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Abstract 

The immune system can protect us from cancer however, tumours modulate immune 

function to enable cancer progression. Moreover, age-related changes may contribute 

to increased cancer incidence in the elderly. Previous studies have examined the effect 

of age and mesothelioma separately on macrophages and dendritic cells (DCs). This 

is the first study to examine the combined effect of age and mesothelioma on 

macrophages and DCs. This study also examined the effect of soluble factors from 

mesothelioma tumour cells (using conditioned media) on metabolic processes in 

murine bone marrow-derived DCs and human monocyte-derived DCs (MoDCs), as 

DCs regulate T cells with effector function against cancerous cells. Thus, this thesis 

aimed to: (i) examine changes to murine macrophage subsets in young and elderly 

mice with mesothelioma; (ii) examine changes to DC subsets in young versus elderly 

mice with mesothelioma; and (iii) investigate metabolic changes induced by 

mesothelioma in human and murine DCs by comparing the glycolytic and 

mitochondrial profiles of healthy DCs to DCs exposed to mesothelioma-derived 

soluble factors. 

This thesis showed that healthy ageing (i) had no effect on lipid levels and 

costimulatory molecule expression levels in macrophages, (ii) the percentage of major 

histocompatibility complex (MHC-I+) DCs increased in dLNs and alongside increased 

expression of MHC-II in spleens and BM suggesting maintenance or even improved 

ability of DCs to prime CD8+ and CD4+ T cells. 

This thesis also showed that when ageing hosts have mesothelioma (i) there is an 

increase in lipid accumulation in macrophages that is associated with upregulated 

CD36 and CD147 expression. This was not associated with changes to CD80 and 

CD40 expression but was associated with decreased MHC-I and MHC-II suggesting 

a reduced capacity to activate tumour infiltrating CD8+ and CD4+ T cells, (ii) all 

tumour infiltrating DC subsets reduce MHC-II expression with the percentage of 

MHC-I+ pDCs significantly reduced in elderly tumours relative to young tumours. All 

other DC subsets trended towards decreased MHC-I which may represent a strategy 

used by tumours to escape CTL recognition, especially if these DC migrate to LNs. 

The final part of the study examined changes in cellular metabolism measured using 

Seahorse technology. When activated by bacterial lipopolysaccharide (LPS), DCs 
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demonstrated a metabolic switch characterized by an increased extracellular 

acidification rate and a progressive loss of oxidative phosphorylation suggesting a 

metabolic transition towards Warburg metabolism, commonly associated with 

immune cell activation. In contrast, mesothelioma exposed DCs demonstrated a 

simultaneous increase in glycolysis and oxidative phosphorylation. High 

mitochondrial respiration and glycolytic capacity represent a characteristic profile of 

tolerogenic DCs.  

To summarise, the study found that ageing and mesothelioma upregulate expression 

of the scavenger receptors CD36 and CD147 which is associated with increased lipid 

accumulation in macrophages and DCs. MHC-I and MHC-II expression decreased in 

all tumour-associated macrophages (TAMs) and tumour-associated DCs, suggesting a 

reduced capacity to activate tumour infiltrating CD8+ and CD4+ T cells, thereby 

providing an advantage for mesothelioma in elderly hosts. DCs exposed to 

mesothelioma-derived factors were skewed more towards a tolerogenic state by 

simultaneously upregulating glycolysis and OXPHOS which could account for 

DC/macrophage dysfunction in elderly hosts with mesothelioma. 
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Chapter 1: Introduction 

1.1 Introduction 

 

Mesothelioma is one of the most aggressive forms of cancer that develops from cells 

of the mesothelium, a protective lining that covers many internal organs [1, 2]. About 

70% cases of mesothelioma are caused by exposure to asbestos [3, 4]. Other possible 

causes of mesothelioma, such as radiation exposure and viral infections are under 

debate. Mesothelioma in its early stages is difficult to diagnose as there are no clinical 

symptoms therefore it is usually diagnosed at advanced stages [5]. Current treatments 

for mesothelioma include standard clinical therapeutic approaches such as surgery, 

radiotherapy and chemotherapy [4]. Only a minority of the patients are eligible for 

surgery, and limited clinical studies make it hard to draw definite conclusions on the 

survival benefit of surgery in mesothelioma [6-8]. Radiotherapy may be used to 

prevent local tumour outgrowth at intervention sites These sites arise mostly from 

invasive pleural interventions to facilitate diagnosis or alleviate symptoms from 

malignant pleural effusions [9]. However, mesothelioma cells can seed along the 

intervention site tract resulting in the formation of painful and unsightly subcutaneous 

metastasis.  As a result, radiotherapy is used to try to prevent these procedure tract 

metastases from developing [10]. Currently, the only treatment for mesothelioma that 

has proven to be successful is chemotherapy, however often only a life extension of 

3-10 months is achieved [11].  

There is increasing evidence that this cancer is susceptible to immunotherapy with 

studies examining anti-mesothelioma immune responses with or without therapy in 

young and elderly hosts [12-17]. Evidence that the immune system plays a role in 

human mesothelioma development/progression has been shown by Anraku [18] and 

Yamada [19] who demonstrated that CD8+ T cell infiltration into human mesothelioma 

is associated with better outcomes. However, Uijie et al [20] showed that tumour CD4+ 

T cell infiltration is associated with better survival in epithelioid mesothelioma. Both 

studies show that the immune system recognizes progressing mesothelioma. As a 

result, there is an increasing interest in cancer immunotherapy to treat mesothelioma. 

Several studies have been conducted in mouse models of mesothelioma.   
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One approach tested was using DC-based immunotherapy to amplify the anti-tumour 

response [21-23]. Hegmans et al found that mesothelioma outgrowth was prevented 

by immunizing mice with tumour lysate pulsed DCs [24]. Other immunotherapy 

approaches include checkpoint blockade using anti-PD-L1 monoclonal antibodies 

[25], anti-CTLA-4 monoclonal antibodies [26], or both [25]. Tan et al demonstrated 

that CTLA-4 alone had minimal efficacy, better results were seen in combination with 

PD-1, leading to 60% complete remission [25]. Earlier studies in our group using 

young mice demonstrated increased CTL activity driven by IL-2 combined with an 

agonist anti-CD40 monoclonal antibody [27, 28]. However, mesothelioma often 

presents in the elderly population with a median age of presentation of 68 years for 

peritoneal mesothelioma and 74 years for pleural mesothelioma [29].  In our group, 

Duong et al showed that IL-2/CD40 immunotherapy led to full mesothelioma 

regression in young mice with a 90% survival rate, while the survival rate in elderly 

mice reduced to 38%. Interestingly, that study also showed that macrophages 

interfered with responses in elderly, but not young mice. Macrophage depletion 

improved responses to IL-2/CD40 immunotherapy [30]. These studies show that 

macrophages in the elderly function differently to younger hosts. 

There are two types of immune responses; innate and adaptive (acquired) responses 

[31]. The innate response involves barriers such as the skin [32] as well as cells such 

as dendritic cells (DCs), macrophages and natural killer (NK) cells. DCs and 

macrophages are antigen presenting cells (APCs) that form an important link between 

the innate and acquired immune responses [33, 34].  

Most of our current understanding of macrophages and DCs, which are a part of 

mononuclear phagocyte system (MPS), come from studies using murine models and 

adult humans [35]. These cell types play an important role in the induction and 

maintenance of immune responses. Macrophages were first described by Ilya 

Metchnikoff in 1882 [36], while DCs were discovered by Ralph Steinman in 1970 

[37]. DCs were initially proposed to be distinct from macrophages [38] and defined as 

“dendritic-shaped cells that can process and present antigen to activate naive T 

cells” [39], however, it is now clear that other cells can be dendritic in appearance and 

that not all DCs are dendritic or immunostimulatory [40]. The role of macrophages 

and DCs in mesothelioma progression remains unclear and is the focus of this thesis 
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1.1.1. Development of macrophages  

 

Macrophages were first discovered by Ilya Metchnikoff in the late 19th century [36] 

and they were cells that phagocytose particulate material and microbes as well as 

regulate the activation of T and B lymphocytes [41].  Macrophages can be activated 

by a large range of factors including lipopolysaccharides (LPS) via Toll-like receptor-

4 (TLR-4) which has been confirmed as a transmembrane receptor with an 

extracellular LPS binding domain [42], or cytokines such as interferon-γ (IFN-γ) [43]. 

Mantovani and colleagues grouped macrophages as M1 and M2 cells based on 

selective markers [44]. M1 macrophages include IFN-γ + LPS-activated cells [45].  

M2 cells include interleukin-4 (IL-4) or IL-13-activated cells [46]. 

 

Figure 1.1: Macrophage activation states 

Image taken from: Macrophages: Origin, Functions and Bio intervention. Book editor 

Kloc, Malgorzata [47] 

 

It is now recognised that macrophage activation states represent a continuum ranging 

from pro-inflammatory or M1-like macrophages to anti-inflammatory or M2-like 

macrophages (Figure 1.1) [48]. M2 cells have been further subdivided into other 

activation states such as M2a or alternatively activated cells (induced by IL-4 or IL-

13; sitting at the far right of the continuum shown in Figure 1.1); M2b, induced by 

TLRs agonists (like LPS); and M2c, induced by glucocorticoid hormones or IL-10 

[44]. Figure 1.1 depicts the M2b (or type II) and M2c types lying between 
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inflammatory and anti-inflammatory macrophages [47]. Before they were named M2b 

cells, Moser and Anderson had previously reported distinct phenotypes that were 

different to M1 and M2 cells and induced by LPS plus anti-ovalbumin antibody (OVA) 

IgG/OVA immune complex or anti‐sheep erythrocyte IgG/erythrocytes immune 

complex [44, 49]. M2b activation in human macrophages and monocytes is driven by 

FcγRII (CD32) [50] and in terms of function, M2b macrophages are reported to 

represent the only example of macrophages that crosstalk with B cells [51]. 

Inflammatory macrophages M1-like cells are also known as classically activated 

macrophages, whilst anti-inflammatory M2-like macrophages are also known as 

wound healing macrophages and these activation states form two extreme parts of a 

continuum [52, 53]. Resting macrophages corresponds to naïve macrophages 

(unstimulated/not activated) and represent the centre of the continuum [54].  

Key characteristics of M1-like inflammatory macrophages are expression of co-

stimulatory molecules such as CD40, CD80 and CD86 and secretion of pro-

inflammatory cytokines such as IL-6, IL-1βα and TNF-α [55] that  relate to their  

primary anti-microbial and anti-tumour function. In contrast, key characteristics of 

M2-like anti-inflammatory  macrophages is the expression of surface markers such as 

CD206, CD163 and secretion of anti-inflammatory molecules such as IL-10, TGF-β 

[56] that relate to their  primary wound healing/tissue repair function. However, M2-

like macrophages can also promote tumour growth by recruiting regulatory T cells and 

Thelper-2 (Th2) cells to induce a suppressive environment.  

