTLA-4) to return T-cells to a quiescent state (72).  

These data imply that when macrophages accumulate in hypoxic regions, theyare 

polarised towards an M2-like state resulting in an in ability to recruit and activate 

effector CD4+ Th1 and CD8+ T cells as well as  NK cells. This, increase immune 

tolerance and supports mesothelioma tumour development. The data also suggest that, 

in a hypoxic state, low CD40‒CD40L interactions due to reduced CD40 may induce 

the development of Tregs to further promote an immunosuppressive environment by 

producing IL-10 and TGF-B. Decreased CD40 expression has been seen in 

macrophages in prostate, ovarian and breast cancers (249). 
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Table 3. 1 Summary of the role of normoxic and hypoxic tumour 

conditions on macrophage expression relative to normoxic controls 

Only statistically significant results are shown. P-values were determined 

using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 

**** = p < 0.0001. 

 

The results showed that mesothelioma-derived factors, generated under normoxia, 

decrease CD86, which was is further decreased under hypoxia, in agreement with Burt 

et al. (2011), who mention CD86 decreases in macrophages in MPM without referring 

to the likely source of this effect. In this research, CD80 only increased when 

macrophages were conditioned with mesothelioma-derived factors generated under 

normoxia. This implies that the co-stimulation signal, CD86, required to activate T-

cells by macrophages is weakened in the presence of mesothelioma-derived factors and 

worsens under hypoxia. The data also suggest that, under normoxia, macrophages may 

be able to activate T-cells by increased CD80 expression. In a normoxic model, 

increased CD80 expression agreed with that seen in the proinflammatory macrophages 

in colorectal cancer (249). In addition, in the hypoxic model, the data agreed with the 

macrophage phenotype described in human mesothelioma in which macrophages were 

able to maintain their level of CD80 (114). 

Mesothelioma-derived molecules generated under normoxia and hypoxia decreased 

CD39 expression on macrophages which was further reduced under hypoxia. This was 

associated with decreased expression of A2A-R. These results suggest that regardless 

of oxygen level, mesothelioma-derived molecules do not significantly contribute in the 

CD39/adenosine pathway. In contrast, the PD-1/PD-L1 signalling pathway may 
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contribute to an immunosuppressive tumour microenvironment as mesothelioma-

derived molecules generated under normoxia and hypoxia increased PD-L1 expression. 

In agreement with Burt et al. (2011), the data indicate that, in the presence of sufficient 

oxygen, mesothelioma cells secrete molecules that induce CD206 expression by 

macrophages, which is regarded as a marker of the M2 phenotype. Further, CD206 

expression remains unchanged in macrophages generated under hypoxic conditions 

supporting the presence of M2-like macrophages in mesothelioma. 

The ability of macrophage to respond to M1-inducing LPS and IFNγ was also 

examined. Following exposure to LPS/IFNγ, macrophages in normoxic conditions 

increased CD80 and CD86 expression, as expected. This also seen in macrophages 

exposed to normoxic-derived TCM, however a lower response was seen in response to 

hypoxic-derived TCM, implying a suppressive role for oxygen deprivation. Similarly, 

in response to normoxic-derived TCM, macrophages still increased CD40 expression 

following LPS/IFNγ stimulation; this was not seen in response to hypoxic-derived 

TCM. In addition, macrophages increased PD-L1 expression in response to LPS/IFNγ 

stimulation under all normoxic and hypoxic conditions. These data suggest that 

proinflammatory signals may improve macrophages tumour immunogenicity in the 

presence of sufficient oxygen, where mesothelioma-derived factors have no significant 

effect on CD80, CD86 and CD40 expression. However, with in vitro mesothelioma 

cells exposed to hypoxia, mesothelioma-derived factors diminish macrophages’ 

responses to proinflammatory signals, such as LPS/IFNγ, in terms of CD80 and CD86 

and make them disappear entirely in terms of CD40. 
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Table 3. 2 Summary of macrophage responses to INF-γ/LPS when exposed to 

normoxic- and hypoxic-derived TCM 

Only statistically significant results are shown. P-values were determined using the 

Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 

0.0001. Normoxic MØ macrophages are the controls for normoxic M1, whilst 

normoxic M1 are controlz for normoxic M1/TCM. Similarly, hypoxic MØ 

macrophages are the controls for hypoxic M1, and hypoxic M1 are the controls for 

hypoxic M1/TCM. 

This research also examined macrophage responses to M2-inducing IL-4 and IL-13 

when exposed to normoxic and hypoxic-derived TCM. CD206 expression remained 

unchanged under hypoxic conditions and partially elevated in response to normoxic-

derived TCM. PD-L1 expression was slightly elevated under normoxia and further 

elevated under hypoxia but not in response to hypoxic-derived TCM. These data 

suggest it is possible that IL-4 and IL-13 only partially polarise macrophages into M2-

like cells when in hypoxic regions in mesothelioma. This is supported by an in vivo 

study by our lab, which has shown that M1/M2 intermediates (M3 cells) are the 

dominant macrophage subset in large murine mesotheliomas (246).  

 

Table 3. 3 Summary of macrophage responses to IL-4/IL-13 when 

exposed to normoxic- and hypoxic-derived TCM 

Only statistically significant results are shown. P-values were determined 

using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 

**** = p < 0.0001. Normoxic MØ macrophages are the controls for normoxic 

M2, normoxic M2 are the controls for normoxic M2/TCM. Similarly, hypoxic 
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MØ macrophages are the controls for hypoxic M1, and hypoxic M1s are the 

controls for hypoxic M1/TCM. 

The effect of mesothelioma-derived factors on macrophage bioenergetics was also 

examined in this thesis. The results highlight that, in an atmospheric environment, 

mesothelioma modifies the metabolic profile of macrophages towards high OXPHOS, 

associated with high ATP production, yet simultaneously maintains glycolysis. This 

may be because the limited glucose in tumours due to poor vascularity stresses tumour 

cells and induces competition with immune cells for glucose (253). Tumour cells may 

dictate the polarisation of macrophages to an immunosuppressive M2-like phenotype 

by inducing a metabolic switch to oxidative metabolism (254). However, macrophages 

in hypoxic regions increase HIF-1α expression, which is responsible for elevating 

glycolysis and inducing M1 macrophage polarisation (255), again accounting for an 

M3 phenotype. These data suggest that malignant cells can harness metabolic by-

products to hijack the functions of macrophages for their own benefit and that, in the 

presence of sufficient oxygen, macrophages possess M2 metabolic features (256). 

However, with inadequate oxygen availability, macrophages decrease mitochondrial 

ATP production through OXPHOS but maintain their glycolytic rate. This metabolic 

profile could contribute to macrophage dysfunction, as they lack the energy to respond 

to stimuli. 

Altogether, this work demonstrates the importance of choosing the appropriate in 

vitro environment in which to study tumours, as hypoxia could directly affect 

macrophages and/or modulate factors secreted by mesothelioma cells, which then exact 

a number of effects on macrophages, including down-regulating activation markers 

such as CD40, CD80 and CD86 and interfering with the ability of macrophages to 

respond to stimuli, such as LPS/IFN-γ and IL-4/IL-13, compared to mesothelioma 

factors derived under a normoxic environment. Furthermore, hypoxia significantly 

down-regulated mitochondrial respiratory activity and ATP production in 

mesothelioma-exposed macrophages, likely contributing to macrophage dysfunction. 
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CHAPTER 4 

ASSESSING THE RESPONSE OF ENDOTHELIAL CELLS TO 

NORMOXIC AND HYPOXIC MESOTHELIOMA TUMOURS 

4.1 Study characteristics 

This study was approved by Curtin University Human Research Ethics Committee 

(approval number HRE2017-0823). HUVECs were used as an in-vitro vascular model 

to assess endothelial responses to mesothelioma-derived factors or macrophage-derived 

factors. Passage 6 HUVECs were used for all experiments to ensure consistency. 

 

Figure 4. 1 Experimental design 

HUVECs maintained in supplemented endothelial basal medium (EBM) at 37°C and 

5% CO2 and grown until passage 6 (A) were seeded in 2 ml of HUVEC media and 

incubated for 24 h to allow adherence. Media was replaced with 2 ml of 100% HUVEC 

media or a 50:50 mixture of 1 ml of HUVEC media and 1 ml TCM and cells incubated 

for 48 h to generate TCM-conditioned HUVECs (B), or stimulated with supernatant 

from naive MØ or TCM-exposed macrophages to study the crosstalk between 

macrophages and ECs (C). 
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Figure 4. 2 Flow cytometric analysis of HUVECs 

(A) FSC-A and time were used to exclude electronic noise. (B) FSC-A and SSC-A were 

used to gate cellular events based on size and granularity. (C) FSC-A and FSC-H were 

used to eliminate doublets by gating on single cells. (D) The viability gate was used to 

eliminate dead cells stained with Fixable Viability Stain 700 (FVS700). (E) Live cells 

were further analysed by gating on CD31+ cells. CD31+ HUVECs were analysed for 

CD309 (F), CD54 (G), CD105 (H), CD144 (I), CD146 (J), CD321 (K) and CD62E (L). 

Figures (F-L) show red coloured histograms (the stained positive dataset), overlaid onto 

blue histograms (unstained cell background), in order to accurately identify the positive 

dataset. 
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4.2 Results 

4.3 Introduction 

Tumours require a vascular system to satisfy their need for oxygen and nutrients and to 

remove waste in order to grow beyond a certain size (257). Rapidly proliferating tumour 

cells and poor vasculature development leads to hypoxia (258). Tumour cells and 

tumour-associated stromal cells, such as macrophages and endothelial cells, play an 

essential role in tumour angiogenesis (259). Tumour-associated macrophages (TAMs) 

are a key component of inflammation during tumorigenesis: they sense hypoxia in 

avascular areas of tumours and release proangiogenic factors, such as vascular 

endothelial growth factor (VEGF) (260). Hypoxia and chronic secretion of growth 

factors result in excessive proliferation and transformation of endothelial cells at the 

cellular and molecular level. Vascular endothelial cells (ECs) form the inner lining of 

blood vessels and serve as a barrier in extravasation and intravasation processes (261). 

Compared to blood vessels in surrounding normal tissues, tumour blood vessels are 

irregular and tortuous: they are more permeable and leakier, and blood flow is abnormal 

(262).  

The aim of this chapter is two-fold: Firstly, to evaluate and compare interactions 

between ECs and mesothelioma tumour cells under normoxic (20% O2) and hypoxic 

(2% O2) environments. As macrophages and endothelial cells are often co-located in 

tumours, the second aim was to assess likely interactions between ECs and 

macrophages under the two conditions (Figure 4.1). To achieve these aims, 

human umbilical vein endothelial cells (HUVECs) were incubated with normoxic and 

hypoxic-induced conditioned medium from human mesothelioma JU77 cells to assess 

direct effects of mesothelioma on healthy ECs; HUVECs were also cultured under the 

same normoxic/hypoxic conditions. To address interactions between tumour-

conditioned macrophages and ECs, HUVECS were incubated with normoxic/hypoxic 

TCM-exposed macrophage media collected as described in Chapter 3 (Figure 3.1). 

Changes to HUVECs were assessed using flow cytometry (Figure 4.2).  
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4.3.1 Evaluating the effect of normoxic- versus hypoxic-induced mesothelioma 

factors and mesothelioma-exposed macrophages on HUVECs 

4.3.1.1 Vascular Endothelial Receptor, CD309 

VEGF binds VEGF receptors (R), members of the receptor tyrosine kinases (RTK) 

family: VEGFR-1, CD309 and VEGFR-3.VEGFR-2 (or CD309) is a type III RTK, 

alternatively denoted as kinase insert domain protein receptor [KDR] or Flk1 (foetal 

liver kinase 1) (263-265). CD309 is expressed mostly on vascular ECs, and its 

expression is elevated in tumour vasculature (231), including malignant mesotheliomas 

(264). CD309 regulates endothelial migration and proliferation and plays a direct role 

in normal and pathological vascular permeability (266). Therefore, activation of CD309 

by VEGF is a crucial step in signalling pathways that start tumour angiogenesis (267). 

Besides expanding vascular networks to support tumour growth, excessive activation 

of CD309 mediates tissue-damaging vascular changes (268). Similar to VEGF, hypoxia 

results in upregulation of VEGFR-1 and CD309 genes in ECs. Furthermore, heightened 

VEGFR gene expression is triggered by binding VEGF resulting in further 

amplification of VEGF signalling. In human colorectal cancer, elevated VEGF/CD309 

level is associated with tumour microvessel density, progression, invasion and 

metastasis (269, 270). In non-small-cell lung cancer (NSCLC), high intratumoural 

microvessel density is seen as a predictor of poor prognosis for survival (271). 

Similarly, a study of 203 human colon cancer samples showed that poor prognosis, 

tumour metastasis and recurrence correlated with increased CD309 expression (231). 

In preclinical animal models, monoclonal antibodies against murine CD309 and 

administration of neutralizing VEGF antibodies curtails development of human tumour 

xenografts and leads to reduced microvessel density, reduced proliferation of tumour 

cells, tumour cell apoptosis and tumour necrosis (272, 273). This study examined 

potential interactions between HUVECs and mesothelioma cells and between HUVECs 

and MØ, TCM-CM, M1, TCM-CM1, M2 and TCM-CM2 macrophages in normoxic 

and hypoxic models. 
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Figure 4. 3 Hypoxia increases expression of CD309 on HUVECs 

Passage 6 HUVECs were incubated with HUVEC medium to generate controls or 

with media containing JU77 TCM to generate TCM-conditioned HUVECs under 

normoxic and hypoxic conditions, HUVECs were stained for CD309 and MFI 

measured (A). To assess the effect of tumour-exposed macrophages generated under 

normoxic and hypoxic conditions (B, C & D) HUVECs were also exposed to 

supernatant collected from MØ and TCM-CM (B), M1 and TCM-CM1 (C), and M2 

and TCM-CM2 (C), see table above. Pooled data are expressed as mean ± SEM. P-

values were determined using a two-way ANOVA test, * = p < 0.05, ** = p < 0.005, 

*** = p < 0.0005 **** = p < 0.0001, n = 3 replicates per condition. 
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4.3.1.1.1 Hypoxia directly increases CD309 expression on HUVECs 

HUVECs increased CD309 expression under hypoxia relative to normoxic controls 

(Figure 4.3.A; p <0.0001), showing that hypoxia alone modulates CD309 expression. 

However, exposure to hypoxic TCM significantly reduced CD309 expression relative 

to hypoxic controls (Figure 4.3.A; p = 0.02), showing that hypoxic TCM also modulates 

CD309 expression. In contrast, normoxic TCM did not affect CD309 expression 

compared with normoxic controls (Figure 4.3.A). Note that even thoughhypoxic TCM 

reduced CD309 expression relative to hypoxic controls, CD309 expression levels were 

higher than those seen in normoxic TCM (Figure 4.3.A; p <0.0001). Taken together, 

the data suggest that hypoxia elevates CD309 expression. 

4.3.1.1.2 TCM-conditioned macrophages increase CD309 under normoxia and 

decrease CD309 on HUVECs under hypoxia 

HUVECs exposed to supernatant from normoxic MØ, slightly but significantly, 

upregulated CD309 relative to normoxic HUVEC controls (Figure 4.3.B; p = 0.03). 

Normoxic TCM-exposed macrophages also upregulated CD309 on HUVECs relative 

to normoxic TCM-exposed HUVECs (Figure 4.3.B; p = 0.01). These data suggest that 

with or without TCM, factors secreted by macrophages elevate CD309 expression on 

endothelial cells under normoxia. 

In contrast, hypoxia-induced unpolarised macrophage-derived supernatants, with or 

without TCM, slightly but significantly down-regulated CD309 expression by 

HUVECs, which was already elevated due to the hypoxic conditions (Figure 4.3.B). 

These data suggest that oxygen levels modulate macrophages that then impact ECs. 

4.3.1.1.3 M1 macrophages reduce CD309 expression on HUVECs under normoxic 

and hypoxic conditions 

This study also asked if normoxia and/or hypoxia affect macrophage M1 polarisation 

and whether this then influences their crosstalk with ECs. Macrophages polarised to 

M1 cells and TCM-exposed M1 cells using LPS/IFN-γ reduced CD309 expression 

significantly in HUVECs under normoxia relative to naïve MØ (SN)-stimulated 
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HUVECs (Figure 4.3.C; p=0.002; p = 0.003, respectively). This M1-induced effect on 

ECs occurred with or without exposure to TCM, implying a dominant effect of 

normoxic M1 macrophages and not tumour-derived factors. 

In contrast, hypoxic M1 macrophages did not affect CD309 expression on hypoxic 

HUVECs (relative to hypoxic MØ (SN)-stimulated HUVECs; Figure 4.3.C), while 

TCM-exposed M1 cells slightly but significantly reduced CD309 (relative to hypoxic 

MØ (SN)-stimulated HUVECs; Figure 4.3.C; p = 0.04). These data imply a dominant 

role by hypoxic tumour-derived factors that modulate the ability of macrophages to 

respond to LPS/IFN-γ which then influences endothelial cell function. 

4.3.1.1.4 M2 macrophage-derived factors reduce CD309 expression on HUVECs 

under normoxic and hypoxic conditions 

This study also asked if normoxia and/or hypoxia affect macrophage M2 polarisation 

and whether this then influences their crosstalk with ECs. Macrophages polarised to 

M2cells and TCM-exposed M2 cells using IL-4/IL-13 reduced CD309 expression 

significantly in HUVECs under normoxia relative to MØ (SN)-stimulated HUVECs 

(Figure 4.3.D; p = 0.001; p = 0.0004, respectively). This M2-induced effect on ECs 

occurred with or without exposure to TCM, implying a dominant effect by normoxic 

M2 macrophages and not tumour-derived factors. 

Similarly, under hypoxia, hypoxic M2 and M2 exposed to tumour-derived factors 

reduced CD309 expression on hypoxic HUVECs relative to hypoxic MØ (SN)-

stimulated HUVECs (Figure 4.3.D; p = 0.01; p = 0.0001, respectively), while the effect 

of TCM-exposed M2 cells on HUVECs in reducing CD309 expression was higher 

relative to M2 cells (Figure 4.3.D; p = 0.003). These data imply a dominant role by 

hypoxic tumour-derived factors that modulate the ability of macrophages to respond to 

IL-4/IL-13, which then influences EC function. 

In summary, these data show that oxygen deprivation can directly affect HUVEC 

CD309 expression. Furthermore, the level of changes in CD309 expression as a result 

of exposure to mesothelioma/macrophage-derived factors remains significantly higher 

than normal HUVEC controls because of hypoxia. 
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4.3.1.2 Intercellular adhesion molecule-1 (ICAM-1), CD54 

Intercellular adhesion molecule-1 (ICAM-1, CD54) is a membrane-bound glycoprotein 

of the immunoglobulin supergene family (274). CD54 is present in low levels on the 

surface of a variety of cell types, including fibroblasts, leukocytes, keratinocytes, ECs 

and epithelial cells. CD54 is upregulated in response to a number of inflammatory 

mediators, including virus infection, oxidant stresses such as H2O2, the pro-

inflammatory cytokines IL-1β, tumour necrosis factor-alpha (TNF-α) and IFN-γ (160), 

hypoxia (275) and VEGF (276). Anti-inflammatory cytokines (TGF- β), IL-4, and IL-

10 can temper the stimulatory impacts of these mediators (277). CD54 plays a central 

role in EC migration (278), cell–cell adhesive engagements, activation of lymphocytes, 

leukocyte trafficking plus numerous additional immune functions (225, 274). The 

abnormal function of tumour blood vessels is accompanied by CD54 overexpression 

and increased VEGF-A expression (199, 279). The role of CD54 overexpression and 

subsequent leukocyte transendothelial migration is controversial. High levels of CD54 

expression have been shown to promote angiogenesis, tumour growth and progression 

in oral cancer (279, 280). In contrast, histologically examination of surgically excised 

glioblastoma (GB) tissues demonstrated that expression level of vascular CD54 did not 

affect survival (279). This study examined potential interactions between HUVECs and 

mesothelioma cells and between HUVECs and MØ, TCM-CM, M1, TCM-CM1, M2 

and TCM-CM2 macrophages in normoxic and hypoxic models. 
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Figure 4. 4 Hypoxia and factors from mesothelioma and macrophages elevate 

expression of CD54 on HUVECs 

Passage 6 HUVECs were incubated with HUVEC medium to generate controls or 

with media containing JU77 TCM to generate TCM-conditioned HUVECs under 

normoxic and hypoxic conditions and stained for CD54 (A). To assess the effect of 

macrophages generated under normoxic and hypoxic conditions (B, C & D) 

HUVECs were also exposed to supernatant collected from MØ and TCM-CM (B), 

M1 and TCM-CM1 (C), and M2 and TCM-CM2 (C). Pooled data are expressed as 

mean ± SEM in all conditions. P-values were determined using a two-way ANOVA 

test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n = 3 replicates 

per condition. 
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4.3.1.2.1 Mesothelioma-derived factors and hypoxia increase CD54 expression on 

HUVECs 

Normoxic TCM significantly increased CD54 expression by HUVECs relative to 

normoxic HUVECs controls (Figure 4.4.A; p = 0.001), showing that mesothelioma-

derived factors alone modulate CD54 expression. Also, hypoxia alone increased CD54 

expression in HUVECs relative to normal HUVECs (Figure 4.4.A; p <0.0001). 

Furthermore, hypoxia-induced TCM increased CD54 expression relative to hypoxic 

HUVEC controls (Figure 4.4.A; p <0.0001) and normoxic TCM-conditioned HUVECs 

(Figure 4.4.A; p <0.0001), suggesting that the dual impact of hypoxia and TCM 

together on EC is much greater than the effect by either hypoxia or TCM.  

4.3.1.2.2 Macrophage-derived factors do not change CD54 expression on 

HUVECs relative to mesothelioma-derived factors 

HUVECs exposed to supernatant from normoxic MØ, slightly upregulated CD54 

relative to normoxic HUVEC controls (Figure 4.4.B; p = 0.06). Normoxic TCM-

exposed macrophages also upregulated CD54 on HUVECs relative to normoxic 

HUVEC controls (Figure 4.4.B; p = 0.003) but not to TCM-exposed HUVECs or to 

hypoxic control, suggesting that TCM plays a major role in upregulating CD54 under 

normoxia. Similarly, supernatant from hypoxic TCM-exposed macrophages 

significantly increased CD54 by HUVECs relative to hypoxic HUVEC controls (Figure 

4.4.B; p = 0.02) but not to TCM-exposed HUVECs or to hypoxic MØ, showing that 

under hypoxia MØ macrophages do not modulate the function of ECs in terms of CD54 

expression. 