In this study, the terms M1-like and M2-like macrophages will be used to represent 

inflammatory and anti-inflammatory macrophages respectively, whilst  M0 

macrophages will be used to represent cells most likely to represent resting or naïve 

macrophages based on lack of expression of the maturation markers chosen for the 

study as per our group’s reference [57] The term M3 macrophages will be used to 

represent intermediate M1/M2 populations per our group’s reference [57]; this is 

discussed in more detail in chapter 3 - section 3.1.  
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1.1.1.1 Development of macrophages in mice 

 

There are at least three sources the MPS is derived from. The first source is the yolk 

sac (YS) that produces F4/80 bright resident macrophages which populate all tissues 

and persist throughout life (shown in Figure 1.2) [58].  These cells are mainly 

regulated by colony stimulating factor receptor 1 (CSFR-1). CSFR-1 is a 

transmembrane tyrosine kinase receptor, expressed on most of the mononuclear 

phagocytic cells [58]. It is also known as macrophage CSFR-1 (M-CSFR) which 

together with its ligand CSF-1L plays a role in the differentiation and proliferation of 

myeloid cells, in particular the macrophage lineage [59, 60]. The second source is fetal 

liver which is less defined but has been shown to contribute to adult langerhans cells 

(LCs) possibly via a progenitor derived from yolk sac. The third source is the bone 

marrow (BM) that gives rise to circulating monocytes, F4/80low macrophages and DCs 

[58]. In this lineage, Ly6C+ monocytes under the regulation of fms like tyrosine kinase 

3 (FLT3) give rise to classical DCs. Ly6C+ monocytes also give rise to F4/80low 

macrophages. The role of circulating macrophages as well as the contribution of fetal 

liver to adult tissue macrophages is still unknown. 

 

Figure 1.2: Macrophage lineages in mice 

Yolk sac, fetal liver and BM are the three sources of the MPS. Yolk sac macrophages persist throughout 

life as F4/80 bright resident macrophages. Fetal liver populations are less defined while BM give rise 

to circulating monocytes and their progeny, F4/80low macrophages and DCs. Image from “Macrophage 

biology in development, homeostasis and disease” [58].  
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1.1.2 Macrophage Subpopulations  

 

Macrophages are highly plastic cells that can change their physiology in response to 

different environmental factors. These changes give rise to different macrophage 

populations having distinct functions [48]. On a linear scale, macrophages can be 

divided into two main groups. One end of the scale represents M1 macrophages, also 

known as classically activated or inflammatory macrophages, and the other end 

represents M2 macrophages, also known as alternatively activated macrophages or 

anti-inflammatory macrophages [61]. 

 

1.1.2.1 M1 macrophages 

 

These macrophages induce pro-inflammatory immune responses. Pro-inflammatory 

signals may include interleukin-1 (IL-1), IL-12, tumour necrosis factor alpha (TNF-

α), interferon gamma (IFN-γ) [62]. One of the three main M1 stimuli is granulocyte-

macrophage colony-stimulating factor (GM-CSF) which is produced by various cell 

types including macrophages [51]. The GM-CSF receptor recruits Janus kinase 

(JAK2), which leads to activation of signal transducer and activation of transcription 

5 (STAT5), extracellular signal regulated kinase (ERK), as well as nuclear 

translocation of interferon regulatory factor 5 (IRF-5) and nuclear factor-kappa B (NF-

κB) upon binding [63]. Complement and antibody mediated phagocytosis, antigen 

presentation, leukocyte chemotaxis and adhesion are all enhanced by GM-CSF. GM-

CSF also induces macrophage and monocyte production of granulocyte-colony 

stimulating factor (G-CSF), IL-8, IL-6, IL-1β and tumour necrosis factor (TNF).  

Another M1 stimulus is IFN-γ which is produced by a number of cells including NK 

cells and macrophages. The third main M1 stimulus is LPS which is recognised by 

TLR-4. Recently it has been shown that LPS can also be recognised by a TLR-4 

independent mechanism that leads to inflammasome activation [64]. TLR-4 activation 

can lead to production of high levels of pro-inflammatory cytokines such as IL-6, TNF, 

IL-12 and IL-1β, as well as chemokines such as C-X-C motif chemokine ligand 

(CXCL)-10, CXCL11 and increased antigen presentation molecules (MHC) and co-

stimulatory molecules, such as CD80 and CD86. IFN-γ and TLR-4 signalling share 

many of the same regulators as the GM-CSF pathway. However, whilst LPS and IFN-
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γ activated macrophage gene profiles may show some overlap, they are not enough to 

be considered homologous. Other M1 stimuli include TNF, IL-6 and IL-1β. 

 

1.1.2.2 M2 macrophages 

 

These macrophages are also known as alternatively activated macrophages. There are 

five main M2 stimuli. One is IL-4 which is produced by basophils, eosinophils, Th2 

cells and macrophages and is recognised by IL-4Rα1 which pairs up with a common 

gamma chain that enables IL-4 binding, or with the IL-13Rα1 chain that enables IL-4 

or IL-13 binding.  JAK1 and JAK3 are activated by receptor binding which activates 

STAT6 activation and translocation [51]. IL-4 decreases phagocytosis and induces 

macrophage fusion [65]. 

M2 cells can be further subdivided into M2a or alternatively activated cells (induced 

by IL-4 or IL-13); M2b, induced by TLRs agonists (like LPS) and M2c, induced by 

glucocorticoid hormones or IL-10 [44]. Glucocorticoids and IL-10 are M2 stimuli. 

Adrenal glands secrete glucocorticoid hormones which are metabolised by cellular 

enzymes in macrophages.  

Active glucocorticoids diffuse through the lipophilic membrane and bind the 

glucocorticoid receptor (GCR) alpha, that leads to nuclear translocation of the 

complex. Monocyte spreading, adherence, apoptosis and  phagocytosis are all affected 

by glucocorticoids. Studies have shown that M1 macrophages produce mainly IL-12 

and low levels of IL-10, while M2 macrophages produces significant amount of IL-10 

but no IL-12 [51, 66]. IL-10 has multifunctional roles. It acts as an immune-regulatory 

cytokine with anti-angiogenic and immunosuppressive functions and is produced not 

just by macrophages but also by NK cells and T lymphocytes [67]. IL-10 has two 

transmembrane protein receptors, IL-10RA and IL-10RB [68]. Both receptors contain 

each intra-cellular, trans-membrane and extra-cellular domains and belong to the 

class-II receptor family [68]. IL-10RA has a greater affinity for IL-10 and binding of 

IL-10 to IL-10RA leads to JAK1 and tyrosine kinase-2 (TYK2) phosphorylation. 

JAK1 phosphorylates STAT-3. After phosphorylation STAT-3 translocate to the 

nucleus and activates transcription of cell-cycle progression and anti-apoptotic genes 

[67, 68]. 
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Macrophage colony-stimulating factor (M-CSF), a tyrosine kinase transmembrane 

receptor, is another M2 stimulus. M-CSF binding leads to activation of ERK, 

autophosphorylation, receptor dimerization, phosphatidylinositol 3-kinase, 

phospholipase C, and eventually specificity protein (SP1) transcription factor nuclear 

localization. The key role of M-CSF is highlighted by M-CSF mutant mice as they 

have reduced levels of selected macrophages and monocytes [69]. 

 

1.1.2.3 M3 macrophages 

 

Jackaman et al. defined the M3 phenotype as macrophages that  did not polarize into 

M1 or M2-like cells when exposed to tumour-derived factors [70]. Others have shown 

that M1 macrophages can switch into M3 macrophages by activation reprogramming 

pathways and simultaneously inhibiting transcription factors of M2 phenotype such as 

SMAD3, STAT3 and STAT6 [71].  

 

1.1.3 Macrophages, cancer and mesothelioma 

 

Macrophages play a dual role in cancer where they can either promote or reverse 

cancer progression [72]. During the last 10 years, many studies have suggested a 

tumour-supporting role for macrophages in cancer. High tumour grade and shorter 

survival in many cancers (such as breast cancer, pancreatic cancer, glioblastoma, renal 

cell carcinoma, head and neck cancer and lymphoma) have been correlated with 

tumour-associated macrophages (TAMs) in human tumours [73-78]. Repolarisation 

of macrophages to acquire pro-inflammatory signatures, including IL-12 and TNF-α 

secretion, have been associated with increased survival in mice and humans with 

diverse forms of cancer [79] (Figure 1.3). 
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Figure 1.3: Macrophages: Adaptable cells that can promote or reverse tumour 

progression 

Tissue resident precursors or bone marrow derived precursors give rise to macrophages that accumulate 

in tumours. In tumours, they can adopt a tumour-promoting phenotype and induce angiogenesis, 

immunosuppression, tumour growth and metastasis. Strategies are being developed to improve tumour 

therapies that include (i) blocking TAM recruitment; (ii) repolarising TAMs into an immunostimulatory 

phenotype; and (iii) activating cytotoxic T lymphocyte (CTL) by upregulating antigen presentation 

machinery. Abbreviations used: Transforming growth factor (TGF)-β, interferon (IFN)-γ. Image from 

“Targeting tumour-associated macrophages in cancer” [72]. 

 

1.1.3.1 Macrophages in mesothelioma   

 

Mesothelioma was identified by Klemperer and Rabin and the term entered the 

medical literature in 1931 [80]. In 1960, the link between mesothelioma and asbestos 

fibres was recognised and published in Lancet [81]. Multiple studies have confirmed 

the association between asbestos exposure and the subsequent development of 

mesothelioma via inhalation, intrapleural, subcutaneous or intraperitoneal inoculation 

with asbestos fibres [82-85]. Macrophages infiltrate the pleural space of the lungs to 

phagocytose inhaled asbestos fibres [86]. Reactive oxygen species (ROS) are 

generated in an effort to clear asbestos fibres which causes DNA damage to nearby 

cells. This leads to increased recruitment of immune cells and production of 

inflammatory cytokines at sites of inflammation [87-90]. Since asbestos fibres are 

large in size, macrophages fail to clear it. This results in continuous secretion of pro-

inflammatory cytokines and continued generation of ROS, a process called “frustrated 

phagocytosis” [91]. Asbestos fibres can also directly penetrate cells and injure 
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chromosomes in addition to the release of pro-carcinogenic and pro-inflammatory 

substances [92].  

In the mesothelioma microenvironment, TAMs constitute a majority of the cellular 

population suggesting a crucial role in tumour progression [93]. Established human 

mesothelioma cell lines and normal human mesothelial cells  produce large quantities 

of cytokines including G-CSF, GM-CSF, IL-8 and IL-6. [94, 95]. These cytokines 

recruit myeloid-derived suppressor cell (MDSC) and monocytes to the tumour mass, 

where they differentiate into macrophages. Little is known regarding the phenotype 

and function of these macrophages although it is clear that mesothelioma cells can 

shift mature macrophages towards the M2 phenotype [96-98]. TAMs have been 

associated with decreased MHC-II, leading to impaired antigen presentation in 

tumours [99, 100]. Similarly, a study on DCs revealed mesothelioma drove lipid 

accumulation which was associated with impaired antigen presentation  [101]. Hence, 

this study examined lipid accumulation in mesothelioma-exposed macrophages and 

whether this also is associated with dysfunctional antigen presentation.  

 

 

1.1.4 Development of DCs from bone marrow precursors 

 

DCs were first discovered by Steinman and Cohn in 1973 [102]. These stellate cells 

are potent APCs that play a key role in the initiation of immune responses [103]. DCs 

stimulate naïve T cells and hence play a pivotal role in the generation of adaptive 

immune responses [103]. DCs are also critical for the induction of immunological 

tolerance [104]. We now know that DCs are a heterogenous population that comprise 

of many subsets and can be divided into conventional/myeloid DCs (cDCs/mDCs) and 

plasmacytoid DCs (pDCs) which arise from progenitors in the BM [105, 106]. 

 

 

 

1.1.4.1 DC progenitors in mice 

 

A series of DC progenitors have been identified in mice and humans. In mice, a 

macrophage dendritic cell progenitor (MDP) originates from a common myeloid 
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progenitor (CMP) that lacks megakaryocyte, lymphoid and granulocyte potential 

[107]. Two pathways originate from MDP, one leads to the production of monocytes 

and the other towards generating DCs [108]. MDPs later give rise to a common 

dendritic cell progenitor (CDP), as shown in (Figure 1.4). CDPs lose monocyte 

potential and bifurcate to produce pDCs or cDCs [109]. CDPs give rise to pre-DCs 

which are progenitors to pre-DC1, pre-DC2 and pre-pDCs. Pre-DC1 and pre-DC2 

differentiate into cDC1 which express CD8+ or CD103+ and cDC2 that express 

CD11b+ respectively. Pre-pDCs on the other hand give rise to pDCs [109]. 

 

Figure 1.4: DC progenitors in mice 

The phenotype and relationship of DC progenitors in mice. Image from: Dendritic Cell  

Image from “Development – History, Advances, and Open Questions” [108] 

 

1.1.4.2 DC progenitors in humans 

 

Lee and colleagues isolated distinct human granulocyte macrophage progenitor 

(GMPs) subpopulations using cytokine receptor expression with one population 

equivalent to CMPs in mice having granulocyte, monocyte and DC potential, called 

GMDP (Figure 1.5). Human GDMP give rise to MDP cells that produce monocytes 

via a common monocyte progenitor (cMOP) and DCs via CDPs. The latter generate 

pre-cDCs which are present in blood, BM and peripheral organs [108]. 
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Figure 1.5: DC progenitors in Human 

Shows the phenotype and relationship of DC progenitors in human. Image from “Cell Development – 

History, Advances, and Open Questions” [108]. 

 

1.1.5 Dendritic cells subpopulations  

 

In the mid-1990s, the significance of DC diversity became clear. Two different murine 

DC subsets based on the presence or absence of CD8 were identified that have distinct 

immune functions [110]. These findings were later extended to non-lymphoid tissues, 

where CD8+ DC equivalents were discovered that do not express CD8 but were 

recognised by expression of the integrin, CD103 [111].  

Recently, a new DC population has been discovered that morphologically resembles 

plasma cells, but when exposed to viral stimuli produces large quantities of IFN-α and 

differentiates into immunogenic DCs that prime T cells against viral antigens. This 

population was named pDCs to differentiate them from Steinman’s DCs, the latter 

were renamed as cDCs [112].  
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1.1.5.1 Murine plasmacytoid dendritic cells (pDCs) 

 

pDCs represent a small subset (0.3-.05%) of the DC population and are found in 

lymphoid and non-lymphoid tissues [113]. Their concentration varies depending on 

the tissue site [114]. Recent studies have shown common developmental origins and 

genetic similarity between pDCs and cDCs; however, in pDCs, the E protein 

transcription factor (E2-2) has been shown to control lineage commitment and the 

pDC gene expression program [115]. 

pDCs develop in the BM and represent 1-2% of the DC population in mice. The 

development of cDCs and pDCs depends on Flt3 ligand (Flt3L) and its receptor Flt3 

suggesting both cell types have common progenitors [116]. Recently Shortman and 

colleagues identified a common progenitor called CDP in Flt3L cultures and in-vivo 

[117]. pDCs accumulate mainly in lymphoid tissues via the circulation and express 

low levels of MHC-II, the integrin CD11c and co-stimulatory molecules. In the steady 

state, pDCs express high levels of TLR-7 and -9, enabling them to sense viral nucleic 

acids and respond by production of large quantities of IFN-α and IFN-β, making them 

important mediators of anti-viral immunity [118]. There are many phenotypic and 

functional similarities between murine and human pDCs [119]. pDCs of both mice 

and humans express predominantly TLR-7 and TLR-9 and both produce high levels 

of IFN-α [120]. In humans, pDCs and B cells express TLR-9 and as a result respond 

to TLR-9 ligands. Other effects of TLR-9 ligands seem to be indirectly dependent on 

factors produced by pDC and B cells [121]. This is different from mice, as most DC 

subsets, as well as macrophages, express TLR-9 [121]. 

1.1.5.2 Murine classical DCs (cDCs) 

 

cDCs refer to all DCs other than pDCs. They represent the major DC population in 

most lymphoid and non-lymphoid tissues. cDCs have a heightened ability to sense 

tissue injuries and to capture and process antigens for presentation to T lymphocytes 

[105]. cDCs have a distinctive potential to perform these functions because of the 

following attributes. First is their critical location in non-lymphoid tissues and in the 

spleen where they continuously acquire blood and tissue antigens [122]. Secondly, 

they are highly specialised APCs that can efficiently present endogenous as well as 

exogenous antigen through MHC-I and MHC-II pathways respectively [123]. Third, 
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they demonstrate a superior ability to prime naïve T cell responses [124]. They can 

also present exogenous non-cytosolic antigens through the MHC-I pathway by a 

process called cross-presentation [125], which is critical in protecting the body from 

intracellular pathogens such as viruses and from tumours [126]. cDCs degrade 

engulfed material slowly, controlling lysosomal degradation to preserve peptides for 

T cell recognition [127]. 

cDCs can be sub-divided into cDC1 expressing CD8α+ and CD103+ or cDC2 

expressing CD11b+. Both subpopulations can be found in BM, spleen and lymph 

nodes (LNs) as well as non-lymphoid tissue [128].  cDC1 that express CD8α or cD103 

play an important role in cross-presentation to CD8+ T cells that is critical for 

immunity against cancer [129-132]. cDC2 expressing CD11b promote CD4+ T cell 

differentiation into subsets specialising in anti-fungal, -viral or - helminth immunity 

[133, 134]. cDCs have a central role in T cell activation and hence have been 

implicated in the development of T cell-mediated inflammatory, allergic, autoimmune 

and anti-tumour responses [135].  

In murine models of cancer, DC-based therapies to modulate T cell activation have 

been very successful, however more work is needed to make these therapies work in 

humans [136]. In contrast to murine studies, human DC studies are often focussed on 

circulating DCs including MoDCs generated from blood CD14+ monocytes [137]. 

Human blood CD141+ and CD1c+ monocytes were identified and aligned with murine 

cDC1 and cDC2 respectively [138-140]. 

 

1.1.6 cDCs in non-lymphoid tissue 

 

Depending on the organ, DCs represent 1-5% of tissue cells and consist of two major 

subsets: CD103+CD11b- and CD11b+ cDCs. 

 

1.1.6.1 CD103+CD11b- cDC 

 

This subset is the equivalent of CD8+ cDCs in lymphoid tissue in function and origin 

[111, 141]. Their proportion rarely exceeds 20-30% of total cDCs and they mainly 

populate connective tissues. CD103+CD11b- cDC are enriched in Peyer’s patches in 
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the intestines and express low levels of MHC-II but co-express CD8. They lack 

macrophage markers such as CD11b, F4/80, C-X3-C motif receptor 1 (CX3CR1), 

CD115 and CD172a [142]. 

 

1.1.6.2 CD11b+ classical DCs  

 

CD11b+ cDCs often lack the integrin CD103. CD11b+ cells mostly consist of a mixture 

of macrophages and cDCs. CD11b+ DCs are best characterised by expression of 

CD172a and express a more mature phenotype. CD11b+ DCs also produce high levels 

of CD4+ T cell attractant chemokines, such as CCL22 and CCL17 [143]. CD11b+ 

cDCs arise from cDC-restricted precursors and monocytes [144].  

 

1.1.6.3 Tissue migratory DCs 

 

These DCs represent non-lymphoid tissue DCs that have migrated via the lymphatics 

to tissue draining LNs (dLN) [145]. Most tissue migratory cDCs die in LNs but some 

access the blood by exiting through efferent lymphatics and play a role in immune 

responses and tolerance [146]. In response to inflammatory signals, non-lymphoid 

tissue cDCs migration increases through afferent lymphatics to the T cell areas of LNs 

[147] . C-C chemokine receptor (CCR)-7 controls DC migration to LNs [148]. In the 

steady state, migratory DCs have high MHC-II expression and low CD11c expression. 

DC migration is often associated with maturation which is characterised by 

upregulation of MHC-II complexes and co-stimulatory molecules. During 

inflammation, these DCs produce inflammatory cytokines and upregulate co-

stimulatory molecules that drives adaptive immunity [149]. 

 

1.1.6.4 Lymphoid organ-resident DCs 

 

Lymphoid tissue resident cDCs differentiate and remain within lymphoid tissues. 

They constitute all splenic cDCs and mainly comprise of two subsets: CD8+ cDCs and 

CD11b+ cDCs [110].  
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1.1.6.5 CD8+ cDCs 

 

These DCs represent 20-40% of splenic and LN cDCs. CD8+ cDCs express CD8α but 

not CD8αβ, the latter is commonly expressed by CD8+ T cells [110]. They do not 

express CD11b or other macrophage markers, but instead express high levels of Flt3 

and proliferate in response to Flt3L [150]. Lymphoid tissue resident CD8+ cDCs are 

phenotypically immature in the steady state compared to tissue migratory cDCs that 

arrive in a mature state in LNs [110]. The transcriptome of CD8+ cDCs matches that 

of non-lymphoid tissue CD103+ cDCs and is different from CD11b+ cDCs.  

 

Summarising the above section: 

 

Figure 1.6 : DC subsets 

Shows different DC subsets in mice  

 

1.1.7 DCs used in the study 

 

Steinman first isolated DCs from murine spleen [151] but now DC precursors can be 

isolated from many tissues and induced to differentiate into functional DCs [152-156]. 

When derived from different sources or at different differentiation stages, the 

biological characteristics of DCs are quite distinct [157]. BM has easy accessibility 

and abundant DC precursors and hence has become a major source of DCs. In the 
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present study, hematopoietic precursor cells were obtained from the BM of C57BL/6J 

mice and BMDCs were induced by GM-CSF and IL-4 in vitro for 7 days. 

Murine DCs have stellate morphology and high antigen presentation capacity and 

activating naïve T cells. They express CD11c on their surface and the antigen 

presenting molecules, MHC class II [38, 105, 158-160]. With advancing technology, 

such as transcriptional profiling, mass cytometry and flow cytometry, there is an 

increase in the characteristics to identify and classify DC subsets [105, 161, 162]. 

Recently it has been shown that other cell types also share some features typically used 

to identify DCs [105, 162]. For example, macrophages/monocytes [163-166], natural 

killer cells [167], activated T cells [168] and B cells [168, 169] also express CD11c. 