In contrast, hypoxia-induced unpolarised macrophage-derived supernatants, with or 

without TCM, slightly but significantly down-regulated CD54 expression by HUVECs, 

which was already elevated due to the hypoxic conditions (Figure 4.4.B). These data 

again suggest that oxygen levels modulate macrophages that then impact ECs. 
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4.3.1.2.3 M1 macrophage-derived factors increase CD54 expression on HUVECs 

under normoxic and hypoxic conditions 

The effect of macrophages polarised to M1 cells using LPS/IFN-γ on HUVEC 

expression of CD54 was also investigated. M1 and TCM-exposed M1 significantly 

increased CD54 expression on HUVECs under normoxia relative to MØ (SN)-

stimulated HUVECs (Figure 4.4.C; p = 0.002; p < 0.0001, respectively). This M1-

induced effect on ECs occurred with or without exposure to TCM; however, TCM-

exposed M1 cells have greater effects on HUVECs relative to M1 cells (Figure 4.4.C; 

p = 0.002), implying that the dominant effect by M1 cells on HUVECs is further 

increased when M1 cells are exposed to tumour-derived factors. 

Similarly, under hypoxia, hypoxic M1 and TCM-exposed M1 increased CD54 

expression on hypoxic HUVECs (relative to hypoxic MØ (SN)-stimulated HUVECs; 

Figure 4.4.C; p = 0.001 and Figure 4.4.C; p = 0.006). These data imply that neither 

hypoxia nor hypoxic tumour-derived factors affect the role of M1 in inducing HUVECs 

to increase CD54 expression. 

4.3.1.2.4 M2 macrophage-derived factors do not change CD54 expression on 

HUVECs 

M2 macrophages, with or without TCM, do not influence the expression of CD54 on 

HUVECs regardless of oxygen levels compared with controls (Figure 4.4.D). 

In summary, these results show that mesothelioma-derived factors, M1-derived 

factors, and TCM-M1-derived factors generated under normoxic and hypoxic 

conditions upregulate CD54 expression on HUVECs. CD54 overexpression may 

increase immune cell trafficking into mesothelioma and may also induce vascular 

leakage in mesothelioma tumours leading to tumour metastasis and a poor prognosis 

(281-283). 

4.3.1.3 Endoglin, CD105 

CD105, also referred to as Endoglin, is an important accessory receptor to transforming 

growth factor beta (TGF-β). In addition to ECs, CD105 is expressed on bone marrow 
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stromal fibroblasts, hematopoietic progenitor cells, melanocytes, activated monocytes, 

syncytiotrophoblasts in placenta and differentiated macrophages (284). CD105 is 

abundantly expressed in tissues undergoing angiogenesis such as tumours and is 

recognised as an indicator of EC proliferation(285, 286). Endoglin is seen an 

appropriate marker for tumour neovascularization and angiogenesis (228). Different 

environmental factors and cytokines impact expression of endoglin. TGF-

β, together with hypoxia, are potent stimuli that induce CD105 gene expression (285, 

287). Compared to normal tissueneoplastic ECs are more prolific and overexpress 

endoglin, which may be evidence of its role in angiogenesis (284, 287, 288). In hypoxic 

ECs, CD105 induces an anti-apoptotic pathway which prevents apoptosis and promotes 

angiogenesis (285). In solid tumours, expression of endoglin is nearly exclusively on 

ECs of peri- and intra-tumoural blood vessels and on components of tumour stroma 

(289). Endoglin upregulation in many tumours correlates with reduced survival rates of 

patients and metastatic disease (290-292). In-vitro studies showed Endoglin 

suppression in HUVECs induced apoptosis and inhibited angiogenesis (228). In 

CD105-depressed human dermal microvascular endothelial cells HDMECs), hypoxia 

and TGFβ1 synergistically enhance cell apoptosis (285). This study examined potential 

interactions between HUVECs and mesothelioma cells and between HUVECs and MØ, 

TCM-CM, M1, TCM-CM1, M2 and TCM-CM2 macrophages in normoxic and hypoxic 

models. 
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Figure 4. 5 Hypoxia elevates CD105 expression on HUVECs 

Passage 6 HUVECs incubated with HUVEC medium to generate controls or with 

media containing JU77 TCM to generate TCM-conditioned HUVECs under 

normoxic and hypoxic conditions were stained for CD105 and MFI measured (A). 

To assess the effect of macrophages generated under normoxic and hypoxic 

conditions (B, C & D) HUVECs were exposed to supernatant collected from MØ and 

TCM-CM (B), M1 and TCM-CM1 (C), and M2 and TCM-CM2 (C). Pooled data are 

expressed as mean ± SEM in all conditions. P-values were determined using a two-

way ANOVA test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, 

n = 3 replicates per condition. 
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4.3.1.3.1 Hypoxia increases CD105 on HUVECs 

Hypoxia increased CD105 expression on HUVECs relative to normoxic controls 

(Figure 4.5.A; p = 0.02). However, no differences were observed in normoxic TCM-

induced HUVECs or hypoxic TCM-induced HUVECs relative to normoxic HUVEC 

controls (Figure 4.5.A), while hypoxic TCM-induced HUVECs had a higher expression 

of CD105 relative to normoxic TCM-induced HUVECs (Figure 4.5.A; p = 0.04). Taken 

together, the data suggest that hypoxia elevates CD105 expression. 

4.3.1.3.2 TCM macrophage-derived factors do not change CD105 expression on 

HUVECs under normoxia and hypoxia 

HUVECs exposed to supernatant from normoxic MØ significantly upregulated CD105 

relative to normoxic HUVEC controls (Figure 4.5.B; p = 0.008), while supernatant from 

normoxic TCM-exposed MØ macrophages did not change CD105 expression by 

HUVECs under normoxia (Figure 4.5.B). On the other hand, under hypoxia, no 

differences were observed between conditions (Figure 4.5.B). 

4.3.1.3.3 M1-derived factors decreased CD105 expression on HUVECs under 

hypoxia 

Assessing the effect of M1 cells and TCM-exposed M1 cells on HUVECs expression 

also showed that M1 macrophages significantly reduced CD105 expression on 

HUVECs relative to MØ (SN)-stimulated HUVECs (Figure 4.5.C; p=0.01) but not 

TCM-exposed M2, implying that tumour-derived factors can abrogate the effect of M1 

cells on ECs. 

Under hypoxia, hypoxic M1 macrophages did not affect CD105 expression on hypoxic 

HUVECs (relative to hypoxic MØ (SN)-stimulated HUVECs; Figure 4.5.C), while 

TCM-exposed M1 cells significantly reduced CD105 (relative to hypoxic MØ (SN)-

stimulated HUVECs; Figure 4.5.C; p = 0.04). Suggesting that hypoxia, tumour-derived 

factors and IL-4/IL-13 together alter the function of macrophages, which in turn affects 

the function of ECs. 
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4.3.1.3.4 M2-derived factors decreased CD105 expression on HUVECs under 

hypoxia 

Under normoxia, neither M2 cells nor TCM-exposed M2 cells changed the expression 

of CD105 relative to the normoxic HUVEC control (Figure 4.5.D). In contrast, under 

hypoxia, hypoxic TCM-exposed M2 cells significantly decreased CD105 expression 

(Figure 4.5.D; p = 0.03), suggesting that hypoxia, tumour-derived factors and IL-4/IL-

13 together induce alteration in the macrophages that lead to changes in the endothelial 

cell expression of CD105. 

In summary, these results suggest that CD105 upregulation on HUVECs in 

mesothelioma tumours may be due to hypoxia although factors derived from TCM-

CM1 and TCM-CM2 can reduce CD105 expression. It has been reported that TGF-β 

levels are up-regulated in macrophages during hypoxia (293). Thus, the decrease in 

CD105 detection by flow cytometry may be due to CD105-TGF-β blocking 

interactions, which may prevent hypoxic ECs from undergoing apoptosis and thus 

promote mesothelioma tumourigenesis. 

4.3.1.4 Vascular endothelial cadherin (VE-cadherin) CD144 

Vascular endothelial cadherin (VE-cadherin), also known as CD144, is a 

transmembrane protein belonging to the cadherin superfamily of cell–cell adhesion 

molecules, which are specifically expressed by ECs (229). Notably, the importance of 

VE-cadherin was demonstrated by an experiment using mouse models deficient in VE-

cadherin, which found that mice died at mid-gestation due to malformations (294). 

Furthermore, in adult mice, the significance of VE-cadherin in maintaining vascular 

integrity was evidenced after anti-VE-cadherin antibody administration resulted in a 

drastic rise in haemorrhage, permeability and vascular fragility (295). The endothelium 

creates a barrier that is selectively semi-permeable and regulates bidirectional transfer 

between irrigated tissues and blood vessels (296). Importantly, VE-cadherin is 

a master regulator of the dynamic architecture of endothelial cell–cell junctions, which 

coordinate opening and closing of the endothelial barrier, thus controlling permeability 

changes (296). Tumour vessel hyperpermeability correlates with reduced levels of VE-

cadherin (297, 298). However, high VE-cadherin expression in melanoma and breast 
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cancer patients is associated with poor prognosis (299). Furthermore, VE-cadherin 

triggers appropriate activities of receptors across several types of ECs, including TGFβ-

R2, Tie2 and FGF signalling (300). VE-cadherin can team up with VEGFR2 to lower 

proliferation.  Finally, its association with VEGFR2 could induce the AJ components’ 

phosphorylation by SRC, thus potentially impairing the function of the endothelial 

barrier (301). This study examined potential interactions between HUVECs and 

mesothelioma cells and between HUVECs and MØ, TCM-CM, M1, TCM-CM1, M2 

and TCM-CM2 macrophages in normoxic and hypoxic models. 

 

 

Figure 4. 6 Macrophage-derived factor generated under hypoxia decrease 

expression CD144 on HUVECs 

Passage 6 HUVECs incubated with HUVEC medium to generate controls or with 

media containing JU77 TCM to generate TCM-conditioned HUVECs under 
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normoxic and hypoxic conditions were stained for CD144 (VE-cadherin) and MFI 

measured (A). To assess the effect of macrophages generated under normoxic and 

hypoxic conditions (B, C & D) HUVECs were also exposed to supernatant collected 

from MØ and TCM-CM (B), M1 and TCM-CM1 (C), and M2 and TCM-CM2 (C). 

Pooled data are expressed as mean ± SEM in all conditions. P-values were 

determined using a two-way ANOVA test, * = p < 0.05, ** = p < 0.005, *** = p < 

0.0005 **** = p < 0.0001, n = 3 replicates per condition. 

4.3.1.4.1 Mesothelioma does not influence CD144 expression on HUVECs 

regardless of oxygen levels 

Mesothelioma-derived factors under normoxia and hypoxia did not change the 

expression level of CD144 on HUVECs under normoxic and hypoxic conditions 

(Figure 4.6.A). 

4.3.1.4.2 Hypoxic macrophage-derived factors reduce CD144 expression by 

HUVECs under hypoxic conditions 

HUVECs exposed to supernatant from normoxic MØ, slightly but significantly, 

upregulated CD144 relative to normoxic HUVEC controls (Figure 4.6.B; p = 0.06). 

However, normoxic TCM-exposed MØ did not change CD144 expression on HUVECs 

relative to normoxic MØ and TCM-exposed HUVECs (Figure 4.6.B), suggesting that 

mesothelioma-derived factors modulate the function of macrophages which then 

impact EC function. 

In contrast, hypoxia-induced unpolarised macrophage-derived supernatants, with or 

without TCM significantly down-regulated CD144 expression by HUVECs relative to 

hypoxic HUVECs controls (Figure 4.6.B; p < 0.0001), suggesting an indirect effect of 

hypoxia on ECs through modulation of macrophage function that then impacts EC 

function. 
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4.3.1.4.3 M1 macrophage-derived factors reduce CD144 expression on HUVECs 

under normoxia 

Macrophages polarised to M1 cells and TCM-exposed M1 cells using LPS/IFN-γ 

significantly reduced CD144 expression on HUVECs under normoxia relative to MØ 

(SN)-stimulated HUVECs (Figure 4.6.C; p = 0.006 and Figure 4.6.C; p = 0.004, 

respectively). This M1-induced effect on ECs occurred with or without exposure to 

TCM, implying a dominant effect by normoxic M1 macrophages and not tumour-

derived factors, which suggests that M1 and TCM-exposed M1 modulate ECs relative 

to unpolarised macrophages. 

In contrast, under hypoxia the level of CD144 did not change when HUVECs were 

exposed to supernatant from M1 or TCM-exposed M1 relative to hypoxic MØ (SN)-

stimulated HUVECs (Figure 4.6.C). That suggests that hypoxia interferes with M1 

cells, TCM-exposed M1 cells and unpolarised macrophages in a way that prevents their 

ability to affect EC function. 

4.3.1.4.4 M2 macrophage-derived factors reduce CD144 expression on HUVECs 

under normoxia 

Under normoxia, only supernatant from TCM-exposed M2 decreased HUVEC CD144 

expression (Figure 4.6.D; p = 0.007). No differences were observed between MØ (SN)-

stimulated HUVECs and M2 (SN)-stimulated HUVECs (Figure 4.6.D). The level of 

CD144 did not change when HUVECs were stimulated with M2 (SN) and TCM-CM2 

(SN) under hypoxia compared to their relative control (Figure 4.6.D). In summary, 

these results suggest that CD144 downregulation on HUVECs in mesothelioma may be 

due to macrophage-derived factors generated under hypoxia.  

4.3.1.5 Melanoma cell adhesion molecule (MCAM), CD146 

CD146, also known as melanoma cell adhesion molecule (MCAM), S-endo-1, P1H12, 

and MUC18, is an integral membrane glycoprotein within the immunoglobulin 

superfamily (302-304). CD146 is expressed at cell–cell junctions in all ECs on all blood 

vessels regardless of vessel size (305, 306). CD146 can be expressed on smooth muscle 
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cells, pericytes, immune cells and some tumours, such as melanoma (307, 308). CD146 

is involved in control of EC adhesion, cohesion, vessel permeability and integrity (304). 

Furthermore, CD146 is widely known asa novel endothelial biomarker associated 

with angiogenesis and participates in tumour progression (309). A number of factors 

regulate expression of CD146, including TNFα (310), IL-13 (311) and TGF-β1 (312). 

High expression of CD146 on ECs, as well as endothelial progenitors, is indicative of 

its role in physiological and pathological angiogenesis, such as tumour angiogenesis. 

For example, targeting membrane CD146 with the AA98-blocking antibody decreases 

the number of vessels in an animal model of xenografted tumour cells (313). CD146 

plays a pivotal role in transendothelial migration (310). Removal of CD146 function 

through interfering RNA in pulmonary ECs has been linked to heightened monocyte 

infiltration and endothelial permeability in a chronic obstructive pulmonary disease 

model (314). This study examined potential interactions between HUVECs and 

mesothelioma cells and between HUVECs and MØ, TCM-CM, M1, TCM-CM1, M2 

and TCM-CM2 macrophages in normoxic and hypoxic models. 
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Figure 4. 7 Hypoxic mesothelioma tumours induce higher levels of CD146 

compared to normoxic tumours 

Passage 6 HUVECs incubated with HUVEC medium to generate controls or with 

media containing JU77 TCM to generate TCM-conditioned HUVECs under 

normoxic and hypoxic conditions were stained for CD146 and MFI measured (A). 

To assess the effect of macrophages generated under normoxic and hypoxic 

conditions (B, C & D) HUVECs were also exposed to supernatant collected from 

MØ and TCM-CM (B), M1 and TCM-CM1 (C), and M2 and TCM-CM2 (C). Pooled 

data are expressed as mean ± SEM in all conditions. P-values were determined using 

a two-way ANOVA test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 

0.0001, n = 3 replicates per condition. 
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4.3.1.5.1 Hypoxic-induced mesothelioma factors elevate CD146 expression on 

endothelial cells 

TCM generated under hypoxic conditions elevated CD146 relative to normoxic TCM 

conditions (Figure 4.7.A; p = 0.04). No other differences were seen (Figure 4.7.A). 

4.3.1.5.2 Mesothelioma-conditioned macrophage-derived factors did not change 

CD146 expression on HUVECs under normoxia and hypoxia 

The level of CD146 did not change when HUVECs were stimulated with MØ (SN) and 

TCM-exposed MØ under normoxia and hypoxia compared to their relative controls 

(Figure 4.7.B). 

4.3.1.5.3 M1-derived factors decreased CD146 expression on HUVECs under 

hypoxia 

M1 normoxic macrophages significantly reduced CD146 expression on HUVECs 

relative to MØ (SN)-stimulated HUVECs (Figure 4.7.C; p = 0.05). Under hypoxia, M1 

cells and TCM-exposed M1 significantly reduced CD146 expression on HUVECs 

relative to MØ (SN)-stimulated HUVECs (Figure 4.7.C; p 0.006 and Figure 4.7.C; p = 

0.001, respectively). This M1-induced effect on endothelial cells occurred with or 

without exposure to TCM, implying a dominant effect by M1 macrophages and not 

tumour-derived factors.  

4.3.1.5.4 M2-derived factors decreased CD146 expression on HUVECs under 

hypoxia 

The level of CD146 did not change when HUVECs were exposed to supernatant from 

M2 cells or TCM-induced M2 cells relative to MØ (SN)-stimulated HUVECs under 

normoxia (Figure 4.7.D). 

Under hypoxia, TCM-induced M2 decreased CD146 expression in HUVECs relative 

to MØ (SN)-stimulated HUVECs (Figure 4.7.D; p = 0.02). However, there were no 

differences observed when HUVECs were stimulated with M2 cells (SN) (Figure 

4.7.D), suggesting that, hypoxia and tumour-derived factors together alter M2 cell 

function, which in turn changes EC function. 
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In summary, these results show that hypoxia-induced mesothelioma factors, lead to a 

higher level of CD146 expression on HUVECs than mesothelioma factors generated 

under normoxia. Whilst, hypoxic TCM-exposed M1/M2 cells decrease CD146 

expression on endothelial cells. High expression of CD146 may increase mesothelioma 

cell metastasis by inducing mesothelioma-endothelial adhesion. 

4.4 Discussion 

Solid tumours, including mesothelioma, initiate new vessel formation to 

support their growth and metastasis (6). The newly formed blood vessels result in 

poorly functioning vasculature, which enforces a hypoxic environment within tumours 

(7). It has been shown that significant regions of hypoxia are found in mesothelioma 

(3) and that hypoxia augments aggressive phenotypes of human malignant 

mesothelioma (4). Also, data in chapter 3 showed that hypoxia and hypoxic tumour 

conditions regulate macrophage functions. There are no published studies investigating 

the crosstalk between mesothelioma tumour cells or macrophages with ECs that 

consider hypoxia. 

The aim of this chapter was to understand the potential effects of hypoxia, directly or 

indirectly (by modulating mesothelioma cell and macrophage secretory products) on 

ECs in 2D cell culture monolayers and 3D co-culture systems. However, ECs failed to 

remain viable  in the multicellular spheroid model therefore,  only 2D cell culture 

monolayers could be used. In the 2D cell models, the effect of mesothelioma-derived 

factors on ECs was investigated by incubating HUVECs in normoxic/hypoxic 

conditions and exposing them to normoxic/hypoxic-derived mesothelioma factors.  

The findings reveal that hypoxia is a major player in upregulation of CD309 on normal 

healthy HUVECs. However, CD309 expression significantly reduced upon HUVEC  

exposure to mesothelioma-derived factors or factors derived from mesothelioma-

conditioned macrophage subsets; nonetheless, the level of CD309 remained relatively 

high in HUVECs under hypoxia. Macrophages are a major source of VEGF, and 

hypoxia has been shown to increase VEGF expression in macrophages (315-317). 

Thus, one possibility is that the decrease in CD309 detected by flow cytometry may in 
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fact be due to blocking via VEGF engagement. VEGF/CD309 interactions may 

increase, as well as tumour progression, invasion, and metastasis. This finding agrees 

with data showing that hypoxia upregulates CD309 in ECs (318). These data imply that 

regulation of endothelial cells CD309 expression in mesothelioma tumours could be 

mainly controlled by hypoxia. High levels of CD309 expression in ECs may result in 

their proliferation and induction of permeability. 

Furthermore, the data showed that mesothelioma-derived factors generated under 

normoxia and hypoxia increased CD54 expression. Additionally, the results found that 

oxygen deficiency is a key contributor leading to elevated CD54 expression in 

HUVECs. The data also revealed that supernatants from LPS-INF-γ-stimulated 

mesothelioma-conditioned macrophages increased CD54 expression. In terms of the 

effect of hypoxia, the results are consistent with data showing that hypoxia upregulates 

CD54 expression by HUVECs (319). Increased CD54 expression can lead to increased 

vascular permeability and leukocyte transmigration (282, 283, 320). CD54 is expressed 

by many cancers, including mesothelioma and its overexpression on blood vessels 

might favour killing mesothelioma cells by promoting adhesion of infiltrating 

leukocytes in mesothelioma (321). However, Podgrabinska et al. reported that 

interaction between Mac-1 on DCs and CD54 on lymphatic ECs suppresses dendritic 

cell maturation and activates T cells function (322).  Therefore, although CD54 plays 

an important role in facilitating invasion of tumour by immune cells, endothelial CD54 

can also be involved in tumour-EC adhesion, which may promote progression and 

metastases (323-326). For example, Laurent et al. showed that CD54 expressed on ECs 

is involved in adhesion of invasive bladder cancer cells (327). Additionally, blocking 

CD54 in the endothelium of lungs (323) or brain (328) abrogates metastasis.  

This study demonstrates that hypoxic environments elevate CD105. However, CD105 

was not affected by molecules derived from mesothelioma tumour cells or 

macrophages under normoxia or hypoxia. Hypoxia induces cell cycle arrest in the G1 

phase of many cells, including ECs (288, 329). High expression of CD105 may protect 

hypoxic ECs from apoptosis and promote tumorigenesis via CD105 signalling. 
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These data revealed that hypoxia indirectly affects VE-cadherin (CD144) expressionby 

HUVECs by modulating soluble molecules derived from macrophages. There are no 

publications investigating the effects of macrophages on VE-cadherin in ECs. 