On the other hand, DCs can express markers such as CD14 which is a 

lipopolysaccharide co-receptor [170] and F4/80  which is a member of the epidermal 

growth factor-seven transmembrane receptor family [171-173]. 

Macrophages/monocytes can also prime naïve T cells, but they are not as effective as 

DCs [174-176]. Ontogenic studies have reported that DCs have a distinct development 

lineage thus providing a strong evidence that monocytes/macrophages and DCs are 

distinct cell types [159, 177-179]. Transcriptional studies have further shown that 

genetic profiles are different for DC subsets and macrophages [105, 180-183]. Thus, 

for antigen presentation, CD11c could still be considered with CD11c+ DCs being 

most effective APCs [106, 184]. For this study, FMO control for CD11c is used to 

gate the positive population (Figure 2.6). 

 For human studies, monocyte derived DCs were used as these cells show similarities 

in morphology, physiology and function to conventional myeloid DCs. They are 

generated by the stimulation of monocytes from healthy donors using GM-CSF and 

IL-4 (chapter 2, section 2.3.5). 

1.1.8 DCs, cancer and mesothelioma 

 

Despite the self-origin of tumours, they can still induce immune responses. T cells and 

B cells can mediate these responses, however T cells are important because they can 

lyse tumour cells [185, 186]. In many cancer patients, spontaneous T cell responses 

have been shown to occur frequently, and molecular studies have helped identify 

tumour antigens that are recognised by T cells [187]. The immunogenicity of a tumour 

depends on its antigenicity [188] in the context of MHC molecules presenting peptides 
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recognised by T cells. The existence of tumour-specific peptides could be explained 

by genetic mechanisms. Cancer germline genes such as melanoma associated antigens 

(MAGE) encode tumour specific antigens in some tumour types [189]. Mutations 

(mostly point mutations) can also lead to the generation of new tumour specific 

peptides as a result of a modified peptide sequence. Oncogenic viruses such as 

Epstein-Barr virus (EBV) and human papilloma virus (HPV) that induce tumour 

formation can also encode antigenic peptides that are seen as tumour-associated 

peptides [187]. Large scale projects such as Immunoprofiler Initiative and The Cancer 

Genome Atlas have been designed to identify tumour-infiltrating immune cells by 

direct observation or through gene-expression signatures [190-192]. DCs constitute a 

small population within tumours but are critical for the initiation of antigen specific 

immunity and tolerance [193].  

 DCs present tumour-associated antigens to T cells on MHC-I and MHC-II molecules. 

To effectively prime anti-tumour immunity further positive signalling through co-

stimulatory molecules (such as CD40, CD80) and soluble factors (such as IL-12) are 

required [194]. There are also inhibitory mechanisms in place that limit T cell 

activation which are mediated by molecules such as cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4),  inducible co-stimulatory molecule (ICOS), 

indoleamine 2-3 dexoygenase (IDO), programmed death-ligand 1 (PD-L1), and 

programmed cell death protein 1 (PD-1) [195] (Figure 1.6).  

 

Figure 1.7: Induction of T cell mediated immunity or tolerance by DCs 

DCs present tumour antigens on MHC-I and MHC-II molecules alongside co-stimulatory molecules to 

effectively prime anti-tumour immunity. Image from “Dendritic cells in cancer immunology and cancer 

immunotherapy” [195]. 
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1.1.8.1 Dendritic cell in mesothelioma 

 

Earlier studies by our group have shown decreased numbers of circulating mDC1 cells, 

mDC2 cells and pDCs in mesothelioma patients relative to their healthy age-matched 

counterparts [196]. Blood monocytes in mesothelioma patients were found to have a 

reduced ability to differentiate into MoDCs indicated by a reduced ability to process 

antigen and reduced expression of co-stimulatory molecules, such as CD80, CD40 and 

CD86 [197]. Another study by our group examined the effect of mesothelioma on DC 

lipid content, phenotype and function [198] and found that mesothelioma-exposed 

immature MoDCs have increased lipid content relative to control DCs; this was 

associated with reduced antigen processing ability. Another study by the group 

examined T cell responses to mesothelioma tumours in ageing hosts and showed faster 

tumour growth in elderly relative to young mice which was associated with increased 

pro-inflammatory cytokines and exacerbated cancer cachexia [199].  However, a gap 

in knowledge remains, and that is the combined effect of ageing and mesothelioma on 

lipid accumulation and DC dysfunction. This thesis addresses this gap and also 

examines mesothelioma-induced changes in DC metabolism  

 

1.1.9 Cancer, immune cells and immunometabolism 

 

Cancers are highly diverse, and a range of immune cell populations can be found in 

human tumour tissue including DCs, macrophages and T cells. Cancer cells have the 

ability to maintain and eventually increase glycolysis and high glucose uptake, leading 

to a decrease of intra-tumoural glucose levels [200-202]. This decrease in glucose 

levels can induce extensive metabolic reprogramming in local immune cells. For 

example, low glucose can prevent the production of IFN-γ, a key T-cell effector 

molecule in tumour-infiltrating CD8+ T cells [203]. Macrophages and DCs in tumour 

are also likely to be affected by the tumour microenvironment. These APCs play an 

important role in initiating and regulating immune responses. The latter are determined 

by the activation status of macrophages and DCs. It is now clear that different stages 

of immune cell activation and function depend on different metabolic pathways that 

are determined by the bioenergetic and biosynthetic needs of the cell  [204-206]. The 

following pathways are involved in cellular metabolism.  
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1.1.9.1 Glycolysis  

 

Glycolysis is an energy generating pathway that occurs in the cytoplasm and breaks 

glucose down into 2 three carbon compounds (Figure 1.7). Glycolysis plays an 

important role in generating adenosine triphosphate (ATP) without requiring oxygen. 

There are 10 steps involved in glycolysis, five of which constitute a preparatory phase 

and five are in the payoff phase generating a net gain of two ATP and two nicotinamide 

adenine dinucleotide (NADH). Glycolysis is not a linear reaction, and instead many 

intermediate metabolites of glycolysis branch into other metabolic pathways [207]. 

Glucose-6-phosphate, the first intermediate of glycolysis, is also used for pentose 

phosphate pathway (PPP) and glycogen synthesis, as well as acting as the glycolytic 

intermediate for glyceraldehyde-3-phosphate, through which glycerol generates fatty 

acids and triglycerides. 
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Figure 1.8: Overview of metabolic pathways 

Glycolysis (1), pentose phosphate pathways (PPP) (2), tricarboxylic acid (TCA) cycle (3), electron 

transport chain (ETC) and oxidative phosphorylation (OXPHOS) (4), fatty acid synthesis (FAS) (5) and 

beta oxidation (fatty acid oxidation) (6): Image from “Metabolic Modulation in Macrophage Effector 

Function” [207]. 

 

Each reaction in glycolysis is catalysed by its own enzyme (Figure 1.8). Hexokinase 

(HK) catalyses the first step in the glycolytic cycle [208]. In this step, glucose is 

phosphorylated at C-6 to yield glucose-6-phosphate. ATP acts as the phosphoryl 

donor. The rate of glycolysis is highly dependent on HK activity [209]. This step not 

just activates glucose but also restricts glucose in cells. Phosphofructokinase (PFK) is 

the most important rate limiting enzyme as it catalyses the conversion of ATP and 

fructose-6-phosphate to fructose 1,6-bisphosphate and adenosine diphosphate 
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(ADP)[210]. Pyruvate kinase (PK) catalyses one of the irreversible steps of glycolysis 

by transferring a phosphate group from phosphoenolpyruvate (PEP) to ADP, resulting 

in one molecule of ATP and  one molecule of pyruvate. PK has two isoenzymes, PKM 

1 and PKM 2. Lactate dehydrogenase catalyses the interconversion of lactate and 

pyruvate and concomitantly interconversion of nicotinamide adenine dinucleotide 

from the oxidised (NAD+) to the reduced state (NADH). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) catalyses the 6th step in the glycolysis cycle. A study has 

shown that increased GAPDH gene expression is associated with increased cell 

proliferation [211] and increased GAPDH alongside increased hexokinase activity has 

been associated with increased glycolytic activity in macrophages [212]. 
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Figure 1.9: Enzymes involved in the glycolytic pathway 

Key enzymes involved in the glycolytic pathway are shown. Those examined using 

western blotting are bolded and highlighted.  
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The end product of glycolysis is pyruvate that enters the mitochondria to undergo 

oxidative decarboxylation by the enzyme, pyruvate dehydrogenase (PDH), and serve 

as the major source of acetyl-CoA, that enters the tricarboxylic acid cycle (TCA), also 

known as citric acid cycle. Under high energy demand, pyruvate can be converted into 

lactate by lactate dehydrogenase (LDH) that can act as another primary source of 

carbon fuelling the TCA cycle [213]. 

Glycolysis is upregulated in M1 macrophages, and this upregulation has been 

associated with the pro-inflammatory M1 phenotype. In contrast, M2 macrophages 

have been shown to employ oxidative phosphorylation (OXPHOS) as their main 

energy source of ATP to support their metabolic demands [214, 215]. OXPHOS 

generates 36 molecules of ATP, which is much more than glycolysis (2 molecules of 

ATP per molecule of glucose) however, glycolysis is faster and produces biosynthetic 

intermediates that can be utilised in other pathways, such as PPP, which are crucial 

for macrophage activation and effector functions [216, 217].  

 

1.1.9.2 The pentose phosphate pathway (PPP) 

 

The PPP takes place in the cytosol and can be divided into two stages. The first is an 

oxidative phase which generates NADH phosphate (NADPH) and the second is a non-

oxidative phase where 5 carbon sugars are synthesised. Glucose-6-phosphate 

generated from the first step in glycolysis feeds anabolic PPP that generates 5 ribose 

phosphate and pentoses for nucleic acid production and serves as the major source of 

NADPH. NADPH acts as a reducing power for a range of anabolic and synthetic 

pathways [207]. 

 

1.1.9.3 The tricarboxylic acid cycle (TCA)  

 

During sufficient oxygen conditions, glucose is catabolised through glycolysis 

producing pyruvate and lactate that enter the TCA cycle where by-products from this 

cycle donate electrons into the electron transport chain (ETC) to produce a further 

theoretical yield of 36 ATP molecules per glucose molecule. The TCA cycle is 
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followed by the ETC, and lastly, proton gradient established as a result of the ETC 

drives the OXPHOS of ADP to ATP. 

Pyruvate formed through glycolysis enters the TCA cycle after being decarboxylated 

into acetyl Co-A by the PDH complex. The TCA involves a series of oxidising 

reactions where each acetyl Co-A is converted into two molecules of water and carbon 

dioxide. One lap around the TCA cycle generates one ATP (2 per molecule of 

glucose). Most of the energy produced through the TCA cycle is stored as NADH and 

flavin adenine dinucleotide (FADH2) that produce large amounts of ATP in subsequent 

reactions of ETC and OXPHOS [207]. The TCA cycle occurs in the presence of 

oxygen. 

The next phase of cellular respiration involves the transfer of high energy electrons 

within NADH and FADH2 to a set of membrane bound enzymes in the mitochondrion 

which is called the ETC. 

 

1.1.9.4 The electron transport chain (ETC) 

 

NADH and FADH2 from the TCA cycle are important electron donors during 

OXPHOS that occurs in the ETC of the mitochondria. The translocation of protons 

across the inner mitochondrial membrane, driven by a series of enzyme complexes, 

enables the generation of ATP by the ATP synthase complex. 

 

1.1.9.5 Fatty acid oxidation and synthesis 

 

The fatty acid oxidation (FAO) pathway converts fatty acids into intermediates that 

can feed into other pathways such as OXPHOS to generate more ATP. Fatty acid 

synthesis utilises products from other pathways to produce fatty acid chains which 

could be further condensed to complex lipids (phospholipids) that could be 

components of cellular structures [218].  

Like glycolysis, many of the key intermediates of the TCA cycle serve as precursors 

in biosynthetic pathways. In inflammatory macrophages, many significant changes 

occur in the TCA cycle. Citrate not only fuels fatty acid synthesis but also serves as a 
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precursor of itaconate, which is one of the most highly induced metabolites in LPS-

activated macrophages [207]. LPS-activated macrophages have been linked with 

increase in fatty acids. [219, 220]. Macrophages associated with atherosclerosis are 

commonly called foam cells and LPS-activated macrophages have been associated 

with increased accumulation of cholesterol esters and triglycerides that contribute to 

the pathogenesis of chronic inflammatory diseases [221, 222]. De novo synthesis of 

fatty acids is largely responsible for this increased lipid accumulation as well, as 

increases in many key enzymes involved in glycerol lipid synthesis including Lipin 1, 

glutamic pyruvic transaminase (GPT3) is seen, which may contribute to increased 

lipid accumulation. Along with an increase in lipid accumulation and synthesis, LPS-

activated macrophages decrease in fatty acid oxidation (FAO) [223]. To summarise, 

macrophages have been shown to uptake lipids through different pathways and 

enzymes which leads to their dysfunction. The effect of mesothelioma on lipid 

accumulation by macrophages and DCs was examined in this study. 

 

1.1.10 Metabolic processes in macrophages and DCs 

 

As discussed above, M1 macrophages, or classically activated macrophages, use 

glycolytic pathways to produce most of their ATP while alternatively activated 

macrophages M2 macrophages utilise OXPHOS. Therefore, M2 macrophages 

maintain the forward flow of electrons obtained within NADH and FADH2 through 

the ETC and generate ATP via ATP synthase [220]. Exposure of macrophages with 

IL-4 upregulates OXPHOS via the transcription factor STAT6 and the PPARγ 

coactivator-1β (PGC-1β). Over expression of PGC-1β can lead to a reduction of pro-

inflammatory cytokines and knockdown of PGC-1β leads to impaired traits of 

alternative activation such as promotion of FAO and arginase activity [224]. Citrate 

from the TCA cycle acts as the substrate for fatty acid synthesis which uses fatty acid 

synthase to catalyse citrate in a series of reactions. Pro-inflammatory functions of 

macrophages have been closely linked with fatty acid synthesis, as many studies have 

shown that there is an increase in fatty acids and citrate in LPS-activated macrophages 

[219, 220].  

Increased mitochondrial biogenesis has been observed in human monocyte-derived 

DCs. DCs generated in response to GM-CSF and IL-4 is accompanied by increased 
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expression of peroxisome proliferator-activated receptor γ (PPAR-γ) [225]. PPAR-γ 

is a key transcription factor in controlling lipid metabolism and PPAR-γ receptor is a 

master regulator of mitochondrial biogenesis [226]. Rotenone, an electron transport 

chain inhibitor, has been shown to block DC differentiation upon inhibition of 

mitochondrial respiration in monocytes [227]  suggesting active mitochondrial 

biogenesis occurs during DC differentiation. 

Edward et al have shown a significant correlation between increased synthase activity 

and DC differentiation as citrate subsequently gives rise to α-ketoglutarate in the TCA 

cycle but is also a precursor for FA synthesis [228]. DC development and 

differentiation of monocytes into DCs has been shown to be dependent on FA 

synthesis [229]. This shows that DC differentiation processes are dependent on 

metabolic pathways integrating mitochondrial function with synthesis of fatty acids.  

1.1.11 Lipid accumulation in macrophages and dendritic cells 

 

Several studies have shown that lipid accumulation causes DC and macrophage 

dysfunction [101, 230-235]. Fu et al. [236] and Herber et al. [101] have shown that 

radiation and tumours respectively cause lipid accumulation in DCs that leads to low 

expression of co-stimulatory molecules and reduced cytokine secretion. These lipid 

laden DCs had a reduced capacity to process antigens and were unable to effectively 

stimulate allogenic T cells. Studies in macrophages have shown that lipid 

accumulation influences their phenotype and blunts their pro-inflammatory immune 

responses [235, 237, 238]. Macrophages facilitate the uptake of lipids mainly through 

scavenger receptors leading to the formation of foam cells [239]. Earlier studies in the 

group by Gardner et al. investigated the lipid accumulation in mesothelioma in young 

mice. The studies found higher lipid accumulation and reduced numbers of cross-

presenting CD8α+CD4- DCs. This was associated with decreased T cell proliferative 

response to tumour antigen presentation in draining lymph nodes [240]. Other studies 

have shown lipid laden iMoDCs (monocyte-derived dendritic cell) to have reduced 

CD1a expression which could further lead to decreased presentation of tumour-

associated lipid antigens and reduced activation of lipid-specific T cells [241, 242]. 

Lipid accumulation in response to combined effects of ageing and mesothelioma have 

not been looked before which is the main focus of this thesis. 
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1.1.11.1 Mechanism of lipid accumulation in DCs 

 

Scavenger receptors play an important role in the intracellular transport of lipids and 

constitute a large family of proteins. There are 8 classes of scavenger receptors ranging 

from class A to class H. [243]. Lymphoma tumour explant supernatants induce 

significant upregulation of the macrophage scavenger receptor 1 (Msr 1 also known 

as SR-A) in DCs. Msr-1 is predominantly found in macrophages, monocytes and DCs 

in both humans and mice [244]. Similar effects have been seen with colon carcinomas 

and melanoma [101]. CD36, also known as SR-B, is a type B scavenger receptor while 

CD68 is a type D scavenger receptor [243]. CD68 has been known to play a minor 

role in the uptake of oxidised lipoproteins by macrophages [245]. Earlier work by 

Gardner et al. has shown that with ageing, expression levels of CD36 (a scavenger 

receptor), CD68 (a member of scavenger receptor supergene family 5), very low 

density lipoprotein receptor (VLDLr) and low density lipoprotein receptor (LDLr) 

significantly increased in different DC subsets that may be responsible for increased 

lipid accumulation [246].  

1.1.11.2 Mechanism of lipid accumulation in macrophages 

 

Macrophages take up low density lipoproteins (LDL), very low-density lipoproteins 

(VLDL) and oxidised lipoproteins via phagocytosis, micropinocytosis and pathways 

mediated by scavenger receptors such as CD36, scavenger receptor class B type 1 (SR-

B1), scavenger receptor class A type 1 (SR-A1) and lectin type oxidised LDL receptor 

1 (LOX-1) [247].  
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1.1.12 Project aims 

 

Macrophages and DCs likely change in response to their microenvironment during 

DCs ageing and when a tumour is present. Previous studies have examined the effect 

of age and mesothelioma separately on macrophages and DCs. This is the first study 

to examine the combined effect of age and mesothelioma on macrophages and DCs. 

 

Thus, this thesis aimed to: 

1. Examine changes to murine macrophage subsets in young and elderly mice with 

mesothelioma by comparing: 

A) Macrophages obtained from young mice (2-5 months, equivalent to 16-

18 human years) and elderly mice (20–24 months, equivalent to 60-70 

human years). 

B) Macrophages obtained from BM, spleen, lymph nodes and tumour. 

C) Lipid accumulation and markers of macrophage function. 

 

2. Examine changes to DC subsets in young versus elderly mice with 

mesothelioma by comparing: 

A) BM, spleen, lymph nodes and tumour 

B) Lipid accumulation and markers of DC function.  

 

3. Investigating metabolic changes induced by mesothelioma in human and murine 

DCs by comparing the glycolytic and mitochondrial profiles of healthy DCs to 

DCs exposed to mesothelioma-derived soluble factors. 

 

 

Thesis hypothesis 

Mesothelioma drives lipid accumulation in DCs and macrophages leading to 

their dysfunction; this is exacerbated with ageing 
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Chapter 2: Material and methods 

2.1 Cell culture   

 

2.1.1 Tumour cell lines, cell culture and maintenance 

 

The two tumour cell lines used in this study were JU77 human mesothelioma cells and 

AE17 murine mesothelioma cells. The JU77 cell line was established from a pleural 

effusion of a patient with a confirmed disease diagnosis [248]. The AE17 cell line is a 

confirmed murine malignant mesothelioma cell line which was derived from the 

peritoneal cavity of C57BL/6J mice injected with asbestos fibres [249]. RPMI 1640 

(Life Technologies, Victoria, Australia)  media containing 10% fetal calf serum (FCS; 

ThermoScientific Victoria, Australia), 10 μg/ml streptomycin (Penicillin‐

Streptomycin; Life Technologies),  100 units/ml penicillin and 2 mM L‐glutamax 

(Life Technologies), which is referred as complete RPMI 1640 (cRPMI) media was 

used to maintain both the cell lines. All cells were maintained at 37ºC in a 5% CO2 

atmosphere. 

2.1.2 Generating tumour conditioned media  

 

To mimic a tumour microenvironment, tumour conditioned media was generated 

using AE17 and Ju77 mesothelioma cell lines. Tumour conditioned media (TCM) 

contains factors secreted by tumour cells such as cytokines, metabolites and growth 

factors [250]. To generate TCM, tumour cell lines were first thawed in cRPMI and 

then gradually weaned into complete serum-free media (SFM; Invitrogen, USA). 

Weaning was performed in different stages. Firstly, Ju77/AE17 cells cultured in 

cRPMI media were split into 25% SFM + 75% cRPMI media after reaching 80-90% 

confluency. This cycle continued as Ju77/AE17 cells were successively weaned into 

50% SFM + 50% cRPMI media, 75% SFM + 25% cRPMI media and then 100% SFM. 

To maintain consistency, cells were left in SFM for 72 hours until the media turned 

yellow when supernatant was collected, centrifuged at 300 g for 5 minutes to remove 

any dead cells and stored at -80ºC for future use (Figure 2.1). 
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Figure 2.1: Generating AE17/ Ju77 tumour conditioned media 

 

2.1.3 Passaging tumour cell lines 

 

JU77 and AE17 tumour cell lines were grown to approximately 80‐90% confluency 

before passaging. Both cells lines were adherent and required trypsinisation with or 

without ethylenediaminetetraacetic acid (EDTA) during passage. For passaging, 

medium was removed from confluent cells and the monolayer was washed using 

phosphate-buffered saline (PBS; Life Technologies). After removal of PBS, 1 ml of 

trypsin (Life Technologies) +/- EDTA (EDTA; Life Technologies) was added to cells 

for 3 minutes at 37ºC and 5% CO2 to release adherent cells. AE17 cells were detached 

from tissue culture flasks using 0.25% trypsin only as the use of EDTA on AE17 cells 

interferes with their ability to form tumours in mice (unpublished laboratory 

observations). 0.25% trypsin‐EDTA (Life Technologies) was used to detach JU77 

cells from tissue culture flasks. Once cells were detached, cRPMI media was added to 

neutralise trypsin [251]. Cells were centrifuged at 300 g for 5 minutes, resuspended in 

cRPMI media and seeded into new tissue culture plates or flasks (Becton Dickinson, 

California, USA). 
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2.1.4 Freezing and thawing of cells 

 

Trypan blue was used for cell viability and quantification. 10 l of 0.4% trypan blue 

solution (Sigma-Aldrich, USA) was mixed with 10 l of cells following which 10 l 

of the mixture was loaded onto a haemocytometer and dead (blue stained) and viable 

(unstained) cells were counted. Cells were centrifuged and resuspended in a freezing 

mixture consisting of 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) and 

90% FCS  at a concentration of 1 x 106 cells/ml and aliquoted into cryovials at 1 

ml/vial for storage at -80ºC.  