However, our results are consistent with a study showing that hypoxia has no direct 

effect on VE-cadherin expression in ECs (330). These data imply that macrophage 

functions are regulated by hypoxia, which induce macrophages to secrete molecules 

that may lead to mesothelioma tumour vessel leakiness via decreased VE-cadherin 

expression. 

The data also demonstrate that CD146 expression was directly affected by hypoxia, 

however it was not affected by mesothelioma tumour cell and macrophage-derived 

factors generated under normoxia and hypoxia. In a previous study, CD146 expression 

was seen in mesothelioma cells and tumour-associated blood vessels although, 

expression levels were not determined (331). The finding of overexpressed CD146 in 

ECs agrees with data showing that blood vessels in colorectal and renal malignancies 

express high levels of CD146 (332). CD146 is involved in control of EC adhesion and 

cohesion, as well as vessel permeability and integrity (304) and is associated 

with angiogenesis and participates in tumour progression (309). This finding implies 

that high expression of CD146 may result in endothelial adhesion to mesothelioma 

cells, which may lead to mesothelioma metastasis. 

Altogether, this work demonstrates the importance of choosing appropriate in 

vitro culture conditions to study the tumour microenvironment, as hypoxia can directly 

induce changes to ECs, specifically to expression of CD309, CD54, CD105 and CD146. 

Hypoxia may also indirectly modulate ECs by affecting soluble factors secreted by 

macrophages to change VE-cadherinexpression, which alters blood vessels to be more 

permissive and leaky. 
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CHAPTER 5 

ASSESSING THE EFFECT OF OXYGENATION ON IL-2, ANTI-

CD40 ANTIBODY AND/OR VTX-2337 TREATED, 

MESOTHELIOMA-EXPOSED MACROPHAGES AND 

ENDOTHELIAL CELLS 

5.1 Introduction 

Strategies to improve cancer immunotherapy include identifying and targeting key 

immune cell types in the tumour microenvironment that contribute to tumour 

progression, such as tumour-associated macrophages (TAMs), myeloid-derived 

suppressor cells (MDSCs) and T cells. This is because they can suppress anti-tumour 

effector cells, such as cytotoxic T cells (333). TAMs represent a major cellular 

population in many tumours, and are increasingly being examined as therapeutic targets 

on account of their influence on adaptive immune cells, their involvement in tumour 

progression and their correlation with poor prognosis (334). There is evidence that M1-

dominance decreases with tumour progression with M2-cells taking over (335, 336). 

Re-polarising M2 macrophages to M1 macrophages has been shown to reduce tumour 

growth (337). Furthermore, once M2 TAMs are deliberately converted to M1 cells, and 

the ratio of M2/M1 macrophages is modulated, antitumor activity is enhanced. For 

example, Ren, Fan and Mei found that IFN-𝛾-induced M1 cells play a role in inhibiting 

the growth of lung tumours (338). The pro-tumoral phenotype of TAM and their 

plasticity, referred to as reprogramming, enables this phenotypic change, making them 

appropriate targets for anticancer therapy (339).  

The concept of reprogramming involves polarization of M2-like TAMs towards M1 

cells with antitumoral activities that promote tumour regression (62). Our group has 

shown this is possible using a combination of IL-2 with an agonist anti-CD40 

monoclonal antibody (30). Our group has also shown that intra-tumoural injection of 

IL-2 or anti-CD40 alone can shrink small, but not large, mesothelioma tumours (8, 9). 

However, our group also found that intra-tumoural injection of IL-2 combined with 
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anti-CD40 induced curative regression of large tumours (8, 9, 340). M2 cells are 

involved in the formation of defective tumour blood vessels, while M1 cells tend to 

normalize irregular tumour vascular networks (147, 341-343). Normalizing tumour 

vessels is hypothesized to alleviate hypoxia in the tumour microenvironment in order 

to restore perfusion, thus reducing metastatic potential and improving drug delivery 

(344, 345).  

As mentioned above, immunotherapeutic approaches that have shown positive results 

in murine mesothelioma models include IL-2 and an agonist anti-CD40 antibody (α-

CD40) (9, 10, 346). Furthermore, VTX-2337, a synthetic small-molecule based on a 2-

aminobenzazepine core structure, has been shown to activate immune cells via TLR7/8, 

and has been assessed in a phase I oncology trial (12). All three reagents/therapeutics 

were tested in this chapter. 

This chapter has three aims.  

The first is to assess the effect of IL-2, α-CD40, or VTX-2337 as monotherapies, as 

well as the combination of IL-2/α-CD40 on mesothelioma-exposed macrophages under 

normoxic and hypoxic conditions. 

The second aim is to assess the effect of IL-2, α-CD40, IL-2/α-CD40 and VTX-2337 

on mesothelioma-exposed human umbilical vein endothelial cells (HUVECs) under 

normoxic and hypoxic conditions. 

The third aim is to assess the effect of mesothelioma-exposed macrophages given these 

therapies on endothelial cells by exposing HUVECs to supernatant from IL-2, α-CD40, 

IL-2/α-CD40 and VTX-2337-stimulated macrophages (Figure 5.1). In this scenario, the 

hypothesis is that macrophages activated by any of these reagents might then secrete 

factors that further modulate tumour vessels. 
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Figure 5. 1 Experimental design 

(A) Normal macrophages and mesothelioma-conditioned macrophages 

differentiated from monocytes were stimulated with IL-2, α-CD40, IL-2 plus α-

CD40, VTX-2337 or DMSO (diluent control) at day 7 for 24hrs, under normoxic 

(A) and hypoxic (B) conditions. (B) Passage 6 normal HUVECs and tumour-

conditioned HUVECs were stimulated with IL-2 or α-CD40 or IL-2/α-CD40 or 

VTX-2337 or DMSO for 24hrs, (C) and hypoxic (D) conditions. 

 



 

110 

 

5.2 Results 

5.2.1 Evaluating the effect of IL-2 on mesothelioma-exposed macrophages and 

endothelial cells under normoxic and hypoxic conditions 

Our group has shown that administration of IL-2 when used as single drugs into 

tumours can cure small murine mesothelioma tumours (9). However, for larger 

tumours, the rate of survival did not increase (9). One aim of this study was to assess 

the direct effect of IL-2 on mesothelioma-exposed macrophages and HUVECs under 

normoxic and hypoxic conditions. The second aim was to evaluate the effect of 

mesothelioma-exposed/IL-2-activated macrophages on endothelial cells by exposing 

HUVECs to factors derived from IL-2-stimulated macrophages. 

 

Figure 5. 2 The effect of IL-2 on macrophage HLA-DR and CD86 under 

normoxic and hypoxic conditions 
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Normal and tumour-conditioned macrophages differentiated from monocytes were 

stimulated with IL-2 at day 7 for 24hrs, under normoxic and hypoxic conditions and 

stained for HLA-DR and CD86. Pooled data of HLA-DR (A, B) and CD86 (C, D) 

are expressed as mean ± SEM in normoxic naive macrophages (MØ) (control) versus 

normoxic IL-2-(MØ); normoxic TCM-CM versus normoxic IL-2-(TCM-CM); 

hypoxic MØ controls versus hypoxic IL-2-(MØ); and hypoxic TCM-CM versus 

hypoxic IL-2-(TCM-CM). The p-values were determined using the Mann-Whitney 

test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n = 12 

replicates per normoxic MØ, n = 10 replicates per hypoxic MØ, n = 8 replicates per 

normoxic and hypoxic IL-2-(MØ) and IL-2-(TCM-CM) conditions. 

5.2.1.1 Hypoxia and mesothelioma prevent macrophages from decreasing HLA-

DR in response to IL-2 

Under normoxic conditions, IL‐2 reduced HLA-DR expression in naïve macrophages 

(Figure 5.2.A; p = 0.005). However, no differences in HLA-DR expression were 

observed in all other experimental conditions, including normoxia (Figure 5.2.A.B). 

The data imply that IL-2 reduced antigen presentation potential to CD4+ T cells due to 

decreased HLA-DR expression by macrophages. This effect was lost under hypoxia 

and when macrophages were exposed to mesothelioma-derived factors regardless of 

oxygenation levels. These data suggest that macrophages in mesothelioma tumours 

and/or under hypoxia maintain their ability to present antigen to CD4+ T cells in the 

presence of IL-2. However, this response could be pro-tumourigenic as the CD4+ T 

cells might be regulatory T cells that use IL-2 to proliferate and disable effector CD8+ 

T cells. This could account for the observation that only small and not large tumours 

respond to intratumoural IL-2, as the latter have a higher total number of regulatory T 

cells (9). 

5.2.1.2 Regardless of oxygenation levels mesothelioma prevents IL-2 from 

downregulating CD86 

Relative to normoxic controls, IL-2 significantly decreased CD86 expression in MØ 

macrophages under normoxia (Figure 5.2.C; p <0.0001). Similarly, IL-2 also 
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downregulated CD86 in hypoxic MØ macrophages relative to hypoxic controls (Figure 

5.2.D; p = 0.004). However, IL-2 did not change CD86 expression in mesothelioma-

conditioned macrophages under normoxic and hypoxic conditions.  The data indicate 

that regardless of oxygen levels, mesothelioma-derived factors prevent IL-2 from 

decreasing CD86 on macrophages. One possibility is that maintenance of CD86 

expression by mesothelioma-derived factors might enable macrophages to inhibit 

effector T cells via CD86-CTLA-4 interactions. Again, this may help explain why small 

and not large tumoursrespond to intratumoural IL-2, as the latter have a high number 

of macrophages (9). 

5.2.2 Evaluating the effect of α-CD40 on mesothelioma-exposed macrophages and 

HUVECs under normoxic and hypoxic conditions 

Our group has shown that administration of an agonist anti-CD40 antibody when used 

as single drugs into tumours can cure small murine mesothelioma tumours (346). 

Agonist anti-CD40 antibody generates a number of changes when targeted into the 

tumour bed (347). For example, CD40-activated tumour blood vessels become 

permissive to T cell migration and DC emigration (347). However, anti-CD40 antibody 

activated endothelial cells have also been shown to promote tumour neoangiogenesis 

in a murine model of mammary carcinoma (44, 347). The aim of this study was to 

assess the effect of α-CD40 on mesothelioma-exposed macrophages and HUVECs, and 

to evaluate the effect of α-CD40-activated/mesothelioma-exposed macrophages on 

HUVECs under normoxic and hypoxic conditions. The results showed that α-CD40 

reduced the expression of CD163, CD206, HLA-DR and CD86 (Figure 5.4, Figure 5.5 

and Figure 5.6) on normal and mesothelioma-exposed macrophages under normoxia 

but not hypoxia. The effect of anti-CD40 treatment on macrophage CD40 expression is 

shown in Figure 5.3. These data show that hypoxia interferes with macrophage 

responses to CD40 signalling. On the other hand, no effects on CD309, CD54, CD105, 

CD144, CD146, CD321 and CD62E expression were observed on HUVECs, regardless 

of oxygenation levels and the source of soluble factors. 
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Figure 5. 3 This figure aimed to show the effect of anti-CD40 treatment 

on macrophage CD40 expression 

It appears that CD40 expression is reduced. There are two possibilities. One 

is that CD40 expression was indeed reduced. The other is suggested by the 

reviewer, in which the staining anti-CD40 antibody could not attach to CD40 

on macrophages as it was ‘covered’ by the treating antibody. 
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Figure 5. 4 The effect of α-CD40 on macrophage CD163 and CD206 under 

normoxia and hypoxia 

Normal and TCM-conditioned macrophages differentiated from monocytes were 

stimulated with α-CD40 at day 7 for 24hrs, under normoxic and hypoxic conditions 

and stained for CD163 and CD206. Pooled data for CD163 (A, B) and CD206 (C, D) 

are expressed as mean ± SEM. The p-values were determined using the Mann-

Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n = 

12 replicates per normoxic MØ, n = 10 replicates per hypoxic MØ, n=8 replicates per 

normoxic and hypoxic α-CD40-(MØ) and α-CD40-(TCM-CM) conditions. 
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5.2.2.1 Hypoxia and mesothelioma prevent α-CD40 from decreasing CD163 

Under normoxic conditions, α-CD40 reduced expression of the M2 phenotype marker 

CD163 in normal macrophages (Figure 5.4.A; p = 0.02). No differences in CD163 

expression were observed in all other conditions, including exposure to TCM. 

Decreased CD163 expression may indicate polarising away from an M2 phenotype and 

towards a proinflammatory M1 phenotype. However, mesothelioma-derived factors 

and hypoxia prevented this α-CD40-induced decrease in CD163 expression in 

macrophages (Figure 5.4.A.B). These data suggest that a hypoxic mesothelioma 

environment could maintain suppressive M2 macrophages when faced with CD40 

stimulation. This could help account for the failure of α-CD40 antibody to mediate 

regression of large tumours (346). 

5.2.2.2 Hypoxia prevents macrophages from downregulating CD206 in response 

to α-CD40 

Under normoxic conditions, α-CD40 significantly downregulated expression of another 

M2 marker, CD206, in MØ macrophages relative to unstimulated MØ macrophage 

controls (Figure 5.4.C; p = 0.03) and in mesothelioma-conditioned macrophages 

relative to normoxic unstimulated mesothelioma-conditioned macrophages (Figure 

5.4.C; p = 0.007). These data suggest normoxia, or high oxygenation levels, play a key 

role in regulating macrophage responses to α-CD40. Decreased CD206 expression may 

again indicate polarisation away from M2 and towards the proinflammatory M1 

phenotype that could help mediate regression of small tumours in response to local 

CD40 stimulation (346). 

However, under hypoxic conditions, α-CD40 stimulation of MØ macrophages and 

mesothelioma-conditioned macrophages did not change CD206 expression (Figure 

5.4.D). The data indicate that hypoxia prevents CD206 reduction in macrophages in 

response to α-CD40 stimulation. Preventing polarisation away from an M2 phenotype 

in a hypoxic tumour environment could maintain local immune suppression.  
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Figure 5. 5 The effect of α-CD40 on macrophage HLA-DR and CD163 under 

normoxic and hypoxic conditions 

Normal macrophages and tumour-conditioned macrophages differentiated from 

monocytes were stimulated with α-CD40 at day 7 for 24hrs, under normoxic and 

hypoxic conditions and stained for HLA-DR and CD86. Pooled MFI data of HLA-

DR (A, B) and CD86 (C, D) are expressed as mean ± SEM. The p-values were 

determined using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 

0.0005 **** = p < 0.0001, n = 12 replicates per normoxic MØ, n = 10 replicates per 

hypoxic MØ, n=8 replicates per normoxic and hypoxic α-CD40-(MØ) and α-CD40-

(TCM-CM) conditions. 
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5.2.2.3 Hypoxia and mesothelioma prevent macrophages from decreasing HLA-

DR expression in response to α-CD40 

Under normoxic conditions, α-CD40 stimulation unexpectedly reduced HLA-DR 

expression in MØ macrophages (Figure 5.5.A; p = 0.007). No other conditions 

modulated HLA-DR expression including exposure to TCM and hypoxia (Figure 

5.5.A.B). The data imply that intratumoural α-CD40 may reduce the capacity of local 

macrophage to present antigens to CD4+ T-cells due to decreased HLA-DR, this could 

be beneficial in avoiding activating regulatory T cells in tumours. 

5.2.2.4 Hypoxia prevents macrophages from downregulating CD86 in response to 

α-CD40 

Under normoxic conditions, α-CD40 significantly downregulated CD86 expression in 

MØ macrophages relative to unstimulated normoxic controls (Figure 5.4.C; p <0.0001) 

and in mesothelioma-conditioned macrophages relative to normoxic unstimulated 

mesothelioma-conditioned macrophages (Figure 5.5.C; p = 0.05). CD86 expression 

was not changed under hypoxic conditions (Figure 5.5.D) suggesting a key role for 

oxygen deprivation in regulating CD86 expression. As mentioned above, this might 

inhibit T cell function via CD86-CTLA-4 interactions and explain why large 

tumoursfail to respond to intratumoural α-CD40 (346), as the latter have a high number 

of macrophages (9). 

5.2.3 Evaluating the effect of IL-2/α-CD40 on mesothelioma-exposed macrophages 

and HUVECs under normoxic and hypoxic conditions 

Preclinical mouse studies have shown remarkable curative responses to intra-tumoural 

IL-2 combined with α-CD40 in mesothelioma (348, 349). Therefore, the aim of this 

study was to assess the direct effect of IL-2/α-CD40 on mesothelioma-exposed 

macrophages and HUVECs and to evaluate the effect of IL-2/α-CD40-

activated/mesothelioma-exposed macrophages on HUVECs under normoxic and 

hypoxic conditions.  
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Figure 5. 6 The effect of IL-2/α-CD40 on PDL-1 under normoxia and hypoxia 

Normal and tumour-conditioned macrophages were stimulated with IL-2/α-CD40 at 

day 7 for 24hrs, under normoxic and hypoxic conditions and stained for PDL-1. 

Pooled data are expressed as mean ± SEM, p-values were determined using the 

Mann-Whitney test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, 

n = 12 replicates per normoxic MØ, n = 10 replicates per hypoxic MØ, n=8 replicates 

per normoxic and hypoxic IL-2/α-CD40-(MØ) and IL-2/α-CD40-(TCM-CM) 

conditions. 

5.2.3.1 IL-2/α-CD40 and hypoxia increase PDL-1 expression in MØ macrophages 

Under hypoxic conditions, IL‐2/α-CD40 upregulated PDL-1 expression in MØ 

macrophages (Figure 5.6.B; p = 0.0006). No changes in PDL-1 expression were 

observed in all other conditions, including normoxia (Figure 5.6.A.B). The data imply 

that hypoxia promotes a more suppressive environment, as PDL-1/PD-1 interactions 

inhibit effector T cell function. 
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5.2.4 Evaluating the response of mesothelioma-conditioned macrophages to VTX-

2337 under normoxic and hypoxic conditions 

VTX-2337, a synthetic small-molecule based on a 2-aminobenzazepine core structure, 

has been shown to activate innate immune cells via TLR7 and 8, and has been assessed 

in a phase I oncology trial (12). VTX-2337 may help shift the TAM phenotype from 

M2 towards M1. Therefore, the aim of this study was to assess the direct effect of VTX-

2337 on mesothelioma-exposed macrophages and HUVECs and to evaluate the effect 

of VTX-2337-activated/mesothelioma-exposed macrophages on HUVECs under 

normoxic and hypoxic conditions. 

 

Figure 5. 7 The effect of VTX-2337 on macrophage HLA-DR and CD40 under 

normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages were stimulated with VTX or DMSO 

(diluent control) at day 7 for 24hrs under normoxia and hypoxia and stained for HLA-
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DR and CD40. Pooled data for HLA-DR (A, B) and CD40 (C, D) expressed as mean 

± SEM,  p-values determined using Mann-Whitney test, * = p < 0.05, ** = p < 0.005, 

*** = p < 0.0005 **** = p < 0.0001, n = 12 replicates per normoxic MØ, n = 10 

replicates per hypoxic MØ, n=8 replicates per normoxic and hypoxic VTX-(MØ) and 

VTX-(TCM-CM), DMSO-(MØ) and DMSO-(TCM-CM) conditions. 

5.2.4.1 Hypoxia and mesothelioma prevent macrophages from decreasing HLA-

DR in response to VTX-2337 

Under normoxia, a significant decrease in HLA-DR was seen in MØ macrophages 

following VTX-2337 stimulation relative to unstimulated MØ (Figure 5.7.A; p = 

0.0008). HLA-DR was reduced by TCM and VTX-2337 did not change its expression 

(Figure 5.7.A). Similar results were seen under hypoxia (Figure 5.7.B). The data imply 

that, VTX-2337-stimulated macrophages lose their capacity to present antigens to 

CD4+ T cells under normoxia but not hypoxia.  

5.2.4.2 Mesothelioma prevents VTX-2337 from upregulating CD40 expression 

Under normoxia, VTX-2337 increased CD40 expression relative to unstimulated MØ 

(Figure 5.7.C; p = 0.06). Similarly, under hypoxic conditions, CD40 expression 

significantly increased after stimulation with VTX-2337 relative to unstimulated MØ 

(Figure 5.7.D; p = 0.04) or DMSO controls (Figure 5.7.D; p = 0.03). Yet VTX-2337 

had no effect on mesothelioma-conditioned macrophages under normoxic or hypoxic 

conditions (Figure 5.7.C, D).  These results suggest that mesothelioma-derived factors 

contain molecules that prevent CD40 upregulation and therefore prevent 

CD40/CD40L-mediated inflammatory responses, a response that is likely to be anti-

tumourigenic. 

5.2.4.3 Hypoxia and mesothelioma do not affect the role of VTX-2337 in 

upregulating CD80 

CD80 expression increased following stimulation with VTX-2337 in normoxic MØ 

macrophages (Figure 5.8.A; p <0.0001), normoxic mesothelioma-conditioned 

macrophages (Figure 5.8.A; p = 0.005), hypoxic MØ macrophages (Figure 5.8.B; p 
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<0.0001) and hypoxic mesothelioma-conditioned macrophages (Figure 5.8.B; p = 

0.02), relative to their unstimulated controls. Similar to CD86, CD80 is a powerful co-

stimulation signal required to activate T-cells if they interact with CD28. However, 

binding CTLA-4 negatively regulates T-cell activation. The data imply that in response 

to VTX-2337, macrophages in mesothelioma could increase stimulatory or regulatory 

activity depending on their engagement with CD28 or CTLA-4 on T-cells. 