Frozen cells were thawed in a 37ºC water bath and transferred to 50 ml tubes with 

cRPMI media containing an FCS underlay added in a dropwise manner. Cells were 

centrifuged to remove DMSO at 300 g for 5 minutes, resuspended in cRPMI media, 

transferred to tissue culture flasks or plates and cultured at 37ºC in a 5% CO2 

atmosphere. 

2.2 Human Studies 

 

2.2.1 Human ethics approval 

 

This study was approved by the Curtin University Human Research Ethics Committee 

(approval number HRE2017-0823).  

2.2.2 Volunteer recruitment 

 

Healthy volunteers aged between 20-35 years were recruited by word of mouth within 

the Curtin Health Innovation Research Institute (CHIRI), Curtin University, Perth. An 

information leaflet was provided to the volunteers prior to obtaining signed consent. 

Volunteer health status was evaluated via a questionnaire (refer to appendix). 

2.2.3 Whole blood sample collection 

 

Whole blood samples (50 ml) were collected from volunteers via venepuncture into 

five 10 ml K2EDTA [252]) vacutainers (Becton Dickinson) and transported to the 

laboratory for immediate processing.  
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2.2.4 PBMCs isolation via density gradient centrifugation 

 

Peripheral blood mononuclear cells (PBMCs) obtained from whole blood samples 

were evenly divided between two 50 ml tubes. PBS containing 2 mM EDTA (Sigma-

Aldrich, USA) was added to make a total volume of 35 ml per tube. 15 ml of Ficoll-

paque PLUS (GE healthcare, New South Wales, Australia) was added into a new 50ml 

tube and overlaid with 35 ml of diluted blood and centrifuged at 400 g for 40 minutes 

at 20ºC without brakes. After centrifugation, the PBMC layer was carefully collected 

with a sterile transfer pipette, resuspended in 50 ml of PBS/EDTA and washed 4 times. 

The first wash was at 300 g for 10 minutes at 20ºC with full acceleration and brakes. 

The second and third washes were performed at 200 g for 10 minutes each at 20ºC 

with full acceleration and brakes to remove platelets. The final wash was at 120 g for 

10 minutes at 20ºC. PBMCs were then resuspended in cRPMI media and aliquoted 

into 6 well plates at a concentration of 5 x 106 cells per well. 

2.2.5 In-vitro generation of human monocyte-derived dendritic cells  

 

Monocyte-derived dendritic cells (MoDCs) were prepared as per Romani et al. [253] 

and Sallusto et al. [137]. Briefly, PBMCs were allowed to adhere to wells for 2-3 hours 

in cRPMI media at 37ºC and 5% CO2, after which non-adherent cells were removed. 

To differentiate the monocytes into DCs; the remaining adherent cells were cultured 

for 7 days in cRPMI media supplemented with 80 ng/ml human granulocyte-

macrophage colony‐stimulating factor (GM‐CSF; Shenandoah Biotechnology, 

Pennsylvania, USA), 10 ng/ml recombinant human interleukin (IL)‐4 (Shenandoah 

Biotechnology) and 10 μg/ml Polymyxin B (Sigma‐Aldrich) to neutralize any 

endotoxin [253], [137], [254]. cRPMI media containing the relevant growth factors 

was replaced at day 3 and day 6. 

2.2.6 Human MoDC stimulation with LPS and /or exposure to tumour conditioned 

media 

 

Human MoDCs were cultured in 6 well plates at a concentration of 5 x 106 cells per 

well, under the following conditions: (i) cRPMI media only (unstimulated/non-tumour 

exposed controls), (ii) cRPMI media supplemented with 1 µg/ml LPS (Sigma Aldrich) 

to activate MoDCs and induce their maturation (mature MoDC controls), and (iii) a 
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mixture of 50% JU77 TCM and 50% cRPMI media as tumour-exposed tests. After 24 

hours, MoDCs were collected by gentle pipetting with a sterile transfer pipette for 

analysis via flow cytometry, seahorse technology or western blotting (Figure 2.2). 

 

Figure 2.2: Cell culture and experimental analysis 

 

2.2.7 Western blot analysis 

 

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was 

used to run multiple protein samples. Ten percent resolving gel as per Table 2.1 was 

poured in between two clean glass plates clamped in a gasket and propanol (Ajax 

Finechem, Thermo Fisher Scientific) poured along the top to remove air bubbles. Once 

the resolving gel had polymerised, propanol was poured off before addition of 5% 

stacking gel. A 10 well comb was placed carefully to prevent air bubbles forming in 

the stacking gel. Once gels had polymerised, plates were clamped into running buffer 
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(25 mM Tris Base (Life Technologies) with 192 mM glycine (Bioland Scientific 

LLC), and gel glycerol (Biochemicals) at 50%, pH 6.5). Cell lysates were diluted 1:4 

in sample buffer (Novex, Life Technologies) and NuPage sample reducing agent 

(ThermoFisher Scientific) and boiled for 5 minutes. The amount of lysate to be loaded 

was determined using a bicinchoninic acid protein assay (BCA; Thermo Scientific). 3 

µg of the molecular marker ladder (Bio-Rad) was loaded to provide a standard for 

molecular weights. The system was initially run at 80 V through the stacking gel then 

increased to 120 V until the dye front had reached the end of the plate. Protein transfer 

to a nitrocellulose membrane (Bio-Rad) was followed by electrophoresis. The gel and 

membrane were soaked in transfer buffer (25 mM Tris Base, 192 mM glycine, 20% 

methanol) then layered between blotting paper before being placed in the transfer 

system. Proteins were transferred at 250 mA for 1 hour and 15 minutes and Ponceau-

S staining (Sigma-Aldrich) used to confirm successful protein transfer. Blots were 

then blocked in 3% bovine serum albumin (BSA; Amresco) in 1x Tris-buffered saline 

(TBS)-Tween solution (20 mM Tris Base, 140 mM NaCl, 0.05% Tween 20, pH 7.4). 

Primary rabbit antibody solutions (diluted as per Table 2.3) in 3% BSA in TBS-Tween 

(0.02% sodium azide was added to ensure long term use), were added to the membrane 

and incubated overnight at 4ºC. 5 ml of primary antibody was added to 15 ml tubes; 

this volume is used to ensure the blots are fully immersed as they face upwards when 

inserted inside the 15 ml tubes.   The blots were washed 3 times in SNAPid (EMD 

Millipore Corporation) to remove any unbound primary antibody. Blots were then 

incubated with a secondary polyclonal goat anti-rabbit antibody (Dako, Denmark) 

which is conjugated with horseradish peroxidase (HRP) prepared at a 1:2000 dilution 

in TBS-Tween solution for 30 minutes. Blots were washed 3 times with TBS-Tween 

before detection using enhanced chemiluminescence (ECL) substrate for the detection 

of HRP on immunoblots [255]. Visualization and quantitative densitometry analysis 

were performed with Molecular Imager® Gel Doc™ XR System v5.2.1 (Bio-Rad 

Laboratories, Hercules, CA, USA). 
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Table 2.1 Composition of gels used in SDS PAGE protein separation. (For 1 

gel) 

Reagent 10% Resolving gel 5% Stacking gel 

Acrylamide Stock (40%) (Invitrogen) 2ml 0.25ml 

1.25mM Bis-Tris buffer pH 6.5 

(Invitrogen) 

2.25ml 0.71ml 

Gel glycerol (Biochemicals) 1.9ml 0ml 

Milli-Q H20 (Baxter water) 1.9ml 1.04ml 

10% Ammonium Persulfate (APS; 

Invitrogen) 

50 µl 25 µl 

Tetramethylethylenediamine (TEMED; 

Invitrogen) 

5 µl 2.5 µl 

 

Table 2.2: Solutions used in preparation of western blot 

Running 

buffer 

Transfer 

buffer 

10x TBS Primary 

antibody 

Secondary 

antibody 

Trizma base 

(Sigma) 3.03g 

Milli-Q H20 NaCl, 87.5g 1:1000 in 

TBST in 3% 

BSA 

1:2000 in 

TBST in 3% 

BSA (anti-

rabbit) 

Glycine 14.4g 1x Tris 

glycine 

Trizma base, 

21.1g 

Methanol, 

20% 

 

Table 2.3: Antibody dilutions used in western blot 

Antibodies Dilutions Supplier Catalog 

number 

Molecular 

weight (kDa) 

Beta Actin (13E5) Rabbit 

mAb 

1:2000 Cell 

Signalling 

Technology 

4970 45  

Glyceraldehyde 3-

phosphate dehydrogenase 

1:1000 Cell 

Signalling 

Technology 

5174 37  



38 
 

(GAPDH) (D16H11) XP 

Rabbit mAb 

Hexokinase I (C35C4) 

Rabbit mAb 

1:1000 Cell 

Signalling 

Technology 

2024 102  

Hexokinase II (C64G5) 

Rabbit mAb 

1:1000 Cell 

Signalling 

Technology 

2867 102  

Lactate dehydrogenase A 

(LDHA) (C4B5) Rabbit 

mAb 

1:1000 Cell 

Signalling 

Technology 

3582 37  

Pyruvate dehydrogenase 

(C54G1) Rabbit mAb 

1:1000 Cell 

Signalling 

Technology 

3205 43  

Pyruvate kinase I and II 

(C103A3) Rabbit mAb 

1:1000 Cell 

Signalling 

Technology 

3190 60  

Pyruvate kinase II 

(D78A4) XP Rabbit mAb 

1:1000 Cell 

Signalling 

Technology 

4053 60  

 

 

 

2.2.8 Seahorse metabolic analysis 

 

The Seahorse (Seahorse XFe96 Analyzer, Agilent) preparation station was turned on 

24 hours before performing the assay and set at 37ºC in a 0% CO2 atmosphere. 

Hydrated XFe96 sensor cartridges were placed in the seahorse preparation station for 

24 hours with a calibrant solution and on the day of assay, they were inserted into the 

instrument to initiate the calibration process. Basal media containing Dulbecco's 

Modified Eagle's Medium (DMEM; Sigma), 2mM L-glutamax (Gibco), 1mM 

pyruvate (Sigma) and 3 ml/l phenol red (Sigma) was prepared fresh on the day of the 

assay, warmed at 37ºC in a water bath and adjusted to pH 7.4. Basal media was 

aliquoted as follows: (i) 50 ml for washing cells and for the glycolysis stress test 
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(media was left as is with no glucose added), (ii) 24 ml for the mitochondrial stress 

test with glucose (Sigma) added to make a final concentrate on of 2.5 mM glucose 

2.2.9 Dendritic cell preparation for the seahorse assay 

 

MoDCs were lifted off six well plates by gentle pipetting using sterile transfer pipettes 

and centrifuged at 300 g for 5 minutes. The supernatant was removed, and pellets were 

resuspended in basal media, washed 3 times at 300 g for 5 minutes each and cell 

quantification was performed. Cells were seeded in a seahorse XF-96 cell culture 

microplate at 7 x 104 cells per well with 8 replicates for each condition. On the day of 

the stress tests and seahorse analysis, culture media was changed to basal media 

containing 2.5 mM glucose, 1 mM sodium pyruvate and without bicarbonate for the 

mitochondrial stress test [256]. The same media was also used for the glycolytic stress 

test but without glucose. Cells were then incubated in the seahorse preparation station 

set at 37ºC in a non-CO2 incubator. Each sample was subjected to a glycolytic stress 

test and a mitochondrial stress test. 

2.2.10 Aliquoting drugs into seahorse ports 

 

A multi-channel pipette was used to load two ports at a time with 10 μl tips that fit the 

small port openings. Tips were placed against the side of the well, about halfway down 

the well, to avoid creating bubbles when dispensing drug solutions. 25 μl of each drug 

solution was aliquoted into the respective ports while the remaining ports were 

aliquoted with 25 μl of basal seahorse media. These drugs are diluted 8, 9, 10 times 

when injected into the wells due to the volumes already present in the relevant wells 

in a Seahorse XF96 culture plate. Therefore, stock solutions are made at 

concentrations that are 8, 9 and 10 -fold higher than the intended working 

concentration, this is shown in “x-conc” column [257].   Drug concentrations are 

shown in Tables 2.4 and 2.5. 

For the glycolytic stress test (Figure 2.3), the first injection was 1 μg/ml LPS to 

measure DC responses to LPS. The second injection was a saturating concentration of 

glucose. Cells use the glycolytic pathway to catabolise glucose to pyruvate producing 

nicotinamide adenine dinucleotide (NADH), adenosine triphosphate (ATP), water and 

protons. Extracellular acidification rate (ECAR), which is a measure of the rate of 
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glycolysis is rapidly increased upon the extrusion of protons into the medium [258]. 

Oligomycin, the third injection, is an ATP synthase inhibitor. Oligomycin inhibits 

mitochondrial ATP production and shifts energy production towards glycolysis with 

a subsequent increase in ECAR, enabling cells to reach their maximum glycolytic 

capacity [258]. The final injection is 2-deoxy-glucose (2-DG), a glucose analog that 

competitively inhibits glucose hexokinase, an enzyme in the glycolytic cycle, this 

prevents glycolysis. The resulting decrease in ECAR produced as a result of 2-DG 

confirms that the ECAR produced in the experiment is due to glycolysis [259].  

 

Figure 2.3: Glycolytic stress test injections strategy 

 

For the mitochondrial stress test (Figure 2.4), oligomycin is used after LPS. This 

inhibits ATP synthase (complex V as seen in Figure 2.5) and decreases the oxygen 

consumption rate (OCR), a measure of mitochondrial respiration. The next injection 

is the uncoupling agent, carbonyl cyanide-4(trifluoromethoxy) phenylhydrazone 

(FCCP) [260]. FCCP allows the free flow of electron through the electron transport 

chain (ETC) and the maximum consumption of oxygen by cells, thus, measuring the 

maximum rate of respiration. The final injection is a mixture of rotenone and 

antimycin A that abrogate mitochondrial respiration by blocking complex I and 
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complex III of the electron transport chain (Figure 2.5) thus enabling the calculation 

of non-mitochondrial respiration driven by processes outside the mitochondria. [261].  

 

                                           

                 Figure 2.4: Mitochondrial stress test injections strategy 

                              

               Figure 2.5: Mitochondrial stress test modulators that inhibits         

complexes of the  electron transport chain  [262] 
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Table 2.4: Glycolysis stress test drug calculations (Prepared in Seahorse media 

(DMEM) 0mM glucose) 

Port Drug Stock conc. Final 

conc. 

x 

conc. 

Final 

vol. 

(μl) 

Volume 

of stock 

(μl) 

Volume 

of media 

(μl) 

A LPS 1000 μg/ml 1 μg/ml 8 1000.0 8.0 992.0 

B 

Glucose 

(Sigma)  2498 mM 25 mM 9 1000.0 90.1 909.9 

C 

Oligomycin 

(Sigma) 5000 μM 1.5 μM 10 1000.0 3.0 997.0 

D 

2-DG 

(Sigma)  1M (use as it is) 1000 0 

 

 

Table 2.5: Mitochondrial stress test drug calculations (Prepare in Seahorse media 

(DMEM) 2.5mM glucose) 

Port Drug Stock conc. Final conc. x 

conc. 

Final 

vol. 

(μl) 

volume 

of 

stock 

(μl) 

Volume 

of 

media 

(μl) 

A LPS 1000 μg/ml 1 μg/ml 8 1000.0 8.0 992.0 

B Oligomycin 

(Sigma) 

5000 μM 1.5 μM 9 1000.0 2.7 997.3 

C FCCP 

(sigma) 

5000 μM 1.5 μM 10 1000.0 3.0 997.0 

D Antimycin 

A (Sigma) 

5000 μM 2.5 μM 11 1000.0 5.5 991.8 

Rotenone 

(Sigma) 

5000 μM 1.25 μM 2.8 
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2.2.11 Mito-Tracker Flow Staining 

 

MoDCs lifted off 6 well plates were washed twice and equally distributed in a 24 well 

plate before staining with 10 nM Mito-Tracker Green (Thermo Fisher Scientific) and 

Mito-Tracker Deep Red (Thermo Fisher Scientific) for 45 minutes at 37ºC. Cells were 

then washed in PBS at 300 g for 5 minutes at 4ºC, resuspended in 120 μl of PBS and 

data acquired for flow cytometric analysis using a LSR Fortessa (BD Biosciences). 

Unstained cells were used to determine the optimal photomultiplier tube (PMT) 

voltages on the flow cytometer, single stained cells were included as compensation 

controls and a minimum of 10,000 cells/sample were collected for analysis. 

2.3 Murine Studies 

 

2.3.1 Mice and tumour growth 

 

Curtin University Animal Ethics Committee (AEC) approved this project (AEC 

approval numbers: AEC_2012_21 and AEC_2016_05); all experiments were 

performed in accordance with the Australian Code of Practice. Female mice C57BL/6J 

mice 6 to 8 weeks old (equivalent to 14-20 human years) and 18 months old 

(equivalent to 60-70 human years) were obtained from the Animal Resources Centre, 

Perth and maintained under standard animal housing conditions at the Curtin 

University Animal Facility. For studies involving healthy mice, any mouse with an 

enlarged spleen, lymph nodes and/or liver was excluded. For studies involving 

tumour-bearing mice, mice were injected with 5 x 105 AE17  tumour cells in 100 μl of 

PBS, subcutaneously in the right flank, by Dr. Connie Jackaman, Curtin University 

and tumour growth monitored regularly. Micro-callipers were used to measure tumour 

size. The maximum tumour size allowed was 140 mm2 in accordance with AEC ethics 

approval.  

2.3.2 Collection and processing of murine samples 

 

Methoxyflurane (Medical Developments International, Victoria, Australia) was used 

to anaesthetise mice prior to euthanasia by cervical dislocation. Lymph nodes (LN), 

bone marrow (BM) and spleens were collected from healthy (non-tumour bearing) 

mice whilst spleens, BM, tumour, and tumour draining lymph nodes were collected 
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from AE17-tumour bearing mice. Frosted glass slides were used to gently disaggregate 

tumours, lymph nodes and spleens into single cell suspensions. BM was flushed from 

tibiae and femurs using fluorescence-activated cell sorting (FACS) buffer (1x PBS/1% 

normal calf serum (NCS, ThermoScientific)/1% bovine serum albumin (BSA, Sigma‐

Aldrich) in a 0.5 ml insulin syringe. Samples were then centrifuged at 300 g for 5 

minutes, supernatants removed, cells resuspended in FACS buffer and washed once 

by centrifuging at 300 g for 5 minutes.  

2.3.3 Staining protocol 

 

Prior to staining, an Fc block (CD16/32) diluted 1:200 in FACS buffer was used to 

prevent the Fc portion of the staining antibodies binding FcyRIII and FcyRII 

potentially resulting in false positives [263]. Antibody staining panels used for 

identifying murine DCs and macrophages are shown in Tables 2.6 and 2.7, 

respectively.  20 µl of Fc block was added per well and cells incubated for 30 minutes 

in the dark at 4°C. Cells were then washed twice with 200 µl of FACS buffer by 

centrifugation at 300 g for 2 minutes at 4°C and stained with 20 µl per well of the 

primary antibodies diluted in FACS buffer (as per Table 2.6 and 2.7) for 30 minutes 

in the dark at 4°C. Cells were again washed twice with 200 µl of FACS buffer by 

centrifugation at 300 g for 2 minutes at 4°C. After the second wash, cells were stained 

with 20 µl per well of the secondary antibodies (diluted in FACS buffer; Table 2.6) 

for 30 minutes in the dark at 4°C. Cells were then washed once with FACS buffer and 

once with PBS by centrifugation at 300 g for 2 minutes at 4°C. After washing, cells 

were stained with Zombie (diluted in PBS, Table 2.6) for 15 minutes in the dark at 

4°C, washed twice with PBS before being stained with Bodipy dye (diluted in PBS, 

Table 2.6)  for 15 minutes in the dark at 4°C. Zombie NIR is an amine reactive 

fluorescent dye which is permeant to cells with a compromised membrane, but is non-

permeant to live cells and is used to asses dead versus live cells [264].  A further two 

washes were performed with FACS buffer at 300 g for 2 minutes at 4°C when cells 

were resuspended in 200 µl of FACS buffer before flow cytometric analysis on a BD 

LSR Fortessa (BD).  
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2.3.4 Flow cytometry control and gating 

 

Unstained cells were used to determine the optimal photomultiplier tube (PMT) 

voltages on the flow cytometer for each fluorochrome, taking into account potential 

sample autofluorescence. Single-stained cells were used as compensation controls to 

account for fluorescence spillover. Fluorescence minus one (FMO) controls were 

performed for molecules with specific fluorochromes that demonstrated spreading or 

spillover on the single stain profile and the cells of interest could not be resolved. FMO 

controls were performed for key markers because of limited resources. The FMOs 

used were MHC-I conjugated to PerCP-Cy5.5, MHC-II conjugated to AF700, 

BODIPY FL dye with similar excitation and emission to fluorescein (FITC), and 

CD11c conjugated to BV605 during staining optimisation (Figure 2.6). FMO controls 

included all antibody conjugates present in the test sample except one and were used 

as gating controls [265]. The antibodies conjugated to fluorochrome markers used are 

shown in Tables 2.8 and 2.9 for the macrophage and DC staining panels respectively. 