 

Figure 5. 8 The effect of VTX on macrophage CD80 expressions under 

normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages were stimulated with VTX or DMSO 

(diluent control) at day 7 for 24hr under normoxic and hypoxic conditions and 

stained for CD80. Pooled data (A and B) are expressed as mean ± SEM. The p-

values were determined using the Mann-Whitney test, * = p < 0.05, ** = p < 0.005, 

*** = p < 0.0005 **** = p < 0.0001, n = 12 replicates per normoxic MØ, n = 10 

replicates per hypoxic MØ, n=8 replicates per normoxic and hypoxic VTX-(MØ) 

and VTX-(TCM-CM), DMSO-(MØ) and DMSO-(TCM-CM), conditions. 
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Figure 5. 9 The effect of VTX on macrophage A2A-R and PDL-1 expression 

under normoxic and hypoxic conditions 

Normal and tumour-conditioned macrophages were stimulated with VTX or DMSO 

(diluent control) at day 7 for 24hr under normoxia and hypoxia and stained for A2A-

R and PDL-1. Pooled data of A2A-R (A, B) and PDL-1 (C, D) are expressed as 

mean ± SEM. P-values were determined using the Mann-Whitney test, * = p < 0.05, 

** = p < 0.005, *** = p < 0.0005 **** = p < 0.0001, n = 12 replicates per normoxic 

MØ, n = 10 replicates per hypoxic MØ, n=8 replicates per normoxic and hypoxic 

VTX-(MØ) and VTX-(TCM-CM), DMSO-(MØ) and DMSO-(TCM-CM) 

conditions. 
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5.2.4.4 Regardless of oxygenation levels mesothelioma-derived factors prevent 

VTX-2337 from downregulating A2A-R expression 

Under normoxic (Figure 5.9.A; p = 0.02) and hypoxic conditions (Figure 5.9.B; p = 

0.0003), A2A-R expression reduced on MØ macrophages after VTX-2337 stimulation 

relative to their unstimulated MØ controls, implying removal of a suppressive 

checkpoint that could enable macrophages to function as pro-inflammatory cells. 

However, regardless of oxygen levels, mesothelioma-prevented A2AR reduction, 

meaning tumour-exposed macrophages become resistant to VTX-2337-stimulation and 

maintain suppressive function (Figure 5.9.A, B). 

5.2.4.5 Regardless of oxygenation levels mesothelioma-derived factors prevent 

VTX-2337 from upregulating PDL-1 expression 

Expression of PDL-1 increased in normoxic MØ (Figure 5.9.C; p = 0.002) and hypoxic 

MØ (Figure 5.9.D; p = 0.0003) relative to their unstimulated MØ controls after 

stimulation with VTX-2337. No differences in PDL-1 expression were observed in all 

other conditions including exposure to mesothelioma-derived factors (Figure 5.9.C, D). 

These data imply that regardless of oxygen levels, TCM-exposed macrophages prevent 

VTX-2337 from upregulating PDL-1 expression. 
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Figure 5. 10 The effect of VTX on CD309 and CD54 on HUVECs under 

normoxia and hypoxia 

Passage 6 normal HUVECs and tumour-conditioned HUVECs were stimulated with 

VTX-2337 or DMSO (diluent control) for 24hrs, under normoxia and hypoxia and 

stained for CD309 and CD54. Pooled data of CD309 (A, B) and CD54 (C, D) are 

expressed as mean ± SEM. The p-values were determined using a two-way ANOVA 

test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001, n = 3 replicates 

per condition. 
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5.2.4.6 Hypoxia and mesothelioma prevent VTX-2337 from upregulating CD309 

on normoxic normal HUVECs 

Under normoxic conditions, VTX-2337 increased CD309 expression in HUVECs 

relative to unstimulated controls (Figure 5.10.A; p = 0.001; p = 0.0002). VTX-2337 had 

no effect on mesothelioma-conditioned HUVECs and hypoxic HUVECs (Figure 

5.10.A.B). The data suggest that VTX-2337 could promote VEGF-induced 

proliferation and possibly vessel permeability in normal, healthy endothelial cells. 

However, this response was negated by hypoxia and mesothelioma-derived factors, 

regardless of oxygen levels.  

5.2.4.7 Hypoxia and mesothelioma do not affect the role of VTX-2337 in 

upregulating CD54 on HUVECS 

CD54 expression increased following VTX-2337 stimulation in normoxic HUVECs 

(Figure 5.10.C; p = 0.02), normoxic mesothelioma-conditioned HUVECs (Figure 

5.10.C; p = 0.01), hypoxic HUVECs (Figure 5.10.D; p = 0.005) and hypoxic 

mesothelioma-conditioned HUVECs (Figure 5.10.D; p = 0.0006) relative to their 

unstimulated controls. The data indicate that hypoxia and mesothelioma-derived factors 

generated under hypoxic conditions further increase CD54 in response to VTX-2337. 

These data imply that VTX-2337 may increase the potential of leukocyte extravasation 

to and from hypoxic mesothelioma tumours. This could be a promising therapeutic 

strategy for mesothelioma patients, if combined with other strategies that overcome 

local immune suppression. 

5.2.5 Assessing the bioenergetic profiles of macrophages in response to IL-2/α-

CD40 or VTx-2337 under normoxic and hypoxic conditions 

Several studies have shown that macrophage polarisation also involves metabolic 

reprogramming (350, 351). Alterations in the metabolic profile of macrophages depend 

on the stimuli received by the microenvironment (351). The aim of this study was to 

assess the metabolic alterations in IL-2/α-CD40-activated macrophages. 
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Figure 5. 11 The bioenergetic profile of macrophages is modulated in response 

to IL-2/α-CD40 under normoxic tumour conditions 

Normal and tumour-conditioned macrophages differentiated from monocytes under 

normoxic and hypoxic conditions were stimulated with IL-2/α-CD40 and 

investigated for oxygen consumption rates (OCR) and extracellular acidification 

rates (ECAR) to quantify mitochondrial respiration and glycolysis. Pooled data for 

the basal respiration rate (A and D), ATP production rate (B) and glycolytic rate (C) 

are expressed as mean ± SEM. The p-values were determined using two-way 

ANOVA. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001. 
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5.2.5.1 Regardless of oxygen levels, mesothelioma prevents IL-2/α-CD40 from 

affecting macrophage bioenergetic profiles 

Stimulating MØ macrophages with IL-2/α-CD40 showed a trend (that did not reach 

statistical significance) towards increased oxygen consumption rate (OCR) (Figure 

5.11.A; p = 0.06) in association with a significant increase in ATP production (Figure 

5.11.B; p = 0.004) and glycolysis (Figure 5.11.C; p = 0.004) under normoxic conditions. 

This response was completely ablated under hypoxic conditions (Figures 5.10.A, B and 

C).  

Mesothelioma-exposed macrophages also significantly upregulated OCR and ATP 

production under normoxia relative to naïve macrophages (Figures 3.10.A, B and C). 

However, IL-2/α-CD40-stimulation did not significantly modulate these metabolic 

parameters. These data suggest that whilst mesothelioma-derived factors modulate 

macrophage metabolism, these cells lose their ability to alter their bioenergetic profile 

in response to IL-2/α-CD40. The data imply profound metabolic paralysis induction by 

mesothelioma. Hypoxic conditions completely disabled metabolic responses. These 

data clearly demonstrate that oxygenation is crucial for metabolic function in 

macrophages. The data also show that mesothelioma prevents metabolic changes in 

response to IL-2/α-CD40 stimulation. VTX-2337 did not affect on the bioenergetic 

profiles of macrophages (data not shown).  

Stimulation by pro-inflammatory stimuli is known to switch macrophage metabolism 

towards glycolysis and away from oxidative phosphorylation (OXPHOS) (350). 

Therefore, these data imply that IL-2/α-CD40 is a pro-inflammatory signal in normal, 

naïve macrophages given the augmented glycolytic rate in association with a slight 

increase in mitochondrial oxygen consumption or OXPHOS. The data also imply that 

the likelihood of driving macrophages towards a pro-inflammatory state is diminished 

in mesothelioma. Moreover, the findings also indicate that a hypoxic environment 

induces profound metabolic dysfunction in macrophages. 
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5.3 Discussion 

Patients with malignant mesothelioma have a median overall survival of seven to 27 

months after diagnosis (23). To date, current treatment regimens aim to reduce patient 

symptoms, extend life expectancy and improve quality of life, however life extension 

tends to be only by a few months. Data from our lab has shown promising results when 

using IL-2/α-CD40 to treat mesothelioma-bearing mice, inducing curative regression 

of large tumours (348, 349). Furthermore, the TLR8 agonist, VTX-2337, has shown 

promise in Phase I clinical trials. However, there are no published in vitro studies 

investigating the effects of IL-2, α-CD40, IL-2/α-CD40 and VTX-2337 on 

mesothelioma-exposed macrophages and ECs under varying oxygenation conditions.  

In this study, interest was directed towards evaluating the effect of these treatments in 

2D monolayer cultures and a 3D cell culture system. 3D cell cultures are reported to 

show drug responses similar to those seen in humans (352, 353). However, because 

attempts to develop a 3D multicellular mesothelioma spheroid model had limited 

success, only the in vitro results between normoxic and hypoxic 2D cell culture 

monolayers are presented. It is hoped that the results aid translational studies in 

assessing treatment effects for humans with mesothelioma.  

Table 5. 1 Summary of IL-2 effects on macrophages 
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The data (summarised in Table 5.1) show that using IL-2 to treat macrophages as a 

monotherapy decreases HLA-DR expression in normal, naïve, unpolarised MØ 

macrophages under normoxia; this implies that antigen presentation to CD4+ T-cells 

may be impaired. However, macrophages under hypoxia, as well as mesothelioma-

conditioned macrophages regardless of oxygenation levels, which were treated with IL-

2, did not reduce HLA-DR expression, suggesting that macrophages in mesothelioma 

tumours maintain their capacity to present antigen to CD4+ T-cells in the presence of 

IL-2. However, as mentioned previously, this response could be driving regulatory 

CD4+ T-cells and could why large tumours do not respond to intratumoural IL-2, as 

there latter are more regulatory T-cells (9).  

The data also demonstrate that targeting naïve, unpolarised MØ macrophages under 

normoxia and hypoxia with IL-2 reduces CD86 expression. However, mesothelioma-

conditioned macrophages did not respond to IL-2 in terms of CD86 expression. CD86 

expression by macrophages mediates antitumor immunity if it binds to CD28 on 

CD8+ T effector cells, or it induces immune tolerance if it binds to CTLA-4 in CD8+ T 

effector cells, the latter could be more likely to occur in large tumours.  

Table 5. 2 Summary of α-CD40 effects on macrophages 
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Administration of anti-CD40 antibody as a monotherapy led to downregulation of 

CD206, CD163, HLA-DR and CD86 on MØ macrophages under normoxic conditions 

(data summarised in Table 5.2). However, under normoxia, mesothelioma slightly 

modified these responses as only CD206 and CD86 were downregulated. In contrast, 

no changes to macrophageswere seen to the same molecules under hypoxic conditions. 

It is worth noting that high CD86 is considered a marker of the M1 phenotype (354), 

whilst the M2 phenotype is characterised by high CD163 and CD206 expression (353). 

The data imply that unpolarised MØ macrophages, activated with anti-CD40 under 

normoxia, share features of M1 and M2 macrophages through the reduction of CD206, 

CD163, HLA-DR and CD86. One possibility is that anti-CD40 only reduces M2 

markers in early stage, smaller tumours in vivo, due to higher oxygenation levels and 

lower concentrations of suppressive factors secreted by mesothelioma tumour cells. 

Thus, the effect of anti-CD40 on macrophages is diminished when administered in 

hypoxic mesotheliomas. The results from Chapter 3 showed that hypoxia directly 

and/or indirectly affects macrophages though hypoxic-induced, mesothelioma-derived 

factors by decreasing CD40 expression. Overall, the data suggest that mesothelioma 

exerts a profound, negative effect on macrophage responses to CD40 signalling, 

particularly under hypoxic conditions. 

Table 5. 3 Summary of IL-2/α-CD40 efects on macrophage bioenergy 
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The combination of IL-2 and anti-CD40 (Table 5.3) showed a similar effect as that of 

IL-2 and anti-CD40 as single agents by downregulating macrophage expression of 

CD206, CD163, HLA-DR and CD86 under normoxia and hypoxia. 

These data suggest that combining IL-2 and α-CD40 may induce polarisation away 

from an M2 phenotype via downregulation of CD163 and CD206. Furthermore, using 

IL-2/α-CD40 reduce the potential of CD86 binding CTLA-4, as well as the capacity of 

to present antigens to CD4+ T-cells because of decreased HLA-DR. As a result, this 

could lead to enhanced anti-tumour immunity via effector T-cells. 

Interestingly, macrophage bioenergetics changed in response to the IL-2 and anti-

CD40 combination, as an increase in OCR, ATP production and glycolysis was seen in 

MØ macrophages under normoxia. However, hypoxia and normoxic/hypoxic-induced 

mesothelioma-derived factors confounded these effects by ablating the ability of IL-

2/anti-CD40 to upregulate glycolysis and mitochondrial respiration in macrophages. 

These data imply that the inability of normoxic/hypoxic, mesothelioma-conditioned 

macrophages to respond similarly to normal, naïve, unpolarised MØ macrophages 

stimulated with IL-2/anti-CD40 may be due to profound bioenergetic dysfunction. 

Table 5. 4 Summary of VTX-2337 effects on macrophages 
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This study also examined macrophage responses to VTX-2337, a TLR 7/8 agonist 

(summarised in Table 5.4). Following exposure to VTX-2337 under normoxia and 

hypoxia, normal MØ macrophages increased expression of CD40, CD80 and PDL-1 

and decreased HLA-DR, CD86 and A2A-R. However, regardless of oxygen levels, 

mesothelioma-exposed macrophages only increased CD80 expression relative to the 

MØ controls. These results imply that regardless of where macrophages are located in 

tumours, their response to VTX-2337 is likely to be limited to increased CD80. 

Nonetheless, this limited effect of VTX-2337 could mediate pro-inflammatory actions. 

Neither normal HUVECs nor mesothelioma-conditioned HUVECs responded to IL-2, 

α-CD40, IL-2/α-CD40 or supernatants derived from IL-2-stimulated macrophages, α-

CD40-stimulated macrophages, IL-2/α-CD40-stimulated macrophages or VTX-2337-

stimulated macrophages under normoxia and hypoxia. These data suggest that there is 

limited crosstalk between macrophages and endothelial cells under these conditions. 

Table 5. 5 Summary of VTX-2337 effects on HUVECs 

 

However, although CD54 plays an important role in facilitating the invasion of tumour 

tissue by immune cells, endothelial CD54 has been shown to be involved in tumour–

endothelial cell adhesion, which may promote progression and metastases in cancer 

(323-326). Laurent et al. showed that CD54 on endothelial cells is involved in adhesion 

of invasive bladder cancer cells to ECs (327). Additionally, blocking CD54 expression 

in lung (323) and brain (328) endothelia abrogates metastasis to these organs. The data 

imply that VTX-2337 may mediate anti-tumour immunity via increased leukocyte 
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extravasation into mesothelioma and/or may facilitate mesothelioma cell intravasation 

and metastasis originating from hypoxic tumours. 

Conclusion 

A previous study by our group showed that as murine mesothelioma progressed, the 

number of macrophages and regulatory T-cells increased. Moreover, using IL-2 or α-

CD40 as monotherapies cured small mesothelioma, whereas a large mesothelioma 

tumour can be cured when IL-2/α-CD40 is used in combination. Macrophage responses 

to these immunotherapies and their role in this effect are not well understood. The 

present study demonstrates that signals from IL-2, α-CD40 or IL-2/α-CD40 reduces 

expression of CD206 and CD163, which is an indication of partial polarisation towards 

the M1 phenotype, although reduced HLA-DR and CD86 was also seen; this may imply 

a decrease in activation of regulatory T cells and enhanced CD8+ T-

cell cytotoxic activity by avoiding CTLA-4 ligation. 
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CHAPTER 6 

DEVELOPING 3D-MULTICELLULAR TUMOUR SPHEROIDS 

TO STUDY THE EFFECTS OF IL-2, ANTI-CD40 AND VTX-2337 

IMMUNOTHERAPIES 

6.1 Introduction 

Translating findings from an animal model to successful clinical practice is often 

challenging. In fact, successful translation from animal models to human clinical trials 

of cancer is under 8% (355). Animal models are constrained in their capacity to imitate 

the intricate process of human carcinogenesis, physiology and development. Thus, the 

safety and viability of an immunotherapy identified in animal trials does not necessarily 

transfer to human trials (205). It is therefore imperative to develop improved in vitro 

models that better mimic the behaviours of human cells in vivo to help predict drug 

efficacy and toxicity (352, 356), although it must be acknowledged that in vivo testing 

remains the gold standard.  

There has been increasing enthusiasm for utilizing 3D-spheroid models, or organoids, 

to test malignant growth and tissue biology in response to specific therapeutics to assist 

with their translation into clinical practice. Multicellular tumour spheroid (MCTS) 

models are gaining interest for assessing anti-tumour activity and drug efficacy in 

vitro due to their advantage of providing a more physiological context than standard 

2D in vitro testing (352, 356-360). The 3D microenvironment can impersonate various 

cell heterogeneities of in vivo settings (205). MCTSs are capable, not only of 

reproducing the harsh conditions seen in poorly vascularised tumours, but also of 

assessing compound (drug) infiltration properties (210-212). 

This study attempts to mimic key features of the tumour microenvironment, such as 

cell–cell interactions and metabolic gradients, by developing 3D tumour spheroid 

models that incorporate the three types of cells of interest in this project - mesothelioma 

cells, macrophages and endothelial cells - which may help validate the 2D in vitro 

findings. This study also aimed to examine the effect of IL-2, anti-CD40 antibody and 
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VTX-2337 immunotherapies on 3D tumour spheroids. Optimization of MCTSincluded 

determining the appropriate cell-seeding density, seeding time, media formulation, time 

needed to form spheroids and time for spheroid disaggregation.  

6.2 Materials and Methods 

Optimizing the spheroid models used the following cells and cell lines, media and 

plates: 

6.2.1 Cells 

o AE17 cell line: A murine mesothelioma cell line (C57BL/6J strain, female).  

o JU77 cell line: A human malignant mesothelioma cell line. 

o THP-1 cell line: A human monocytic cell line derived from an acute monocytic 

leukemia patient. (Note: THP-1 cells were differentiated into a macrophage-like 

phenotype using 20nM phorbol-12-myristate-13-acetate (PMA) for 8–12 hrs.) 

o PBMC-Mac: Human peripheral blood mononuclear cell (PBMC)-derived 

macrophages. 

o HUVECs: Human umbilical vein endothelial cells. 

6.2.2 Media formulation 

To maintain the growth of AE17, JU77, THP-1 cells and PBMCs-MACs, the following 

media was used: 

o cRPMI media containing 10% FCS, 1% glutamax, 50 M 2-mercaptoethanol 

(2-ME), 100 U/ml penicillin and 50 mg/ml streptomycin (Life Technologies, 

USA) (see page 29). 

To culture HUVECs, the following media were used: 

o LVES-supplemented Medium 200: Large Vessel Endothelial Supplement 

(LVES, contains fetal bovine serum, hydrocortisone, human epidermal growth 

factor, basic fibroblast growth factor, heparin and ascorbic acid) used in 

conjunction with Medium 200 (M200, a basal culture media containing 
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essential and non-essential amino acids, vitamins, other organic compounds, 

trace minerals and inorganic salts) to grow HUVECs. Both from Gibco, 

Invitrogen 

o Endothelial Basal Medium (EBM): EBM is supplemented with ascorbic acid, 

hydrocortisone, bovine brain extract, foetal bovine serum, 

gentamicin/amphotericin-b and human epidermal growth factor (Lonza, 

Walkersville, MD USA). 

6.2.3 Ultra-low attachment plates 

o After several attempts to use in-house low attachment plates coated with 

agarose, the decision was made to use 96-well round-bottom ultra-low 

attachment plates that effectively inhibit cellular attachment (Corning Costar, 

Corning, NY, USA). 

6.3 Generation and assessment of monocellular and multicellular spheroid models 

6.3.1 Generating monocellular spheroids 

6.3.1.1 Mesothelioma cells 

Murine AE17 or human JU77 mesothelioma cells were maintained as 

a monolayer culture in cRPMI medium. In the ultra-low attachment plates, both cell 

lines formed a spheroid in 100% cRPMI medium; however, only AE17 proliferated, 

and JU77 did not develop over time, suggesting that both human and mice 

mesothelioma cell lines can form spheroids in ultra-low attachment plates. However, 

the JU77 cell line did form spheroids that did expand in a 50:50 mixture of 

(M200:cRPMI) or (EBM:cRPMI) (Figure 6.1).  
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Figure 6. 1 Formation of monocellular spheroids 

To generate monocellular spheroids from AE17 cells, 2 x104 cells/well were seeded in 

cRPMI (A); the medium was replaced at the beginning of day 3 to avoid aggregation 

disruption and then every two days. To generate monocellular spheroids from JU77, 2 

x104 cells/well were seeded in cRPMI (B) or in 50:50 (EBM:cRPMI) (C); media was 

replaced at the beginning of day 3 and then every two days. 

6.3.1.2 Macrophages 

THP-1-derived macrophages or PBMC-derived macrophages grew in 100% cRPMI or 

a 50:50 mixture of (M200:cRPMI) or (EBM:cRPMI) but did not form spheroids in 

ultra-low attachment plates (Figure 6.2). 
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Figure 6. 2 Attempts to generate monocellular spheroids from macrophages 

To generate monocellular spheroids from macrophages, 2 x 104 cells/well were 

seeded in a 50:50 mixture of (EBM:cRPMI). The medium was replaced at the 

beginning of day 3 to avoid aggregation disruption and then every 2 days. 

6.3.1.3 HUVECs 

Although HUVECs were maintained in M200 medium as a monolayer and showed a 

normal proliferative rate in ultra-low attachment plates, they did not form spheroids and 

did not proliferate in 100% M200 and in a 50:50 mixture of (M200:cRPMI). In contrast, 

HUVECs did form a spheroid in 100% EBM (Figure 6.3) and in a 50:50 mixture of 

(EBM:cRPMI), but did not proliferate (Figure 6.4). HUVEC viability in a 50:50 

mixture of (EBM:cRPMI) was assessed at days 3 and 5 (Figure 6.3). The data showed 

low viability with detection of 42 viable cells and 348 dead cells on day 3 and 3 viable 

cells and 131 dead cells on day 5. These results suggest that a high number of seeded 

cell (5 x 103 cells/well) deteriorated (361).  

 

Figure 6. 3 Formation of monocellular spheroids from HUVECs 

To generate monocellular spheroids from HUVECs, 2x104 cells/well were seeded 

in 100% EBM as shown above or (EBM:cRPMI). The medium was replaced at the 

beginning of day 3 to avoid aggregation disruption and then every 2 days. 
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Figure 6. 4 Quantifying live and dead cells in HUVEC spheroids 

HUVEC spheroids (5 x 103 cells/well) were generated under normoxic conditions. 

On days 3 and 5 of culture, the spheroids were isolated with a pipette, transferred to 

uncoated 96-well plates, washed with PBS twice, and then disaggregated with Type 

4 collagenase/DNase. To minimize cell clumps, cell suspensions were filtered using 

a 40 µm cell strainer. The cells were stained with Zombie NIR and an attune flow 

cytometer used for analysis.  

6.3.2 Generating multicellular spheroids 

To generate multicellular mesothelioma tumour spheroids that could mimic the tumour 

microenvironment, cell-to-cell ratios were considered. The above experiments 

suggested that using 2 x 104JU77cells/well generated a useful spheroid that could 

expand without significant cell death, and therefore provide useful growth data in 

response to immunotherapeutic intervention. Previous data from our lab has shown that 

50% of the cellular makeup of murine AE17 mesothelioma tumours consists of 

macrophages (362), similar data has been reported for human mesothelioma (363). 

Therefore 2 x 104JU77cells/well plus 2 x104macrophages cells/well (representing a 

50:50 ratio) were used as a starting point to develop the spheroids. Determining a useful 

ratio, and therefore cell number, for HUVECs to incorporate into spheroids was more 

problematic and it was assumed that starting with a lower number would be appropriate, 
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therefore 5 x103HUVECs /well were used. The intention was to identify cell ratio/cell 

seeding numbers that might support HUVEC viability and generate a useful 

mesothelioma MCTS model. It was expected that several different seeding densities 

were going to be tested. 

6.3.2.1 Examples of the generation of multi-cellular spheroids under normoxic 

conditions 

Co-culturing JU77 cells, HUVECs and THP-1-derived macrophages or PBMC-derived 

macrophages on day 0 generated dispersed small spheroids. This was resolved by 

centrifuging the plate to aggregate the dispersed spheroids to form one spheroid. As 

shown in Figure 6.5, spheroids were more easily generated by seeding only JU77 

tumour cells (2x104 cells/well) on day 0, adding macrophages (2x104 cells/well) on day 

3 and HUVECs (5x103 cells/well) on day 5, or alternatively by centrifuging the ultra-

low attachment plates instantly after seeding all cells (4.5x104 cells/well) together on 

day 0 in a 50:50 mixture of (EBM:cRPMI) under normoxic (20% O2, 5% CO2, 37oC) 

conditions (Figure 6.6). However, a majorissue that was not resolved was that the 

HUVECs did not expand as hoped as the results revealed the seeded cells (5 x 103 

cells/well) deteriorated.  Measuring cell yields and viabilityof multicellular spheroids 

incorporating JU77 cells, THP-1-derived macrophages and HUVECs on Day 3, when 

intact spheroids had formed, showed the highest yield consisted of JU77 cells with very 

low yields for HUVECs (Figure 6.7). 

 

Figure 6. 5 Formation of mesothelioma-based multicellular spheroids from 

JU77 cells, PBMC-derived macrophages and HUVECs 

JU77 (2x104 cells/well), macrophages (2x104 cells/well)and HUVECs (5x103 

cells/well) were seeded on day 0. At day 3, the cells formed small spheroids. After 

changing the medium, the plate was centrifuged at 1200 rpm for 3 minutes to 

promote spheroid aggregation. On day 11, the cells formed an intact spheroid. 
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Figure 6. 6 Generating multi-cellular spheroids under normoxic conditions 

JU77 (2 x104 cells/well), THP-1 macrophages (2 x 104 cells/well) and HUVECs (5 

x103 cells/well) were seeded on day 0 in a 50:50 mixture of (EBM:cRPMI) in 96-

well round-bottom ultra-low attachment plates and incubated at 20% O2, 5% CO2, 

37oC. The medium was replaced at the beginning of day 3 and every 2 days 

thereafter. Under normoxic conditions, JU77 cells only formed spheroids which 

then expanded suggesting proliferation; HUVECs only appeared to form spheroids 

but did not expand; macrophages expanded likely due to rapid proliferation but they 

had aggregated in the middle of the well without adhesion (confirmed by gentle 

pipetting). Strong adhesive interactions and spheroid development was seen in co-

cultures of JU77 cells with HUVECs or macrophages; co-cultures of HUVECs with 

macrophages; or co-cultures of JU77 with HUVECs and macrophages. 
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Figure 6. 7 Quantifying live and dead cells in multicellular spheroids using 

JU77 cells, THP-1-derived macrophages and HUVECs 

MCTS cultures from JU77 mesothelioma cells, HUVECs and macrophages were 

generated under normoxic conditions using a single spheroid/well. At day 5 the 

spheroids were isolated with a pipette, transferred to uncoated 96-well plates, 

washed with PBS twice and then disaggregated with Type 4 collagenase/DNase.  To 

minimize cell clumps, cell suspensions were filtered using a 40 µm cell strainer. The 

cells were stained with Zombie NIR and an attune flow cytometer used for analysis. 

6.3.2.2 Examples of the generation of multi-cellular spheroids under hypoxic 

condition 

JU77 (2x104 cells/well), THP-1 macrophages (2 x104 cells/well) and HUVECs (5 x103 

cells/well) were seeded on day 0 in a 50:50 mixture of (EBM:cRPMI) in 96-well round-

bottom ultra-low attachment plates. The plate was centrifuged at 1200 rpm for 3 

minutes to accelerate cell aggregation and incubated under hypoxic conditions (2% O2, 

5% CO2, 37oC) (Figure 6.8).  
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Figure 6. 8 Generating multi-cellular spheroids under hypoxic conditions 

JU77 (2 x104 cells/well), THP-1 macrophages (2 x104 cells/well) and HUVECs (5 

x104 cells/well) were seeded on day 0 in a 50:50 mixture of (EBM:cRPMI) in 96-

well round-bottom ultra-low attachment plates and incubated at 2% O2, 5% CO2, 

37oC. The medium was replaced on day 3 and every 2 days thereafter. Under 

hypoxia, the JU77 only spheroid showed irregular longitudinal growth. HUVECs 

formed intact spheroids but did not expand. The macrophage only spheroid 

expanded at a slower rate relative to the normoxic model and again aggregated in 

the middle of the well without adhering to each other. Co-culture of JU77 cells with 

HUVECs or macrophages; HUVECs with macrophages; and JU77 cells with 

HUVECs and macrophages showed some level of adherence tested by gentle 

pipetting, but spheroids did not develop.  
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6.4 Disaggregating the spheroid 

Different attempts were made to disaggregate the spheroids into single-cell populations 

aiming to assess the impact of the disaggregation process on cell yield and viability 

data. Trypsin, trypsin-EDTA (0.25%), PBS and type 4 collagenase (1 mg/mL; Sigma-

Aldrich, Missouri, USA) and bovine pancreatic DNase (0.1 mg/mL, Sigma-Aldrich) 

were tested. Trypsin, trypsin-EDTA (0.25%) and PBS were tested under normoxic and 

hypoxic conditions, while type 4 collagenase/DNase was tested only under normoxia. 

6.4.1 Assessing trypsin, trypsin-EDTA (0.25%) and PBS under normoxic 

conditions 

Under normoxia, the number of single cells recovered after disaggregation using 

trypsin, trypsin-EDTA (0.25%) and PBS were similar, although trypsin-EDTA (0.25%) 

may be slightly better (Figure 6.9).  

 

Figure 6. 9 Comparing cell yields of three disaggregation methods for the 

MCTS cultured under normoxic conditions 

MCTS cultures from JU77 mesothelioma cells, HUVECs and macrophages were 

generated under normoxic conditions with a single spheroid per well (Figure 6.5). 

The spheroid was isolated with a pipette, transferred to an uncoated 96-well plate, 

washed twice with PBS and then disaggregated with PBS, trypsin or trypsin-EDTA 

(0.25%). The disaggregation process took 4 to 5 minutes using trypsin or trypsin-

EDTA (0.25%). The process using PBS took 8 to10 minutes. To minimize cell 
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clumps, cell suspensions were filtered using a 40 µm cell strainer. An attune flow 

cytometer was used for cell counting. 

6.4.2 Assessing trypsin, trypsin-EDTA (0.25%) and PBS under hypoxic conditions 

Under hypoxia, trypsin proved to be superior over trypsin-EDTA (0.25%) and PBS 

(Figure 6.10), although the number of single-cell events was low compared to normoxic 

conditions for two reasons. First, the expansion/proliferation rate under hypoxia was 

lower than under nomoxia thus, the number of cells was low. Second, unlike normoxic 

conditions, cells remained firmly attached and trypsin, trypsin-EDTA (0.25%) and PBS 

could not fully dissociate them, even after using manual pipetting. 

 

 

Figure 6. 10 Comparing cell yields from three disaggregation methods for 

MCTS cultured under hypoxic conditions 

Aggregated and adhered multicellular (non-spheroid) cultures from JU77 

mesothelioma, HUVECs and macrophages were generated under hypoxic 

conditions (Figure 6.6). Adherent (non-spheroid) cells were isolated with a pipette 

and transferred to uncoated 96-well plates. Cells were washed with PBS twice, and 

spheroids disaggregated with PBS, trypsin or trypsin-EDTA (0.25%). The 

disaggregation process was stopped after 9 minutes, with the cells still firmly 

attached (more than in normoxic spheroids) and barely disaggregated. To minimize 
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cell clumps, cell suspensions were filtered using a 40 µm cell strainer. An 

attune flow cytometer was used to determine cell yields. 

6.4.3 Does longer incubation  with trypsin, trypsin-EDTA (0.25%) and PBS affect  

HUVECs? 

The time taken (4 to 5 minutes) to disaggregate MCTS using trypsin, trypsin-EDTA 

(0.25%) and PBS (8 to 10 minutes) was longer than the time taken to detach JU77, 

macrophages and HUVECs (2 minutes for trypsin or trypsin-EDTA (0.25%) and 6 

minutes for PBS) from the T25 flask or 6-well plates when grown as a monolayer. 

However, incubating HUVECs with trypsin for 5 minutes, with trypsin-EDTA (0.25%) 

for 5 minutes and with PBS for 10 minutes as a monolayer indicated normal viability 

and proliferation. Thus, prolonged incubation of MCTS with trypsin or trypsin/EDTA 

does not damage HUVECs.  

6.4.4 Assessing Type 4 collagenase/DNase under normoxic conditions 

Type 4 collagenase/DNase was used to disaggregate the MCTS spheroids consisting of 

JU77 mesothelioma cells, HUVECs and macrophages; disaggregation was rapid and 

occurred in less than 3 minutes. The PBS controls were stopped in parallel with Type 

4 collagenase/DNase (i.e. after 2 minutes) and cell suspensions were filtered using a 40 

µm cell strainer. The Type 4 collagenase/DNase gave a much higher yield of cells than 

the PBS controls and the trypsin or trypsin/EDTA tested above and shown in Figure 

6.11. 
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Figure 6. 11 Comparing cell yields from Type 4 collagenase/DNase to PBS 

disaggregated spheroids s 

MCTS cultures consisting of JU77 mesothelioma cells, HUVECs and macrophages 

were generated under normoxic conditions using a single spheroid per well. The 

spheroids were isolated with a pipette, transferred to uncoated 96-well plates, 

washed with PBS twice and then disaggregated with Type 4 collagenase/DNase or 

PBS. The disaggregation process using Type 4 collagenase/DNase took 2 to 3 

minutes. To minimize cell clumps, cell suspensions were filtered using a 40 µm cell 

strainer. An attune flow cytometer was used for cell counting. 

6.5 Conclusion 

This chapter describes attempts to develop multicellular spheroid models from human 

JU77 mesothelioma cells, macrophages and endothelial cells (HUVECs), as well as 

testing monocellular spheroids using murine AE17 mesothelioma cells. Optimisation 

attempts included choosing an appropriate round bottom ultra-low attachment 

surface plate to keep cells in suspension and help cell aggregation, testing different 

media, different seeding densities and disaggregation processes. Human JU77 

mesothelioma cells formed spheroids when incubated in cRPMI but failed to 

expand/proliferate. In contrast, murine AE17 mesothelioma cells formed spheroids and 

rapidly expand likely due to rapid proliferation. Further testing showed that culturing 

JU77 cells in a 50:50 mixture of (M200:cRPMI) induced spheroid formation but they 
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did not expand, yet JU77 cells formed spheroids and grew in EBM:cRPMI. It is possible 

that other media options and/or combinations may have improved spheroid 

development. Under hypoxia, the JU77 only spheroid showed irregular longitudinal 

growth. There are no published data explaining why JU77 mesothelioma cells grow 

differently under hypoxic conditions however, the longitudinal shape that 

mesothelioma tumours adopted under 2% O2 may be an adaptive response to their 

environment that allows cells maximal access to the O2 that is available. This may 

explain why at the early stages from days 0 to 3, a smallspheroid is formed which then 

elongates.  

As expected, HUVECs showed a high rate of viability and proliferation when cultured 

in a M200 medium supplemented with LVES on a flat surface as a monolayer, however 

growing HUVECs in the same medium on an ultra-low attachment 

surface demonstrated a significant reduction in cell yield and loss of viability. Using 

EBM media induced HUVECs to form monocellular spheroids (i.e. HUVECs only) as 

well as multicellular spheroids with JU77 cells, or macrophages, or JU77 and 

macrophages. However, under all conditions, although they appeared to integrate into 

spheroids, HUVECs failed to expand indicating a failure to proliferate and likely cell 

death.  

Different cell densities and seeding times were also tested and failed to improve 

HUVEC proliferation. Moreover, different methods to dissociate spheroids, including 

trypsin, trypsin-EDTA (0.25%), PBS and type 4 collagenase /DNase were tested and 

the data showed none of these approaches negatively affected HUVECs. Nonetheless, 

collagenase was quicker and produced greater single cell yields.Unfortunately, attempts 

to further develop/optimise MCTS from JU77 mesothelioma cells, macrophages and 

HUVECs had to stop due to time and budget constraints. As a result comparing in vitro 

normoxic and hypoxic 2D tumour models continued as an important part of the study. 
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CHAPTER 7 

CHARACTERIZING THE IN VIVO POTENTIAL OF 

MESOTHELIOMA-EXPOSED MACROPHAGES AND 

ENDOTHELIAL CELLS TO RESPOND TO HYPOXIA USING 

HYPOXIA-RESPONSE ELEMENT (HRE) PREDICTION 

7.1 Introduction 

Significant regions of hypoxia are found in the human mesothelioma microenvironment 

(364) which can lead to more aggressive disease (365). As macrophages and endothelial 

cells (ECs) are components of the tumour microenvironment and the overall aim of this 

PhD was to better understand the potential cross talk between mesothelioma cells, 

macrophages and ECs. The in vitrodata from the previous chapters showed differential 

molecular responses by mesothelioma-exposed macrophages and ECs under normoxic 

versus hypoxic conditions. Table 7.1 summarises the effect of normoxia and hypoxia 

on molecules expressed by mesothelioma-exposed macrophages. 

Table 7.  1 Summary of the effect of normoxic and hypoxic conditions on TCM-

exposed macrophage expression of the molecules below, relative to normoxic 

non-TCM exposed macrophage controls 

 

The results of these in vitro studies warrant in vivo investigations however, performing 

in vivo studies was not possible, as the PhD candidate returned to their home country. 
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Therefore, an alternative strategy to investigate an in vivo association between the target 

genes (i.e. the molecules in Table 7.1) and mesothelioma was employed using public 

databases such as FireBrowse (http://firebrowse.org/). The first approach involved 

confirming expression of genes coding for the molecules of interest (HLA-DR, CD206, 

CD309, CD54, CD40, CD144, A2A-R, CD105, CD163, CD80, Gal-9, CD39, CD86, 

PDL-1, and CD146) in human mesothelioma (MESO) and comparing their expression 

levels to different cancer types including: breast invasive carcinoma (BRCA); colon 

adenocarcinoma (COAD); colorectal adenocarcinoma (COADREAD); lung 

adenocarcinoma (LUAD); and lung squamous cell carcinoma (LUSC) using 

FireBrowse. This approach validates expression of the target genes in vivo in human 

mesothelioma.  

Cells can respond to and tolerate hypoxia through transcriptional regulation of gene 

expressionvia hypoxia response elements (HREs) located within the promoter/enhancer 

region of specific genes. Therefore, the second aim of this study was to use an in silico 

approach to determine whether HREs or other hypoxia-related transcription factor 

binding sites (TFBSs) are present in the promoter regions of the four molecules found 

to be upregulated under hypoxic conditions in macrophages (PD-L1) and HUVECS 

(CD309, CD54, CD105) (Table 7.2). 

This study also investigated the interplay between TLR-7/8, IL-2R and CD40 signalling 

(via VTX-2337, IL-2 and anti-CD40 antibody respectively) and hypoxia, for the target 

genes. This is because the data in chapter 5 showed that when macrophages were 

stimulated with IL-2 combined with anti-CD40 antibody under hypoxia, PD-L1 was 

further upregulated relative to untreated hypoxic macrophage controls. Similarly, when 

ECs were stimulated with VTX-2337 CD54 was further upregulated relative to hypoxic 

EC controls. Therefore, signalling pathways for TLR-7/8 activation via VTX2337, as 

well as for IL-2/IL-2R, CD40 activation, were explored to understand potential 

mechanisms of action for activating hypoxia related transcription factors (TFs) relating 

to these specific signalling pathways. 

Gene promoter regions were identified using bioinformatic tools and databases. HREs 

and other TFBSs related to hypoxia in the promoter region were examined by 

http://firebrowse.org/
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employing PROMO (Version 3.0.2) software (366). An absence of HREs in a promoter 

region prompted an investigation of binding sites of TFs related to hypoxia such as: 

Hypoxia inducible factors (HIF) nuclear factor-kappaB (NF-kB), cAMP response 

element-binding protein (CREB), Myc, nuclear factor erythroid 2–related factor 2 

(Nrf2) and signal transducer and activator of transcription (STATs).  The data generated 

could show if there is a direct relationship between the molecules of interest and 

hypoxia, thereby providing a potential mechanistic explanation of the results seen in 

the preceding chapters. 

Table 7.  2 Level of changes in upregulated molecules expressed by 

macrophages and endothelial cell under hypoxia relative to normoxia 

Cell Molecule Responses to Hypoxia 

ECs 

CD309 ↑↑↑↑ 

CD54 ↑↑↑↑ 

CD105 ↑ 

Macrophages PDL-1 ↑↑ 

7.2 Hypoxia Responsible Elements (HREs) 

Hypoxia inducible factors (HIF) are a family of TFs regulating expression of genes that 

play a role in hypoxia tolerance. HIF is a heterodimeric transcription factor consisting 

of two major subunits, HIF-α (with three isoforms HIF-1α, HIF-2α and HIF-3α) and 

HIF-β, also known as Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT; 1β, 

2β and 3β) (367). Under normoxia, the α subunit is inactive and is present in the 

proteasome degradation pathway. Conversely, under hypoxia, the α-subunit is 

stabilised and accumulates in the cell, forming a dimer with the β-subunit when 

transferred to the nucleus (365, 368). The active complex of α-β subunit binds to the 

HRE motif in the target genes, as shown in Figure 1. 
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Figure 7.  1 Representation of HIF-signalling. Under normoxia, HIF-1α is 

hydroxylated by prolyl hydroxylase (PHD), ubiquitinated and degraded by the 

proteasome. Under hypoxia, HIF-1α binds with HIF-1β to form a heterodimer 

that locates to the nucleus and binds to HRE. Adapted from (365). 

The process of converting DNA to RNA involves a specific DNA region, or promoter, 

that initiates the process of transcription. A promoter region is comprised of protein 

binding sites and transcription start sites (TSS) (364). Promoter regions in many genes 

possess TFBSs including HREs, which are recognized by HIF under hypoxic conditions 

and enhance expression of genes that prevent/minimize hypoxia effects. Studies reveal 

the importance of HIFs during hypoxia in regulating expression of genes involved in 

apoptosis, differentiation, glucose homeostasis, cell proliferation, vascular 

permeability, angiogenesis and inflammation (369-374). HREs are frequently present 

in the enhancer or promoter region and the 3' untranslated regions of a gene (375). 

Several hypoxia-inducible genes have been reported to contain an HRE motif (5’-

RCGTG-3’) in conjunction with a hypoxia ancillary sequence (HAS) motif. The latter 

is described as C and A conserved in the first and second places, G or C in the third 

place, any purine base in the fourth place and T or G or C in the fifth place (i.e. 5’- 

CA(G|C)(A|G)(T|G|C)-3’) (376). Functionally active HREs typically contain a HAS 

motif within 7–15 nucleotides downstream of the HRE motif (376). 

Eukaryotes hold the basal transcriptional machinery of genes in their upstream 

promoter regions. A promoter is typically characterized as having core, proximal and 

distal elements (376, 377). The core promoter is located immediately upstream from 

the TSS. Further upstream is the proximal promoter region containing CpG islands and 

several motifs that bind a specific transcription factor (TF) to regulate gene expression 
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(378, 379). The distal promoter region is several kilobases from the TSS and comprises 

regulatory elements such as enhancers (upregulation), silencers (downregulation) and 

insulators (protective regulation). These regions include protein binding sites or TF 

binding sites (TFB) for TFs (380). The HRE element, when preceded by a C on 5′, like 

5′-CRCGTG-3′, forms enhancer box (E-box) binding sites, where TFs of the basic 

helix-loop-helix (bHLH) protein families bind (365, 376). 

7.2.1 HRE identification protocol in promoter regions 

The identification of promoters provides deep insight into genome organization. 

Promoters are usually identified through experimental techniques such as binding 

assays, ChiP-chip and ChiP-seq. Due to issues related to cost, time and labour in 

experimental methods, an alternative in silico approach can be adopted for the fast and 

reliable prediction of promoters in gene sequences. The core promoter region is usually 

30–100 nucleotides in length, characterized by the presence of sequence motifs such as 

the TATA box and the Inr element, where the basal transcription machinery assembles. 

The proximal promoter regions are characterized by the presence of the GC box, the 

CAAT box and cis-regulatory modules (CRM) within 500 base pairs relative to the 

TSS. Distal promoter regions are characterized by the presence of enhancers, insulators 

and silencers, which can extend up to 10 kb from the TSS in upstream and downstream 

regions. The mammalian promoter region is marked by the presence of TF binding 

elements and CpG islands (369). 

7.3 Transcription Factor Binding Sites 

Certain TFs are activated under hypoxia to regulate hypoxic responses. The TFs 

activated under hypoxia are: 

Nuclear factor kappa B: NF-κB is associated with inflammatory responses and is 

activated in macrophages during the early phase of hypoxia (381). NF-kB is reported 

to bind in the promoter region of HIF-1α in monocytes to induce its expression (382) 

and NF-kB and HIF-1α form a positive regulatory loop (383).  
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cAMP-response element binding protein: CREB was first identified to mediate gene 

expression downstream of cAMP signaling (384). Under prolonged hypoxia, CREB 

regulates the migration and invasion of cancer cells. Phosphorylation of CREB is 

induced by prolonged hypoxia to increase expression of genes involved in cell 

migration (385). 

Nuclear factor erythroid 2-related factor 2: Nrf2 regulates expression of antioxidant 

genes. Hypoxic conditions also induce expression and activity of Nrf2 when reactive 

oxygen species are produced. Under hypoxia, HIF-1α stabilization and expression of 

its target genes are reduced in Nrf2-knockdown (KD) cells, which indicates the critical 

role of Nrf2 in regulation of HIF-1α expression (386). Nrf2 signalling plays an essential 

role in activation of the HIF-1 response. Studies have revealed that the knockdown of 

Nrf2 is required for a reduction in HIF-1α at the post-translational level (387). 

Signal transducers and activators of transcription: TFs from the STAT family are 

activated by cytokine signaling (388). Under hypoxia, expression of STAT1, STAT3, 

and STAT5 is induced (389). Activation of STAT3 promotes cell survival and growth, 

while its inhibition leads to reductions in STAT3 and expression of target genes (390).  

Myc: The Myc transcription factor was discovered based on the homology between an 

avian virus oncogene (Myelocytomatosis) and cellular Myc which was observed to be 

over-expressed in human cancers (391). Myc induces expression of genes related to the 

regulation of cell growth, differentiation, death, angiogenesis and metabolism. HIF-1α 

is a negative regulator of Myc. Under hypoxia, overexpression of Myc promotes the 

cell cycle. Simultaneously, it increases expression of the proapoptotic genes, Noxa and 

Puma, that lead to cell death (386). Myc overexpression also promotes tumor metastasis 

and invasion (392, 393). 

7.4 Approach: Tools used to compare gene expression and identify promoter 

regions, HREs and HAS 

To demonstrate expression of the target genes across selected cancer types, an online 

automated robust database, FireBrowse, was used for graphical representation of the 

data set. FireBrowse is a publicly available platform for exploring cancer data through 
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a Representational State Transfer (REST) Application Programmable Interface (API). 

The database consists of more than 80K sample aliquots from 11,000+ cancer patients, 

spanning 38 unique disease cohorts. 

Target gene sequences were retrieved from the National Center for Biotechnology 

Information’s (NCBI) gene database (www.ncbi.nlm.nih.gov/gene) that consolidates 

gene-related information from several authentic resources into discrete records. Various 

gene-specific data are connected, encompassing optimal information of sequence 

accessions, nomenclature, genomic location and organization, gene products and their 

attributes, gene expression, interactions with other genes, pathways involved, 

homology, variation and phenotypic consequences, publications and useful links to 

databases internal and external to NCBI (394). The gene sequences were further 

annotated based on information retrieved through the NCBI Reference Sequence 

(RefSeq) database. The gene sequences were submitted to the Eukaryotic Promoter 

Database (EPD), an annotated non-redundant collection of experimentally 

characterized eukaryotic RNA polymerase II(POL II) promoters, to obtain promoter 

region sequences based on the TSS for further evaluation (395). 

Gene sequences with promoter sequences were further analyzed using the University 

of California at Santa Cruz (UCSC) Genome Browser (https://genome.ucsc.edu), a 

graphical viewer for exploring genome annotations primarily from human and mouse 

genomes. The Genome Browser includes regularly updated software, including new 

formats for chromosome interactions, a ChIP-Seq peak display for track hubs and 

improved support for HGVS. For annotation, gnomAD, TCGA expression, RefSeq 

Functional elements, GTEx eQTLs, CRISPR Guides and SNPpedia are also available 

for deep insight into a genome (394). 

The predicted promoter sequences were analyzed for TFBSs using PROMO Version 

3.0.2 software. PROMO is a virtual laboratory for the identification of putative TFBSs 

in DNA sequences from a species or groups of species of interest. PROMO constructs 

positional weight matrices from known TF binding sites in a species to search for 

matches in a DNA sequence (396). For each target gene, identified promoter sequences 

were loaded as the query sequence to search for potential binding sites. TFBS prediction 
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was carried out considering only human factors and only human sites. The methodology 

for identifying promoter regions and the presence of HREs in target gene sequences is 

shown in Figure 2. 

 

Figure 7.  2 Methodology adopted to identify promoter regions, TFBSs and HREs 

in promoter regions of the upregulated genes of interest 
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7.5 Results 

7.5.1 Gene Expression Analysis 

To better examine target gene expression status in various cancers (BRCA, COAD, 

COADREAD, LUAD, LUSC and MESO), the FireBrowse gene expression viewer was 

used to analyse expression data in the form of a boxplot graph, collected from various 

whole genome RNA-Seq studies. This approach detected expression of the target genes 

in the selected cancer types corresponding to tumour tissue, as shown in Figures 3-17. 

Therefore, the data show that human mesothelioma has the potential to express the 

molecules of interest at similar levels to the other cancers examined. 

 

Figure 7.  3 HLA-DR gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 

 

Figure 7.  4 CD206 gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 
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Figure 7.  5 CD309 gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 

 

Figure 7.  6CD54 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 

 

Figure 7.  7CD40 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 
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Figure 7.  8CD144 gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 

 

Figure 7.  9A2A-R gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 

 
Figure 7.  10CD105 gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 
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Figure 7.  11 CD163 gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 

 

 
Figure 7.  12 CD80 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 

 

 

Figure 7.  13 Gal-9 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 
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Figure 7.  14CD39 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 

 

 
Figure 7.  15 CD86 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 

 

 

Figure 7.  16 PDL1 gene expression status in BRCA, COAD, COADREAD, LUAD, 

LUSC and MESO 
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Figure 7.  17 CD146 gene expression status in BRCA, COAD, COADREAD, 

LUAD, LUSC and MESO 

 

7.5.2 HRE & Hypoxia related TFBSs 

7.5.2.1 HRE 

The preceding chapters showed that CD309, CD54, CD105 in ECs, and PD-L1 in 

macrophages were up-regulated under hypoxia. Therefore, human genes for these 

molecules were investigated for the presence of functionally active HRE in their 

promoter regions. Promoter regions upstream of TSS were examined for the presence 

of HRE motifs (5`-RCGTG-3`) and HASs motifs (5`-CA(G|C)(A|G)(T|G|C)-3`). 

Putative HREs were identified based on a match to the consensus HRE motif 5’-

RCGTG-3’ and then the region immediately downstream was scanned for the presence 

of a HAS motif: 5’-CA(G|C)(A|G)(T|G|C)-3’in order to identify functionally active 

HRE.  

VEGFR2/CD309, regulates endothelial cell migration and proliferation and plays a 

direct role in normal and pathological vascular permeability (266). Therefore, 

activation of CD309 by VEGF is a crucial step in signaling pathways that initiate 

tumour angiogenesis (267).  
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As shown in Figure 18, the CD309 gene is Homo sapiens kinase insert domain receptor 

(KDR), which corresponds to NCBI reference sequence NM_002253.3. The RefSeq 

gene transcript is 5849 nt in length and consists of 30 exons. The coding sequence, 

(highlighted in grey) starts from position 303 with the start codon “ATG” (highlighted 

in green) and ends at position 4373 with the stop codon “TAA” (highlighted in red). 

The signal peptide is encoded by nucleotides 303 to 359 (light grey). The first exon 

runs from nucleotides 1 to 369 and the first exon junction is highlighted in blue. The 5` 

UTR and 3’ UTR are underlined and the TSS site at position 1 is shown in bold. The 

predicted promoter sequence of 2000 nucleotides is placed before the TSS, where HREs 

are highlighted in turquoise and the adjacent HAS in pink.  

Examination of the promoter region of CD309 through in silico techniques revealed the 

presence of HREs 5` upstream from TSS at -1195 with an adjacent HAS within 21 

nucleotides. However, the identified HREs are considered functionally inactive since 

HAS is not located within the range of 7–15 nt from HREs. The other HRE located 5` 

upstream from TSS at -867 is preceded by “C” and has an adjacent HAS within 21 

nucleotides turning it into E-box, as shown in Figure 18.  
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Figure 7.  18 The CD309 gene and its annotation indicating the promoter region, 

HRE, HAS, TSS and the coding region 

CD54: CD54 plays a central role in EC migration (224), cell–cell adhesive 

engagements, activation of lymphocytes, leukocyte trafficking, and numerous 

additional immune functions (225, 226). As shown in Figure 19, the CD54 gene is 

Homo sapiens intercellular adhesion molecule 1 (ICAM1), which corresponds to NCBI 

reference sequence NM_000201.3. The RefSeq gene transcript is 2967 nt in length and 

consists of 7 exons. The coding sequence (highlighted in grey) starts from position 41 

with the start codon “ATG” (highlighted in green) and ends at position 1639 with the 
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stop codon “TGA” (highlighted in red). The signal peptide is encoded by nucleotides 

42 to 121 (light grey). The first exon runs from nucleotides 1 to 107 and the first exon 

junction is highlighted in blue. The 5` UTR and 3’ UTR are underlined and the TSS 

site at position 1 is shown in bold. The predicted promoter sequence of 2000 nucleotides 

is placed before the TSS, where HREs are highlighted in turquoise and adjacent HASs 

in pink.  

Analysis of the data shows two HREs with HASs in proximity in the promoter region 

of CD54 gene. One HRE is 5` upstream from TSS at -651 and has an adjacent HAS 

within 23 nucleotides. The other HRE is 5` upstream from TSS at -1073, with an 

overlapping HAS within 21 nucleotides (Figure 19). However, similar to CD309, the 

HREs in CD54 are also not functionally active because the HASs are located beyond 8 

nt and 6 nt respectively from the functionally active HRE position.  
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Figure 7.  19 CD54 gene and its annotation indicating the promoter region, HRE, 

HAS, TSS, and coding region 

CD105: In hypoxic ECs, CD105 induces an anti-apoptotic pathway which prevents 

apoptosis and promotes angiogenesis (285). As shown in Figure 20, the CD105 gene is 

Homo sapiens endoglin (ENG), which corresponds to NCBI reference sequence 

NM_001114753.3. The RefSeq gene transcript is 2946 nt in length and consists of 15 

exons. The coding sequence (highlighted in grey) starts from position 304 with the start 



 

170 

 

codon “ATG” (highlighted in green) and ends at position 2280 with the stop codon 

“TAG” (highlighted in red). The signal peptide is encoded by nucleotides 304 to 378 

(light grey). The first exon runs from nucleotides 1 to 37 and the first exon junction is 

highlighted in blue. The 5` UTR and 3’ UTR are underlined and the TSS site at position 

1 is shown in bold. The predicted promoter sequence of 2000 nucleotides is placed 

before the TSS, where HREs are highlighted in turquoise and adjacent HASs in pink.  

The promoter region in the CD105 gene, contains two HREs. One HRE is 5` upstream 

from TSS at -472 and another at -642. A third HRE was present 5` upstream from TSS 

at -1049 and is preceded by “C”, forming an E-box to allow binding of bHLH proteins, 

as shown in Figure 20. There are no functionally active HRE in CD105 due to absence 

of HASs near HREs.  
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Figure 7.  20 CD105 gene and its annotation indicating the promoter region, HRE, 

HAS, TSS and coding region. 

PD-1 and PD-L1: As shown in Figure 21, the PD-L1 gene is Homo sapiens CD274, 

which corresponds to NCBI reference sequence NM_014143.4. The RefSeq gene 

transcript is 3634 nt in length and consists of 7 exons. The coding sequence (highlighted 

in grey) starts from position 70 with the start codon “ATG” (highlighted in green) and 
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ends at position 940 with the stop codon “TAA” (highlighted in red). The signal peptide 

is encoded by nucleotides 70 to 123 (light grey). The first exon runs from nucleotides 

1 to 155 and the first exon junction is highlighted in blue. The 5` UTR and 3’ UTR are 

underlined and the TSS site at position 1 is shown in bold. The predicted promoter 

sequence of 2000 nucleotides is placed before the TSS. Increased hypoxia enhances 

interactions between PD-1 and PD-L1 and inhibits CTLs (91). Although expression of 

PD-L1 increased on macrophages under hypoxia, the presence of HREs was not 

detected, therefore, other TFBSs associated with hypoxia were examined, as shown in 

Figure 21. 
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Figure 7.  21 PD-L1 gene and its annotation indicating the promoter region, HRE, 

HAS, TSS, and coding region 
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As no active HREs were found in any of the genes of interest, they were further 

investigated for presence of binding sites for other TF related to hypoxia in order to 

identify a potential mechanism that could account for their upregulation on ECs and 

macrophages when under hypoxia.  

 

7.5.2.2 Identifying NF-kB, STAT, Myc, cMyb, HIF1, CREB and Nrf2 binding sites 

Essential TFs associated with hypoxia were investigated in the promoter regions of the 

target genes, CD309, CD54, CD105 and PD-L1, for specific binding sites using 

bioinformatic tools. PROMO tool analyses revealed TFs binding in the promoter region 

of target genes. The output from PROMO describes each TF binding site in detail and 

includes information such as: TF name and TRANSFAC database accession number, 

the start and end positions of the putative binding sequences, dissimilarity in percent 

(which indicates the rate of dissimilarity between the putative and consensus sequences 

for a given TF), nucleotide sequence of the potential binding site and, based on the 

dissimilarity index, the Random Expectation (RE) value, which shows the expected 

occurrences of the match in a random sequence of the same length as the query 

sequence. RE equally assumes equiprobability for the four nucleotides and RE 

query assumes nucleotide frequencies as in the query sequence. Following the 

annotations in the TRANSFAC gene entries, the regulatory regions of the genes also 

show a graphical representation of different sites to provide users the best predicted 

TFBSs (397, 398).  

At first, transcription regulators in the promoter region of the CD309 gene within a 

dissimilarity margin less or equal than 15 % using PROMO (V. 3.0.2) software were 

identified, as shown in Figure 22. The TANSFAC database accession number shown 

in brackets with each of the predicted TF in the promoter region of CD309 provides the 

nucleotide sequence for TF binding sites (Figure 23). Then all hypoxia related TFs were 

studied to determine their number of binding sites and their sequences (listed in Table 

7.3) in the CD309 promoter region, Hypoxia related TFBSs for HIF1, CREB, and Nrf2 

were not detected in CD309. However, four NF-kappaB1, fourteen STAT4, five 
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STAT1B, one STAT5A, one cMyc, and seventeen cMyb binding sites were detected in 

the CD309 promoter region, indicating their potential role in CD309 upregulation under 

hypoxia, as found in the previous chapter of in vitro studies.  

 

 

Figure 7.  22 Transcription regulators identified in the promoter region of the 

CD309 gene using PROMO (V. 3.0.2) software 

Each TF is provided with a TRANSFAC database accession number for obtaining 

binding site sequences. 76 TFs were identified to have binding sites in the CD309 

promoter region, including hypoxia related TFs such as NF-kappaB1, STAT4, 

STAT1beta, STAT5A, c-Myc, and c-Myb .however, binding sites related to hypoxia 

were focussed upon, therefore, only  hypoxia related TFs and their binding sequences 

were extracted and are shown in Figure 23. Table 7.3 highlights nucleotide sequences 

of the identified hypoxia related TFs in the promoter sequences of the target genes.  
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Figure 7.  23 Nucleotide sequences for hypoxia related TFBS in the CD309 

promoter region 

Nucleotide sequences for STAT1B binding sites are highlighted in a grey box with a 

grey border, nucleotide sequences for STAT4 binding sites are in blue text,  nucleotide 

sequences for STAT5 binding site are highlighted in green, nucleotide sequences for 

NF-kB1 are highlighted in yellow, nucleotide sequence for c-Myb are highlighted in 

light-purple with a purple border, and nucleotide sequences for c-Myc are highlighted 

in cyan. Note: Certain TFBS overlap as highlighted in the promoter sequence. 
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Table 7.  3 Prediction of hypoxia related transcription regulators and their binding 

sites in CD309 using Promo software 

CD309 

NF-kappaB1 STAT4 STAT1beta STAT5A c-Myc c-Myb 

TGTCACTCC

CC 
GGAAGT 

GCTTGGAA

AA 

GAGTTTCTTT

AAA 
CACGTG GAACTGTA 

TGGAGTTC

CCC 
GGAATT 

TTTTCCAAA

A 
  AAACTGCC 

TGATGCTC

CCC 
GGTTCC 

ACTTGGAA

AA 
  CAACTTTG 

GGGGACCG

GCA 
GGAAGA 

TTTGGGAA

AT 
  AGGAGTTT 

 GGAAGG 
GTGGGGAA

AT 
  CAACTTGG 

 GGAAAA    TGAAGTTA 
 GGAAAC    TGGAGTTC 
 TTTTCC    GACAGTTG 
 GGAACG    AAACTTTC 
 AGTTCC    AAACTTGG 
 CCTTCC    GAACTGGG 
 GGAAGC    AAACTACA 
 GGAAAT    AAACTACT 
 GGAATG    AAACTGCT 
     TGGAGTTG 
     CAAAGTTG 
     TCCAGTTG 

 

Similarly, PROMO (V. 3.0.2) software was used to detect TFs in the promoter region 

of CD54 gene, as shown in Figure 24. A number of binding sites for hypoxia related 

TFs along with their sequences were identified (Figure 25), as listed in Table 4. 

Hypoxia related TFBSs for HIF1, CREB, and Nrf2 were not detected in CD309. 

However, two NF-kappaB,three NF-kappaB1, twenty STAT4, twelve STAT1B, one 

STAT5A and five c-Myb binding sites were detected in the CD54 promoter region.  
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Figure 7.  24 Transcription regulators identified in the promoter region of the 

CD54 gene using PROMO (V. 3.0.2) software 

Each TF is provided with a TRANSFAC database accession number for obtaining 

binding site sequences. 77 TFs were identified to have binding sites in the CD54 

promoter region, including hypoxia related TFs such as NF-kappaB, NF-kappaB1, 

STAT4, STAT1beta, STAT5A, and c-Myb. However, binding sites related to hypoxia 

were focussed upon, therefore, only  hypoxia related TFs and their binding sequences 

were extracted and are shown in Figure 25. Table 7.4 highlights nucleotide sequences 

of the identified hypoxia related TFs in the promoter sequences of the target genes. 
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Figure 7.  25 Nucleotide sequences for hypoxia related TFBS in the CD54 

promoter region 

Nucleotide sequences for STAT1B binding sites are highlighted in a grey box with a 

grey border, nucleotide sequences for STAT4 binding sites are in blue text,  nucleotide 

sequences for STAT5 binding site are highlighted in green, nucleotide sequences for 

NF-kB are highlighted in light-orange, nucleotide sequences for NF-kB1 are 

highlighted in yellow, and nucleotide sequences for c-Myb are highlighted in light-

purple with a purple border. Note: Certain TFBS overlap as highlighted in the promoter 

sequence.  
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Table 7.  4 Prediction of hypoxia related transcription regulators and their 

binding sites in CD54 using Promo software 

CD54 

NF-kappaB NF-kappaB1 STAT4 STAT1beta STAT5A c-Myb 

AGGATTTT

CCCA 

GGGGCGTC

CCC 
TGTTCC 

TTTTCCCAG

G 

CTTTTTCTG

GGAG 

GAACTCC

T 

TGGGAATG

ACCG 

CGAGCGTC

CCC 
GGAATT 

CCGTGGAAA

T 
 TCGAGTT

G 

 
GGGGAGGG

GCA 
CATTCC 

CGGGGGAA

AT 
 CTCAGTT

T 

  GGAAGG 
AACAGGAA

AG 
 GGAAGTT

G 

  GGAACC 
GTTTCCCAG

C 
 TAACTGC

A 

  GGAAGA 
GTTTCCCCG

C 
  

  TTTTCC 
ATTTCCCCG

G 
  

  CGTTCC 
GCCGGGAA

AC 
  

  GGAAAT 
GCTTGGAAA

T 
  

  AATTCC 
GTCCGGAAA

T 
  

  GGAATG 
GTTTCCGGG

A 
  

  CCTTCC 
TCCGGGAAA

G 
  

  GCTTCC    

  GGAAAG    

  GTTTCC    

  GGAAGC    

  ATTTCC    

  GATTCC    

  GGAAGT    

  GGAAAC    

 

TFs were also discovered in the promoter region of the CD105 gene, as shown in Figure 

25. Nucleotide sequences for binding sites for the TFs retrieved through the 

TRANSFAC database accession number provided each identified TF in the CD105 

promoter region as shown in Figure 27. Binding sites for hypoxia related TFs were also 

identified, as listed in Table 7.5. TFBSs for two NF-kappaB,one NF-kappaB1, eleven 
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STAT4, six STAT1B, one c-Myc, ten c-Myb, and one CREB were present in the 

CD105 promoter region.   

 

Figure 7.  26 Transcription regulators identified in the promoter region of the 

CD105 gene using PROMO (V. 3.0.2) software. 

Each TF is provided with a TRANSFAC database accession number for obtaining 

binding site sequences. 77 TFs were identified to have binding sites in the CD105 

promoter region, including hypoxia related TFs such as NF-kappaB, NF-kappaB1, 

STAT4, STAT1beta, c-Myc, c-Myb, and CREB. However, binding sites related to 

hypoxia were focussed upon, therefore, only hypoxia related TFs and their binding 

sequences were extracted and are shown in Figure 27. Table 7.5 highlights nucleotide 

sequences of the identified hypoxia related TFs in the promoter sequences of the target 

genes. 
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Figure 7.  27 Nucleotide sequences for hypoxia related TFBS in the CD105 

promoter region 

Nucleotide sequences for STAT1B binding sites are highlighted in a grey box with a 

grey border, nucleotide sequences for STAT4 binding sites are in blue text,  nucleotide 

sequences for NF-kB are highlighted in light-orange, nucleotide sequences for NF-kB1 

are highlighted in yellow, nucleotide sequences for c-Myb are highlighted in light-

purple with a purple border, nucleotide sequences for c-Myc are highlighted in cyan, 

and nucleotide sequences for CREB is highlighted in dark purple with a white text. 

Note: Certain TFBS overlap as highlighted in the promoter sequence 
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Table 7.  5 Prediction of hypoxia related transcription regulators and their 

binding sites in CD105 using Promo software 

CD105 

NF-kappaB NF-kappaB1 STAT4 STAT1beta c-Myc c-Myb CREB 

TGGGACTT

CCCT 

GGGGACTGT

CA 
GCTTCC 

GTTTCCTG

CT 

CACGT

G 

AAACT

ATC 

CGCACG

TCA 

TGAAAGTT

CCCC 
 GTTTCC 

CTTTCCTC

AC 
 GAACT

CTC 
 

  CTTTCC 
TTTTCCAC

CC 
 CAACT

CAC 
 

  GATTCC 
TTTTCCTG

CC 
 GACAG

TTT 
 

  GGAAG

C 

GTTTCCTC

AT 
 TAACT

TTT 
 

  GGAAG

G 

ATTTCCTG

CC 
 GAACT

CCT 
 

  TTTTCC   TTCAG

TTT 
 

  ACTTCC   CAACT

GCA 
 

  GGAAC

T 
  GAACT

ACT 
 

  AGTTCC   GAAAG

TTC 
 

  ATTTCC     

 

Various TFs were discovered in the promoter region of the PD-L1 gene, as shown in 

Figure 28. Details of binding sites including number and sequence for hypoxia related 

TFs are listed in Table 7.6 and Figure 29. PD-L1 showed one NF-kappaB, twelve 

STAT4, seven STAT1B, three STAT5A, and twenty-five c-Myb binding sites in the 

promoter region. 
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Figure 7.  28 TFBSs identified in the promoter region of the PD-L1 using PROMO 

(V. 3.0.2) software. 

 

Each TF is provided with a TRANSFAC database accession number for obtaining 

binding site sequences. 77 TFs were identified to have binding sites in the PD-L1 

promoter region, including hypoxia related TFs such as NF-kappaB, STAT4, 

STAT1beta, STAT5A, and c-Myb. However, binding sites related to hypoxia were 

focussed upon, therefore, only hypoxia related TFs and their binding sequences were 

extracted and are shown in Figure 29. Table 7.6 highlights nucleotide sequences of the 

identified hypoxia related TFs in the promoter sequences of the target genes. 

 



 

187 

 

 

Figure 7.  29 Presentation of the nucleotide sequences for the hypoxia related 

TFBS in the promoter region of PD-L1. 

Nucleotide sequences for STAT1B binding sites are highlighted in a grey box with a 

grey border, nucleotide sequences for STAT4 binding sites are in blue text,  nucleotide 

sequences for STAT5 binding sites are highlighted in green, nucleotide sequences for 

NF-kB are highlighted in light-orange, and nucleotide sequences for c-Myb are 

highlighted in light-purple with a purple border.  
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Table 7.  6 List of hypoxia related TFBSs in the promoter region of PD-L1 using 

PROMO software 

PD-L1 

NF-kappaB STAT4 STAT1beta STAT5A c-Myb 

TGGGAAGTTC

TT 
GGAAAA 

TATGGGAAA

A 

TTATCAGAAAGG

G 
GGTAGTTG 

 GGAAAG 
GGTGGGAAA

G 

GCCTTTCTGATA

A 
CAACTTTA 

 AATTCC TTTTCCTAGA 
TTACAAGAAAAC

T 
CCCAGTTT 

 TTTTCC 
ATTTCCCAG

A 
 CCAAGTTA 

 GGAAGT 
AGAAGGAAA

G 
 TAACTCAG 

 GGAACT ATTTCCTATT  GCTAGTTA 

 GGAACA 
GTCAGGAAA

G 
 GCCAGTTG 

 ATTTCC   GAACTAGC 
 GGAAGC   TAAAGTTT 
 GCTTCC   AAACTTGT 
 TCTTCC   AAACTGTA 
 TATTCC   CAAAGTTG 
    CAACTTCG 
    GAACTTTG 
    AAACTTAC 
    GAACTCCA 
    GAACTGCA 
    TGCAGTTG 
    AGGAGTTC 
    AGAAGTTC 
    GGAAGTTC 
    TGAAGTTT 
    TCAAGTTA 
    AAACTGGA 
    AAACTGAA 
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7.6 Discussion 

Most tumours, including mesothelioma, are associated with decreased oxygen supply, 

resulting in regions of hypoxia (399, 400). To survive tumour cells respond to hypoxia 

by secreting soluble factors that interact (cross talk) with ECs to form new blood vessels 

and increase local oxygen supply. To regulate a hypoxic response, specific transcription 

and splicing factors are activated that assist cell survival. Several studies have revealed 

that mesothelioma aggressiveness is determined by hypoxia (400), and the in 

vitrostudies in this thesis show that ECs and macrophages associated with the 

mesothelioma microenvironment (via exposure to TCM) respond to hypoxia by 

modulating surface expression of certain molecules. This in silico study confirms 

expression of the target genes among human cancers related to mesothelioma, such as 

colon adenocarcinoma (COADREAD), colorectal adenocarcinoma (COAD), lung 

adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC) and breast invasive 

carcinoma (BRCA). 

The in silico studies aimed to identify mechanisms that could account for upregulation 

of the molecules seen in mesothelioma-exposed ECs and macrophages under hypoxia. 

A study of HREs and HASs was conducted to identify functionally active HREs in 

promoter regions of genes observed to be upregulated in the in vitro studies. As TFs 

such as HIF, STAT, NF-kB, CREB, Myc and Nrf2 play a crucial role in hypoxic 

responses (386) an additional in silico study was conducted to identify TF binding sites 

in promoter regions of the target genes.  

Two HREs with adjacent HASs were identified in CD309 however, neither HRE was 

functionally active. In contrast, another HRE was found that contained an adjacent HAS 

within 21 nucleotides at -867 position 5’ upstream from TSS, and is preceded by ‘C’, 

turning it into an E-box allowing binding of TFs from the bHLH protein family. Hence, 

these in silico techniques show that the promoter region of CD309 presents TF binding 

sites for NF-kB1, STAT4, STAT1B, STAT5A c-Myb and c-Myc to enable cellular 

responses to hypoxia. These observations provide a mechanism for results seen in the 

in vitro data from Chapter 4, which show upregulation of CD309 in tumour-exposed 

ECs due to hypoxia. Furthermore, HIF and VEGF pathway analyses revealed that the 
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HIF-1  subunit is stabilised to interact with coactivators that modulate its 

transcriptional activity to regulate hypoxia-inducible genes under hypoxia. Thus, higher 

VEGF levels, secreted by hypoxic mesothelioma cells, bind CD309 on hypoxic ECs to 

mediate EC proliferation and angiogenesis. CD309 stimulates NF-kB1 under hypoxia 

(401, 402), as shown in Figure 30. This implies that the upregulation of CD309 seen in 

Chapter 4 on mesothelioma-exposed ECs under hypoxia is mainly controlled by NF-

kB, STAT4, STAT1B, STAT5A c-Myb and c-Myc TFs because their binding sites are 

predicted in the CD309 promoter region. Furthermore, indirect activation of NF-kB 

through the VEGF signalling pathway via activation of HIF may also upregulate CD309 

expression (403-407). High levels of CD309 expression by ECs under hypoxia may 

result in their proliferation and induction of vascular permeability, a feature of tumour 

blood vessels (408).  

 

Figure 7.  30 Schematic representation of in silico analyses of TFs and the VEGF 

signalling pathway: NF-kB, STAT1B, STAT4, STAT5, c-Myb and c-Myc are 

hypoxia-related TFs that have a corresponding binding site in the promoter 

region of CD309. VEGFR shows activation of NF-kB1 under hypoxia. 

 

The in vitro results showed an increase in CD54/ICAM expression by mesothelioma-

exposed ECs under hypoxia, which was further elevated when these ECs were 

stimulated by the TLR7/8 agonist, VTX-2337. The in silico analyses detected four non-

functionally active HREs, as well as binding sites for the hypoxia-related TFs, NF-kB, 

NF-kB1, STAT4, STAT1B, STAT5A and c-Myb, in the CD54 promoter region (Figure 

31C). The results correspond with previous findings of CD54 upregulation under 
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hypoxia (409). The response to VTX-2337 under hypoxia may be because VTX-2337 

activates the myeloid differentiation primary response gene 88 (MyD88) via TLR7 and 

8 (410-412) which activates NF-kB and c-Jun. Activation of NF-kB involves MyD88 

binding to interleukin-1 receptor-associated kinases (IRAK), which in turn binds TNF 

receptor-associated factor 6 (TRAF6) which directly binds TAK1 (MAP3K7) or 

TAB1/TAB2 to phosphorylate IKK-beta, leading to NF-kBactivation  (11; shown in 

Figure 31B). The NF-kB binding site is present in the CD54 promoter region suggesting 

that under hypoxia, mesothelioma-exposed ECs upregulate CD54 expression leading 

to their survival under hypoxic conditions, VTX-2337 further promotes this response. 

 

Figure 7.  31 Schematic representation of the in silico analysis of TLR7/8-VTX-

2337 signalling pathway: NF-kB, NF-kB 1, STAT1B, STAT4, STAT5 and c-Myb 

are hypoxia-related TFs with corresponding binding sites in the CD54 promoter 

region. NF-kB activation is mediated by VTX-2337 under hypoxia. 

 



 

192 

 

Previous studies have demonstrated that VEGF is responsible for the upregulation of 

CD54 (413, 414). The in silico study and pathway analysis illustrate that, under 

hypoxia, HIF stimulates VEGF binding to VEGFR to promote activation of NF-kB1 in 

the same manner as described in Figure 30 for CD309. Another mechanism by which 

hypoxia upregulates CD54 is through HIF1α-Arg-II-mitochondrial reactive oxygen 

species (ROS). Hypoxia inhibits the interaction of HIF-PHD and leads to the 

accumulation and stabilisation of an HIF-α subunit to initiate transcription of hypoxia-

driven target genes (415). Hypoxia stimulates Arg-II protein levels in ECs. HIF-1α 

regulates Arg-II, which induces upregulation of ICAM-1 under hypoxia in ECs (409), 

as shown in Figure 32. 

 

Figure 7.  32 Schematic description of the role of HIF 1α, Arg-II and 

mitochondrial ROS in the upregulation of ICAM-1 (CD54). Adapted from(409). 

 

The in silico study and signalling pathways analyses suggest that CD54 upregulation 

under hypoxia is mainly due to NF-kB, NF-kB1, STAT4, STAT1B, STAT5A and c-

Myb activation on account of the presence of their binding sites in the CD54 promoter 

region. Additionally, upregulation of CD54 was observed by activation of HIF-1α 

under hypoxia through the HIF-1α-Arg-II mitochondrial ROS pathway. CD54 

upregulation in blood vessels represents a double-edged sword, as it could promote 

adhesion of infiltrating leukocytes in mesothelioma to mediate tumour regression (321), 

however it could also suppress dendritic cell maturation (322) and/or promote tumour-

endothelial cell adhesion and metastases (323, 324). 

The in vitro findings also showed increased CD105 (Endoglin) expression by 

mesothelioma-exposed ECs under hypoxia; this is in agreement with Li et al. who 

reported an increase in CD105 expression induced by hypoxia (285). The in silico study 

revealed three non-functionally active HREs in the CD105 promoter region. One HRE 
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was 5’ upstream from TSS at -472, and another was at -642. A third HRE was present 

5’ upstream from TSS at -1049 and preceded by a ‘C’, forming an E-box to allow 

binding of bHLH proteins, as shown in Figure 20. Moreover, the in silico study 

demonstrated binding sites for NF-kB, NF-kB1, STAT4, STAT1B, c-Myc and CREB 

in the CD105 promoter region.  

CD105or Endoglin is particularly interesting as it is a type I transmembrane protein 

reported to induce activation and proliferation of ECs (416). It has been reported that 

VEGF overexpression is associated with increased CD105 expression (417, 418). The 

in silico study and VEGF signalling pathway analyses describe how the interaction of 

VEGF–VEGFR activates NF-kB1 (Figure 30), whose binding sites are located in the 

promoter regions of CD105 and CD309. The analysis postulates upregulation of CD105 

under hypoxia due to activation of NF-kB, NF-kB1, STAT4, STAT1B, c-Myc and 

CREB TFs and their binding sites in the CD105 promoter region (Figure 33). High 

expression of CD105 protects hypoxic ECs from apoptosis because hypoxia can induce 

cell-cycle arrest in the G1 phase of many cells, including ECs (288, 329).  

 

Figure 7.  33 NF-kB, NF-kB 1, STAT1B, STAT4, c-Myc, c-Myb and CREB are 

hypoxia-related TFs that have a corresponding binding site in the promoter 

region of CD105. 

The in vitro study revealed increased expression of PD-L1 on mesothelioma-exposed 

macrophages under hypoxia. Moreover, PD-L1expression was further elevated upon 

stimulation by the combination of IL-2 with an agonist α-CD40 antibody under 
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hypoxia. In contrast, under normoxia, PD-L1 expression remained unaffected by IL-

2/α-CD40 stimulation. No HREs were detected in the PDL-1 promoter region. 

However, in silico analyses revealed the presence of binding sites for hypoxia-related 

TFs (NF-kB, STAT1B, STAT4, STAT5 and c-Myb) in the PD-L1 promoter region, 

shown in Figure 34C.  

Pathway analyses provide a possible explanation of the role of IL-2 and α-CD40 in 

activation of the hypoxia-related TFs, NF-kB, STAT1B and STAT5 (Figure 30 B). 

 

Figure 7.  34 Schematic representation of (A) hypoxia-induced activation of 

hypoxia-related TFs. (B) IL-2 activates NF-kB and stimulates JAK1 to 

phosphorylate STAT1B and STAT5. IL-2 stimulates JAK3 to phosphorylate 

STAT5. CD40L binds to CD40 to stimulate TRAFs to activate NF-kB, which also 

activates JAK3 to phosphorylate STAT5. (C) Hypoxia-related TFBSs in the 

promoter region of PD-L1. 

 

CD40L binds to CD40 to engage TNFR-associated factors (TRAFs) to the cytoplasmic 

domain of CD40 (419). TRAFs activate various signalling pathways, including NF-kB, 
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mitogen-activated protein kinases (MAPKs), phosphoinositide 3-kinase (PI3K) and the 

phospholipase Cγ (PLCγ) (419). The cytoplasmic domain of CD40 may also directly 

bind the Janus family kinase 3 (Jak3) to phosphorylate STAT5 (420, 421). These 

complex pathways are shown to induce signals that initiate diverse cellular processes 

through CD40 whilst phosphorylation of STAT induces expression of PD-L1 (27). 

IL-2 signalling is mediated by a multichain IL-2 receptor complex (IL-2Rα, IL-2Rβ, 

IL-2Rγ) (422). IL-2 binds IL-2R to activate Janus kinases-1 and -3 (JAK1 and JAK3). 

The cytoplasmic domain of the IL-2R is phosphorylated to provide docking sites for 

JAK1 and JAK3 (423). JAK3 autophosphorylates and provides docking sites for TF-

STAT5. Phosphorylation instigates dimerisation and nuclear translocation of STAT5 

complexes to foster transcription of specific target genes (424, 425). Downstream of 

JAK1, the IL-2 receptor complex binds spleen tyrosine kinase (Syk) (426). Activated 

Syk induces expression of the c-Myc gene (427). Lymphocyte-specific protein tyrosine 

kinases (Lck) are activated downstream of JAK3, which are required for induction of 

c-Myc genes (428). IL-2 receptor signalling also activates phosphatidylinositol 3-

kinase (PI3K reg class IA (p85)/ PI3K cat class IA), which catalyses phosphorylation 

of phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3), which in turn recruits 

AKT to the cell membrane. AKT signalling upregulates I-kappaB (I-kB) degradation 

via phosphorylation of I-kB kinase alpha (IKK-alpha) to stimulate NF-kB activity, 

which allows transcription of NF-kB target genes (429-431). 

Thus, the IL-2 and CD40 signalling pathway analyses revealed activation of the 

hypoxia-related TFs NF-kB, STAT1B and STAT5, whose binding sites are located in 

the PD-L1 promoter region, suggesting their role in further upregulation of PD-L1 

expression under hypoxia. 

Conclusion  

This study showed that genes expressed by macrophages and ECs could be modulated 

by a human hypoxic mesothelioma microenvironment. In vivo expression of the target 

genes in human mesothelioma and other cancer types suggests an important 

relationship between the target genes, tumour development and responses to 
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immunotherapy. The presence of binding sites for essential TFs related to hypoxia in 

the CD309, CD54, CD105 and PD-L1 genes on ECs and/or macrophages provides a 

plausible underlying mechanism for their upregulation in the hypoxic mesothelioma 

microenvironment, as depicted in the pathway analyses. These in silico analyses 

provide deeper insight into the presence of hypoxia-related TF binding sites in the 

promoter regions of molecules that were elevated under hypoxic conditions on 

mesothelioma-exposed macrophages and ECs. The in vitro studies confirmed that 

upregulation of the target genes on ECs and/or macrophages is due to the influence of 

mesothelioma-derived factors (whose key function is cellular cross talk) together with 

hypoxia. The activation of hypoxia-related TFs via presence of their binding sites in 

promoter regions of the target genes. may help identify novel targets and possible 

combination treatments for mesothelioma. 
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CHAPTER 8 

FINAL DISCUSSION 

 

Our laboratory has promising preclinical data showing that IL-2/CD40-based 

immunotherapy can induce the regression of large mesothelioma tumours in mice. 

VTX-2337 has also produced promising results in preclinical models.  Our research 

group (246) and others (114) have shown that a large proportion of the mesothelioma 

tumour microenvironment consists of macrophages, and this thesis considered the 

possibility that oxygenation levels can modify the functional status of macrophages. 

Similarly, ECs play a key role in tumour development, and they may also be influenced 

by different levels of oxygen. Therefore, the ultimate goal of this study was to 

understand the effect of these drugs on two key components of tumour development – 

macrophages and ECs – due to the major roles they play in tumour growth and drug 

resistance. It is also possible that oxygenation levels influence the soluble factors 

secreted by tumour cells, macrophages and/or ECs and therefore alter the in situ cross 

talk between the three cell types during tumour growth and in response to therapy. 

It is known that the results of animal models may not translate into successful human research.  

Therefore, this project was designed: (1) to examine the crosstalk between 

mesothelioma tumour cells, macrophages and ECs in 2D cell culture monolayers and 

in a 3D co-culture system under normoxic (20% O2) and hypoxic (2% O2) conditions; 

and (2) to investigate cellular responses to immunotherapies (IL-2, α-CD40, IL-2/α-

CD40 and VTX-2337). However, because attempts to develop a 3D multicellular 

spheroid model had limited success, only results between the normoxic and hypoxic 

2D cell culture monolayers are discussed. 

The results of this study confirm that normoxia and hypoxia significantly affect 

macrophages and ECs. However, it is still necessary to validate that the molecular 

differences seen in response to immunotherapies are biologically relevant by using in 

vivo models and developing 3D multicellular spheroid models that closely mimic the 

in vivo tumour microenvironment. 
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The effects of normoxic and hypoxic induced mesothelioma-derived factors on 

macrophages  

Hypoxic environments are formed in tumours as they advance and macrophages are 

recruited and accumulate in hypoxic regions of tumours (7). Burt et al. showed that 

macrophages comprise approximately 27% of human malignant pleural mesothelioma 

cellularity and express high levels of HLA-DR, CD163 and CD206 and low or modest 

levels of CD80 and CD86 (114). 

This study demonstrated that HLA-DR is downregulated in human macrophages 

regardless of oxygenation levels in response to mesothelioma-derived factors. This 

indicates that mesothelioma-derived factors impair the ability of tumour-associated 

macrophages to present antigen to CD4+ T cells regardless of disease stage. However, 

this defect is further pronounced under hypoxic conditions. Hegmans, et al. reported 

that human MM tumours contain effector CD4+ T cells, as well as a significant number 

of regulatory T cells (432). Additionally, our group (Jackaman et al.) showed that small 

numbers of tumour-infiltrating CD4+ T cells were activated in tumour-bearing mice 

(433). Taken together, these data suggest that macrophages in mesothelioma might be 

crucial for activating CD4+ T cells enabling them to exert their effector function locally 

in mesotheliomas. 

The results also reveal that mesothelioma compromises the ability of macrophages to 

provide costimulatory signals for T cell activation through reduced CD40 and CD86. 

However, CD80 was increased under normoxia and remained unchanged under 

hypoxia. The further reduction of CD86 under hypoxia suggests that mesothelioma 

tumours may confound the ability of macrophages to stimulate tumour-specific T cells 

that have penetrated the tumour microenvironment. These findings partly agreed with 

the results reported by Burt et al. in which macrophages in mesothelioma patients were 

shown to express low or modest levels of CD80 and CD86, but higher levels of HLA-

DR (249). In terms of HLA-DR, the conflict between the present study’s findings and 

Burt et al’s findings may be because in vivo mesothelioma tumour tissue contains 

factors other than those found in in vitro models. The significant decrease in CD86 and 

modest changes to CD80 shown in the present study better aligns with the in vivo 
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situation described by Burt et al., and suggests that the ‘hypoxic mesothelioma model’ 

more closely mimics real life.  

No studies have reported the effect of mesothelioma on macrophage expression of 

CD40. However, one study examined colorectal, prostate, ovarian and breast cancers 

on macrophage and demonstrated that macrophages in these cancers exhibit low CD40 

expression and are associated with poor prognosis, likely due to an inability to activate 

T cells in situ (114). This study found that mesothelioma reduces CD40 expression by 

macrophages under hypoxia, again implying a poor prognosis. 

The data here show that, regardless of oxygen levels, mesothelioma induces 

upregulation of PDL-1 in macrophages, which may decrease antigen-stimulated T cell 

proliferation, cytokine production and effector function via PDL-1/PD-1 interactions 

with effector T cells. This is supported by studies showing that macrophages restrict 

CD8+ T cell activities upon binding PD-L1 (199, 279). Moreover, PD-L1 has been 

found to be upregulated in macrophages in gastric cancer, which is consistent with the 

findings in this thesis (277). Unexpectedly, mesothelioma-exposed macrophages in 

normoxic and hypoxic conditions were also associated with decreased expression of 

several inhibitory markers, particularly A2A-R and CD39. These data suggest that the 

CD39/CD73/A2AR pathway does not play a role in preventing tumour-specific T cell 

responses in mesothelioma. This is not always the case, as d'Almeida et al. showed that 

macrophages isolated from ovarian cancer express the same levels of CD39 as in vitro 

M-CSF monocyte-derived macrophages (434), suggesting different types of cancer 

induce different immune evasion mechanisms. Furthermore, A2AR expression by 

macrophages has been proven to occur in many solid tumours confounding the issue 

(435, 436).  

The effect of normoxic and hypoxic induced mesothelioma-derived factors on 

macrophage subsets 

Following classical M1 LPS/IFNγ stimulation, mesothelioma-exposed macrophages 

increased CD40, CD80 and CD86 expression under normoxia; this represents a normal 

response to LPS/IFNγ-driven inflammatory signals. However, under hypoxia, CD40 
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expression did not change, and less upregulation of CD80 and CD86 expression was 

observed. The results also showed that in both normoxic and hypoxic conditions, 

macrophages increased PD-L1 expression in response to LPS/IFNγ stimulation. These 

data suggest that pro-inflammatory signals under normoxic conditions may improve 

anti-tumour immunogenicity, but under hypoxia, macrophage responses to 

proinflammatory signals, such as LPS/IFNγ, weaken in terms of CD80 and CD86 and 

disappear in terms of CD40. The influence of proinflammatory signals over 

macrophages is indirectly affected by hypoxia, which modulates secretion of soluble 

factors by tumours. LPS and IFNγ may boost the anti-tumour response but, because of 

hypoxia, responses to LPS and IFNγ decline. These data suggest that, when 

macrophages accumulate in hypoxic regions of mesothelioma tumours, LPS and IFNγ 

may be able to only partially polarise macrophages toward the M1 phenotype. 

Following stimulation to induce classical M2 macrophages using IL-4 and IL-13, 

macrophages acquired the features of anti-inflammatory M2 cells through increased 

CD206 and PD-L1 expression under normoxic conditions; this was not seen under 

hypoxic conditions. This finding implies that IL-4/IL-13 polarisation of macrophages 

to anti-inflammatory, pro-tumourigenic M2-like cells increases in the presence of 

sufficient oxygen via elevated CD206 and PD-L1 expression. It is possible that this 

susceptibility to induction of an M2-like phenotype under normoxia represents an 

immune evasion mechanism adopted by mesothelioma. It is worth noting that 

incomplete polarisation toward an M2 phenotype was also seen by our group (246) as 

these ‘M3’ macrophages were the dominant macrophages subset in large murine 

mesotheliomas (246, 437).  

The effect of normoxia and hypoxia on metabolic oxidative phosphorylation and 

glycolysis 

The macrophage phenotype is largely determined based on its energy state. 

Macrophages produce their energy needs through oxidative phosphorylation 

(OXPHOS) or glycolysis (181). Glycolysis occurs within a cell’s cytosol where 

glycolytic enzymes are found and by which glucose is converted into pyruvate to give 

a small net energy (167). The OXPHOS system is located in the mitochondria and 
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produces large amounts of ATP (181). Proinflammatory M1 macrophages rely 

on glycolysis for ATP production and reduce the rate of OXPHOS upon activation 

(438). In contrast, M2 macrophages primarily use OXPHOS to obtain energy (351). 

 

 

Figure 8.  1 Energy map based on OCR and ECAR macrophage responses 

An energy map was obtained by plotting the ECAR and OCR values of unpolarised 

MØ macrophages under normoxia (normoxia control), unpolarised MØ 

macrophages under normoxia (hypoxia control), TCM-conditioned macrophages 

under normoxia (normoxia TCM) and TCM-conditioned macrophages under 

normoxia (hypoxia TCM). 

Limited glucose availability stresses tumour cells and leads to competition for glucose 

with immune cells, including macrophages (253). Tumour cells dictate polarisation of 

macrophages to an immunosuppressive M2 phenotype via regulation of metabolic 

switches to rely on OXPHOS (254). In hypoxic regions, macrophages increase HIF-1α 

expression, which elevates glycolysis and induces polarisation towards M1 

macrophages (255). In this context, malignant cells can harness metabolic by-products 

to hijack the function of macrophages to their own benefit. For example, macrophages 
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exposed to lactate secreted by glycolytic tumour cells stabilise HIF-1α that skews 

polarisation toward the M2 phenotype (254). 

The present study’s findings demonstrate that access to oxygen affects the metabolic 

profile of macrophages (Figure 6.1). Under normoxia, mesothelioma-exposed 

macrophages upregulate mitochondrial OXPHOS with high ATP production yet 

maintain their glycolysis rate. Under hypoxic conditions, the amount of ATP produced 

by OXPHOS in macrophages is reduced, but they still maintain their glycolysis rate. It 

is possible that mesothelioma-derived factors contain a high concentration of lactate 

since supernatants were collected at cell confluency. In this case, the metabolic 

switch under normoxia in macrophages towards OXPHOS may be due to lactate 

exposure. Similarly, under hypoxia, the inability of unpolarised macrophages and 

tumour-conditioned macrophages to increase glycolysis may also be due to lactate, 

which, as mentioned above, stabilises HIF-1α, thus preventing polarisation towards the 

M1 phenotype. 

The effects of normoxic and hypoxic induced mesothelioma-derived factors on 

endothelial cells 

Tumours require a vascular system to satisfy their need for oxygen and nutrients (236). 

Rapidly proliferating tumour cells and poor vasculature development lead to hypoxia. 

Hypoxia and the chronic secretion of growth factors result in excessive proliferation 

and transformation of ECs at cellular and molecular levels. However, the effect of 

hypoxia on ECs in mesothelioma has not yet been studied. The present study explored 

potential alterations in a mesothelioma tumour’s newly formed blood vessels by 

assessing EC sensitivity to possible changes in the tumour microenvironment, including 

hypoxia. This study demonstrated that normoxic and hypoxic tumour derived factors 

can modify the functional status of ECs. Under normoxia, only CD54 increased with 

CD309, CD146, CD144 and CD105 remaining unchanged; however, hypoxia led to 

upregulation of CD309, CD146, CD105 and CD54.  

Mesothelioma-derived factors induce increased CD54 expression under normoxia and 

hypoxia; however, CD54 was further upregulated under hypoxia. This result is 
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consistent with the findings that reported increased CD54 expression under hypoxia in 

HUVECs (319). Increased CD54 expression can lead to increased vascular 

permeability and leukocyte transmigration (282, 283, 320). Additionally, it has been 

reported that CD54 is expressed by many types of cancers, including mesothelioma 

(321). Overexpression of ICAM-I on mesothelioma blood vessels might favour killing 

mesothelioma cells by promoting adhesion of infiltrating leukocytes in (321). However, 

Podgrabinska et al. reported that interactions between Mac-1 on DCs and CD54 on 

lymphatic ECs suppress dendritic cell maturation and activate T cell function (322).  

However, although CD54 plays an important role in facilitating the invasion of tumour 

tissue by immune cells, endothelial CD54 has been shown to be involved in tumour-

EC adhesion, which may facilitate disease progression and metastases in numerous 

types of cancer (323-326). For example, Laurent et al. showed that CD54 expressed on 

the surface of ECs is involved in the adhesion of different invasive bladder cancer cells 

to ECs (327). Additionally, a reduction in CD54 by blocking expression of CD54 in the 

endothelium of either the lung (301) or brain (306) abrogates metastasis to these organs. 

This suggests that CD54 overexpression may play a dual role in mesothelioma, which 

could be antitumorigenic by facilitating trafficking of anti-tumour cells, or 

protumourigenic by mediating mesothelioma metastasis, affecting DC maturation and 

facilitating monocyte infiltration that then adopt an M2-like phenotype.  

Previously, CD309 overexpression has been shown under hypoxic conditions (318). 

This suggests that regulation of EC by VEGFR-2 expression in mesothelioma tumours 

is controlled by hypoxia. High levels of VEGFR-2 expression in ECs may result in their 

proliferation and induce permeability in mesothelioma vascularity, which may 

facilitate tumour metastasis, leading to a more aggressive tumour. CD105, which was 

upregulated under hypoxia, could protect hypoxic ECs from apoptosis, thus promoting 

mesothelioma angiogenesis via activated CD105 signalling (288, 439). CD146 is 

involved in controlling EC adhesion and cohesion, as well as vessel permeability and 

integrity (304). It is also associated with angiogenesis. CD146 participates in tumour 

progression with homophilic binding properties (309). CD146 only increased under 
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hypoxic conditions, implying that high CD146 expression may result in interactions 

with mesothelioma cells, which may lead to disease progression and metastasis. 

Determining possible crosstalk between tumour-associated macrophages and 

endothelial cells 

Tumour-associated cells, such as macrophages and ECs, play an essential role in 

tumour angiogenesis (259). Macrophages are a key component of inflammation during 

tumourigenesis; they sense hypoxia in avascular areas of tumours and release 

proangiogenic factors, such as VEGF (260). Thus, this study also examined the effect 

of macrophage-derived conditioned media under normoxic and hypoxic conditions on 

ECs.The data revealed that hypoxia indirectly affects VE-cadherin (CD144) expression 

by HUVECs by modulating soluble molecules derived from macrophages. To the best 

of our knowledge, no previous studies have investigated the effects of macrophages on 

VE-cadherin in ECs. However, our results are consistent with a study showing that 

hypoxia has no direct effect on VE-cadherin expression in ECs (330). These data imply 

that macrophage functions are regulated by hypoxia, which induces macrophages to 

secrete molecules that decrease VE-cadherin expression in ECs and may lead to tumour 

vessel leakiness in mesotheliomas. Furthermore, factors derived from LPS/INF-γ-

stimulated macrophages increased CD54 expression. This suggests that the M1 

phenotype may provoke leaky vasculature in mesothelioma tumours, leading to 

metastasis and poor prognosis. 

An investigation of the possible effect of IL-2 when used as a local immunotherapy 

revealed that IL-2 induces unpolarised non-tumour exposed MØ macrophages to 

downregulate HLA-DR under normoxia, and to downregulate CD86 under normoxia 

and hypoxia. In contrast, regardless of oxygen level, mesothelioma-derived factors 

inhibited the effect of IL-2 and enabled macrophages to maintain antigen presentation 

via HLA-DR. The findings suggest that IL-2, in the presence of sufficient oxygen, may 

activate mesothelioma-associated effector CD4+ T-cells by maintaining HLA-DR 

expression. However, under low oxygenation levels, the inability of IL-2 to elicit anti-

tumour effects could result from regulatory T-cells being preferentially activated. 
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No effect on ECs was observed following their exposure to IL-2 or to factors derived 

from IL-2-stimulated macrophages.  

The effect of anti-CD40 antibody on macrophages and endothelial cells under 

normoxia and hypoxia 

Under normoxia, CD40-activated unpolarised non-tumour exposed MØ macrophages 

decreased CD206, CD163, HLA-DR and CD86 expression. These data contrast to 

findings that LPS/IFN-γ-stimulated M1 cells express high levels of CD86 and HLA-

DR, and that IL-13/IL-4 stimulated M2 cells are characterised by high CD163 and 

CD206 expression levels. Accordingly, the data imply that naïve, unpolarised MØ 

macrophages activated with anti-CD40 under normoxia share features of both M1 and 

M2 polarised macrophages through reduction of CD206, CD163, HLA-DR and CD86. 

However, the impact on tumour-exposed macrophages was limited to reduced CD206 

and CD86 under normoxic conditions. Under hypoxic conditions, CD40-stimulation of 

unpolarised MØ macrophages did not induce significant changes in the same 

molecules, implying hypoxia-mediated loss of function in macrophages. The data imply 

that α-CD40 may induce polarisation of local macrophages away from an M2 

phenotype and reduce interactions between CD86 and CTLA-4 on CD8+ T effector 

cells. No effect on ECs was found following exposure to anti-CD40 or to factors derived 

from anti-CD40-stimulated macrophages. 

The effect of IL-2 and anti-CD40 on macrophages and endothelial cells under normoxic 

and hypoxic conditions 

The possible effect of combining IL-2 and anti-CD40 on macrophages was 

investigated. The effect was found to be similar to that seen in IL-2 and anti-CD40 

when used as single agents, i.e. decreased expression of CD206, CD163, HLA-DR and 

CD86 in macrophages under normoxia/hypoxia. These data suggest that combining IL-

2 and α-CD40 may induce polarisation away from an M2 phenotype via downregulation 

of CD163 and CD206 likely due to α-CD40. Using IL-2/α-CD40 may reduce 

interactions between CD86 and CTLA-4, and reduce the capacity of local macrophages 

to present antigens to CD4+ T cells, including regulatory CD4+ T cells, due to decreased 
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HLA-DR via a dual effect from both IL-2 and α-CD40, which may lead to enhanced 

anti-tumour immunity via effector CD8+ T cells. 

Assessing the effect of IL-2/α-CD40 administration on macrophage 

bioenergetic profiles (Table 6.1) showed that, under normoxia, IL-2/anti-CD40 

beneficially modulated the bioenergetics of control macrophages through upregulation 

of mitochondrial OXPHOS, ATP production and glycolysis, all of which are important 

for cell proliferation, survival and cytokine production. However, IL-2/α-CD40-

induced alterations of cellular bioenergetics in macrophages were frustrated under 

hypoxia and upon exposure to mesothelioma derived factors, both of which perturb 

macrophage metabolism and likely impair macrophage function.  

Table 7.1 Summary of IL-2/α-CD40 administration in macrophage bioenergetic 

profiles 

 

The effect of VTX-2337 on macrophages under normoxic and hypoxic conditions 

The possible effect of TLR 7/8 agonist, VTX-2337, was investigated. It was found that, 

under normoxia, VTX-2337 increased expression of CD40, CD80 and PDL-1 while 

simultaneously decreasing HLA-DR, CD86 and A2A-R in unpolarised (non-tumour 

exposed) MØ macrophages. VTX-2337 had a similar effect under hypoxia with 

increased expression of CD80 and CD40, however, no effect on HLA-DR and CD86 

expression was observed. Under normoxic and hypoxic conditions, the effect of 
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mesothelioma-derived factors on responses to VTX-2337 was limited to upregulation 

of CD80 expression. These data suggest that mesothelioma modifies macrophage 

responses to VTX-2337 regardless of oxygenation levels, and the response is likely to 

be limited to increased CD80. Considering that mesothelioma contains a large number 

of macrophages (114), these data suggest that VTX-2337 may enhance immunogenicity 

by reducing macrophage expression of A2A-R and HLA-DR (thereby reducing the 

chance of driving CD4+ regulatory T cells) as well as by slight upregulation of CD80 

and CD40. 

Effect of VTX-2337 on endothelial cells under normoxic and hypoxic conditions 

The possible effect of VTX-2337on ECs was investigated.  It was found that CD309 

expression increased under normal normoxic, but not hypoxic, conditions in response 

to VTX-2337. However, under both normoxia and hypoxia VTX-2337 led to increased 

expression of CD54 under normal conditions, as well as upon exposure to tumour-

conditioned media. Therefore, VTX-2337 might mediate anti-tumour immunity via 

increased leukocytes extravasation into mesothelioma and/or it might facilitate 

mesothelioma cell intravasation and implantation at a secondary site to form distant 

metastasis, specifically in hypoxic tumours. Furthermore, VTX-2337 increased CD309 

expression in normoxic normal HUVECs. CD309 overexpression induces angiogenesis 

via increased EC proliferation and migration, as well as by increasing vascular 

permeability (440). However, the effect of VTX-2337 on EC expression of CD309 was 

hindered under hypoxia and in both mesothelioma tumour models. This suggests that 

potential vascular hyperpermeability, resulting from VTX-2337 stimulation, may be 

hindered in mesothelioma. No effect was observed on ECs following exposure to 

factors derived from VTX-2337-stimulated macrophages. 

In silico techniques validated gene expression of key target molecules in human 

mesothelioma 

The in silico study confirmed expression of target genes (CD309, CD54, CD54, and 

PD-L1) in human mesothelioma and other similar cancers such as colon 

adenocarcinoma (COADREAD), colorectal adenocarcinoma (COAD), lung 
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adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC) and breast invasive 

carcinoma (BRCA) providing more confidence in the in vitro findings described in this 

thesis. 

HREs and hypoxia related TFBSs in promoter regions of genes upregulated under 

hypoxia 

This part of the in silico study was performed to identify plausible mechanisms that 

could account for the elevated expression of molecules seen on mesothelioma-exposed 

macrophages and ECs under hypoxic conditions. CD309 was elevated on ECs and 

results from the study demonstrated that promoter regions of the CD309 gene contain 

two HREs with HASs in proximity of 21 and 23 nucleotides, respectively. However, 

while none of the HRE were considered functionally active in CD309 specific hypoxia 

related TFBSs including NF-kB1, STAT4, STAT1B, STAT5A c-Myb, and c-Myc were 

discovered in the CD309 promoter region providing a possible mechanism underlying 

elevated CD309 gene expression by ECs in mesothelioma tumours. Another possible 

mechanism is activation of NF-kB1 through VEGF/VEGFR interactions via the HIF 

signaling pathway (403-407). These findings suggest presence of the hypoxia related 

TFBSs, NF-kB1, STAT4, STAT1B, STAT5A c-Myb, and c-Myc, in CD309 promoter 

regions induce cellular response to hypoxia resulting in CD309 upregulation in 

mesothelioma-associated ECs (408). 

Mesothelioma-exposed ECs also upregulated CD54 and CD105 under hypoxia. The in 

silico investigation identified 4 non-functionally HREs in the CD54 promoter region. 

However, hypoxia related TFBSs, NF-kB, NF-kB1, STAT4, STAT1B, STAT5A and 

c-Myb, were found in the CD54 promoter region which could account for the 

upregulation of CD54 on ECs observed under hypoxia. Another mechanism related to 

hypoxia that upregulates CD54 is HIF1α-Arg-II-mitochondrial reactive oxygen species 

(ROS) (409). TLR7/8 signaling further elevated CD54 on ECs under hypoxia. NF-kB 

is activated by agonist VTX-2337 through MyD88 and TRAFs (410-412). Taken 

together, multiple hypoxia related transcription factors, and TLR7/8 play a major role 

in upregulation of CD54 expression by ECs in mesothelioma under hypoxia. 
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The in silico analysis results for regulation of CD105 expression suggest the presence 

of three non-functionally active HREs in the promoter region. However, the in silico 

study located binding sites for NF-kB, NF-kB1, STAT4, STAT1B, c-Myc and CREB 

in the CD105 promoter region. VEGF signaling pathway analyses demonstrated 

activation of NF-kB1 through VEGF–VEGFR interactions and VEGF overexpression 

is reported to increase CD105 expression (417, 418). The analysis postulates 

upregulation of CD105 in mesothelioma-associated ECs under hypoxia due to 

activation of NF-kB, NF-kB1, STAT4, STAT1B, c-Myc and CREB TFs and their 

binding sites in the CD105 promoter region. 

Mesothelioma-exposed macrophages upregulated PD-L1 under hypoxia; PD-L1 was 

further elevated when these macrophages were treated with IL-2/CD40. No HREs were 

detected in PD-L1 promoter regions through the in silico approach. However, its 

promoter region contained binding sites for the hypoxia related TFBS, NF-kB, 

STAT1B, STAT4, STAT5 and c-Myb, indicating their role in PD-L1 upregulation on 

mesothelioma-associated macrophages. Signaling pathway analyses for IL-2 and CD40 

revealed activation of NF-kB, STAT1B, and STAT5 through Jak1, Jak3, and TRAFs 

(420, 421, 423-425) suggesting possible mechanism for further upregulation of PD-L1 

under hypoxia.  It is unclear if this is a helpful or unhelpful response. It is tempting to 

speculate that macrophage upregulation of PD-L1 would confound local effector CD8+ 

T cell function, yet murine studies show that at least 80% of IL-2/CD40 treated AE17 

mesothelioma are permanently cured (340).  

Conclusions 

The results of this study showed that oxygen levels affect mesothelioma tumour cells, 

macrophages and ECs. The data highlighted the complexity of the potential crosstalk 

between mesothelioma cells, macrophages and ECs under two different oxygenation 

levels, especially when considering that a single tumour microenvironment can contain 

both hypoxic and normoxic regions. This becomes more complicated when attempting 

to dissect the effect of responses to stimuli, such as LPS/IFN-γ, IL-4/IL-13, IL-2+/-anti-

CD40 and VTX-2337. The impact on macrophages includes modulating their capacity 

for T cell stimulation via decreased HLA-DR antigen presentation, decreased or 
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increased co-stimulatory and co-inhibitory pathway activity, and modification of their 

bioenergetic profiles. The hypoxic environment proved to be harsh on macrophages, as 

their responses to LPS/IFN-γ were compromised in comparison to those seen under 

normoxia, which may contribute to their poor immunogenicity, poor responses to 

stimuli, downregulated mitochondrial respiratory activity and ATP production. 

Hypoxia plays a major role directly and indirectly on ECs by modifying molecules 

secreted by macrophages, thereby affecting ECs. This study demonstrates that 

normoxic and hypoxic mesothelioma-derived factors modify the functional status of 

ECs. Under normoxia, only CD54 increased, with CD309, CD146, CD144 and CD105 

remaining unchanged; however, hypoxia led to upregulation of CD309, CD146, CD105 

and CD54. Thus, the data suggest that mesothelioma effects on ECs include increased 

vascular permeability, leukocyte extravasation and potential metastatic activity. The in 

silico study confirmed genetic expression of these molecules in different cancers, 

including mesothelioma.  

The in silico study also revealed an absence of functionally active HREs in genes for 

molecules that were upregulated on mesothelioma-associated ECs and macrophages 

under hypoxia, namely CD309, CD54, CD105 and PD-L1. However, hypoxia related 

TFBSs were identified in promoter regions of these upregulated genes. The presence of 

binding sites for essential TFs related to hypoxia in the VEGFR2, CD54, CD105 and 

PD-L1 genes on ECs and/or macrophages provides a plausible underlying mechanism 

for their upregulation in hypoxic regions of the mesothelioma microenvironment.  
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Limitations and Future Study  

Firstly, the process of developing 3D multicellular mesothelioma spheroid models to 

validate that the differences seen in the surface-expressed molecules are biologically 

relevant, should continue to be optimised. Secondly, preclinical in vivo studies should 

be conducted using tumour samples collected at different time points during disease 

progression. RNASeq analyses focussing on changes to markers of hypoxia, 

angiogenesis and macrophage subpopulations would be very informative. Our findings 

may help identify novel targets and possible combination treatments for mesothelioma. 
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