The study used Ly6C and Ly6G instead of GR-1 in macrophage panel because Shawn 

et al demonstrated that for flow cytometry, Ly6C/Ly6G are superior to GR-1 for 

identifying different subsets of macrophages/monocytes [266]. The study further 

showed that interactions between anti-F4/80 antibody and anti-GR-1 antibody lead to 

poor discrimination of F4/80+ and F4/80- cells, however this is not the problem when 

co-incubated with other markers conjugated to same fluorochrome [266]. A dump 

gating channel using the following three markers Zombie NIR, CD3 (expressed on T 

cells) [267] and NK1.1 (expressed on natural killer cells, [268]) was used to exclude 

dead cells, T cells and NK cells  for macrophage and DC flow cytometric analyses. 
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Figure 2.6: FMO controls used in the study 
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Table 2.6: The macrophage staining panel and dilutions used 

This table shows the flow panel designed for ex-vivo analysis of murine macrophages. 

Controls used were unstained cells and single stains. A dump channel was included 

that consisted of Zombie NIR (to exclude dead cells), CD3 and NK1.1 (to exclude T 

cells and NK cells). For staining optimization purposes, controls included pooled 

samples from young healthy mice, young tumour-bearing mice, old healthy mice and 

old tumour-bearing mice.  
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Table 2.7: Dendritic cell panel 

The table shows the dendritic cell panel designed for ex-vivo analysis of murine 

samples and the antibody dilutions used for the study. 

 

2.3.5 Generating murine bone marrow-derived dendritic cells and macrophages 

 

Frozen murine BM cells were transferred to a 37°C water bath until approximately 

50% thawed when 0.5 ml media from a 50 ml tube containing cRPMI media and 10% 

FCS was added and the media gently mixed until the cells were fully thawed and 

transferred to 50 ml tube (containing cRPMI media and 10% FCS) in a dropwise 

manner using a transfer pipette. Cells were centrifuged at 300 g for 5 minutes and 

supernatant discarded. Cells were gently resuspended using a serological pipette in 10 

ml warmed cRPMI media and again, centrifuged at 300 g for 5 minutes and 

supernatant discarded. Cells were counted and cultured in 6 well plates (BD plates) at 
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1-5 x 106 cells/ml (depending on number of wells required) with cRPMI media 

supplemented with 20 ng/ml murine GM‐CSF (Shenandoah Biotechnology, 

Pennsylvania, USA), 20 ng/ml recombinant murine IL‐4 (Shenandoah Biotechnology) 

and 10 μg/ml Polymyxin B (Sigma‐Aldrich). At day 3 or 4, supernatants were 

removed, and cells resuspended in 2 ml of cRPMI media supplemented with GM-CSF 

and IL-4. Media was changed again on day 5 or 6 supplemented with growth factors 

and cells were ready for stimulation on day 7 with LPS or AE17 TCM. Alternatively, 

to differentiate the BM cells into macrophages, a similar protocol was followed 

however cells were cultured for 7 days in cRPMI media supplemented with 50 ng/ml 

murine macrophage colony-stimulating factor (M-CSF; Shenandoah Biotechnology, 

Pennsylvania, USA). Media was changed along with growth factors on day 3 and day 

6 and cells were ready for stimulation on day 7 with LPS or AE17 TCM. 

2.3.6 Bodipy staining for immunohistochemistry and confocal microscopy 

 

Cells were removed from the 6 well plates and washed with 2 ml PBS. After washing, 

cells were seeded on a 96 well Falcone black/clear bottom plates and fixed with 2% 

paraformaldehyde for 15 minutes at room temperature in dark. After fixation, cells 

were washed twice with 2 ml of FACS buffer. Bodipy 493/503 (diluted 1:1000 in PBS 

to a final concentration of 1 μg/ml) was added for 15 minutes on ice in the dark. Three 

washes of 5 minutes each were performed, and cells were finally left in PBS for 

imaging. DAPI (1:1000 was included in the first wash to counterstain nucleus). 

BODIPY or boron dipyrromethene is a class of UV absorbing molecules which 

demonstrates a sharp emission peak [269]. The chemical formula of BODIPY is 

C13H15BF2N2 and targets lipid molecules [269]. BODIPY FL has a similar excitation 

and emission to fluorescein (FITC) [270] and hence was used on the FITC channel.  

 

Nikon A1+ point scanning confocal microscope with NIS elements software (Nikon 

instruments, Tokyo, Japan) was used to scan the images using a Plan Apo 40x 

objective lens (NA 0.95) with sequential laser scanning using 405 nm (450/50 filter 

for DAPI), 488nm (525/50 filter for Bodipy 493/503). Settings were compared to 

unstained negative controls. Approximately four images were taken from each sample. 

Images were analysed using NIS elements advanced research software (Nikon). 
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Table 2.8: Murine DC panel 

Antigen/ 

Target 

Molecule 

Fluorochrome

/ 

Conjugate 

Supplier Dilution Catalog 

number 

Antibody 

concentration 

(mg/ml) 

B220 Biotin Biolegend 1:200 128003 0.1 

Neutral 

lipids 

Bodipy -  

dye 

Thermo 

Fisher 

Scientific 

1:200 D3922 1 μg/ml for 

imaging and 0.5 

μg/ml for flow 

cytometry  

CD3 APC/Cy7 Biolegend 1:100 100222 0.02 

CD4 BV650 Biolegend 1:200 100545 0.04 

CD8  AF700 Biolegend 1:200 344724 0.04 

CD11b BUV395 Becton 

Dickinson 

1:100 563553 0.02 

CD11c  BV605 Biolegend 1:100 117334 0.02 

CD36  APC Biolegend 1:100 102611 0.02 

CD80 BV421 Becton 

Dickinson 

1:200 562611 0.04 

CD86  PE-Cy7 Biolegend 1:200 105013 0.04 

CD147  PE Biolegend 1:100 123707 0.02 

GR-1 PE CF594 Biolegend 1:100 108451 0.02 

MHC-I PerCP-Cy5.5 Biolegend 1:200 116515 0.04 

MHC-II BV785 Biolegend 1:200 107645 0.04 

NK1.1 APC/Cy7 Biolegend 1:100 108723 0.02 

Steptavidi

n-V500 

Binds to Biotin Becton 

Dickinson 

1:200 561419 0.1 

Zombie  NIR Biolegend 1:400 423105 Reconstituted in 

100μl of DMSO 
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Table 2.9:Macrophage cell panel for the ageing mouse experiments 

Antigen/ 

Target 

molecule 

 

Fluorochrome/ 

Conjugate 

Supplier Dilution Catalog 

number 

Antibody 

concentration 

(mg/ml) 

Neutral 

lipids 

Bodipy Dye Thermo 

Fisher 

Scientific 

1:200 D3922 1 μg/ml for 

imaging and 

0.5 μg/ml for 

flow cytometry 

CD8  AF700 Biolegend 1:200 344724 0.04 

CD11b BUV395 Becton 

Dickinson 

1:100 563553 

 

0.02 

CD11c  BV605 Biolegend 1:100 117334 0.02 

CD36  APC Biolegend 1:100 102611 0.02 

CD80 BV421 Becton 

Dickinson 

1:200 562611 0.04 

CD86  PE-Cy7 Biolegend 1:200 105013 0.04 

CD147  PE Biolegend 1:100 123707 0.02 

CX3CR1 BV650 Biolegend 1:200 149033 0.04 

F4/80 PE CF594 Becton 

Dickinson 

1:100 565613 0.02 

Ly6C Biotin Biolegend 1:200 128003 0.04 

Ly6G BV785 Biolegend 1:200 127645 0.04 

MHC-I PerCP-Cy5.5 Biolegend 1:200 116515 0.4 

MHC-II BV785 Biolegend 1:200 107645 0.4 

Zombie  NIR Biolegend 1:400 423105 Reconstituted 

in 100μl of 

DMSO 
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Table 2.10: Molecules examined in this study and their expression and functions 

Molecules Other names Expression and functions 

B220 CD45R BM precursors, thymocytes, B cells, 

activated T cells, natural killer (NK) cells 

and plasmacytoid (pDCs) 

Lymphocyte proliferation, differentiation 

and activation [167, 271-278] 

CD4 T4 

L3T4 

DCs, macrophages, monocytes, 

thymocytes, T helper (Th) cells 

Promotes Th1 cell migration by binding IL-

16 

Functions as a T cell co-receptor by binding 

MHC-II, assisting T cell receptor (TCR) 

antigen recognition and T cell activation 

[279-288] 

CD8α T8 

Lyt2 

Ly‐2 

DCs, thymocytes, NK cells and cytotoxic T 

cells 

Its function on DCs is unknown 

Functions as a T cell co‐receptor, binds 

MHC-I, assists TCR antigen recognition 

and T cell activation [286, 287, 289-292] 

CD11b Macrophage‐1 

antigen (Mac‐1) 

Integrin αM 

Complement receptor 

3 (CR3) 

DCs, macrophages, monocytes, 

granulocytes, B, T and NK cells 

Mediates cell migration and adhesion, 

phagocytosis of particles opsonized with 

complement component iC3b, binds 

fibrinogen, neutrophil cytotoxicity 
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Associates with CD18 (β2 integrin), binds 

intercellular adhesion molecule (ICAM)‐1, 

2, and 4 [106, 293-300]  

CD11c Integrin αX 

CR4 subunit p150 

DCs, macrophages, monocytes, NK cells, T 

cells, B cells and neutrophils 

Mediates monocyte migration, binds LPS 

and fibrinogen, activating immune cells 

Associates with CD18 (β2 integrin), binds 

Intercellular Adhesion Molecule 1 and 4 

(ICAM) to mediate adhesion, phagocytosis 

of particles opsonized with complement 

component iC3b [167, 301-315] 

CD36 SCARB3 

GP88 

GPIIIB, 

GPIV 

Platelets, erythrocytes and monocytes  

Imports fatty acids inside cells and is a 

member of the class B scavenger receptor 

family of cell surface proteins [316-318] 

CD40 BP50 

TNFRSF5 

DCs, macrophages, monocytes, T and B 

cells, platelets, endothelial cells, tumour 

cells, epithelial cells. 

Co‐stimulatory molecule: on B cells binds 

CD40L on CD4+ T cells, promoting B cell 

proliferation, survival and antibody 

production; on DCs binds CD40L on CD4+ 

Tcells, leading to DC and T cell activation 

[319-330] 

CD80 B7‐1 

B7 

BB1 

DCs, macrophages, monocytes, NK cells 

B and T cells 

https://en.wikipedia.org/wiki/Cell_(biology)
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Co‐stimulatory molecule: binds cytotoxic 

T-lymphocyte associated protein (CTLA)‐4 

and programmed death-ligand 1 (PD‐L1)on 

T cells, inhibiting T cells, binds CD28 on T 

cells, leading to T cell activation, 

proliferation and cytokine production [331-

341] 

CD86  B7‐2 

B70 

DCs, macrophages, monocytes, NK, T and 

B cells 

Co‐stimulatory molecule: binds CTLA‐4 on 

T cells, leading to T cell inhibition, binds 

CD28 on T cells, leading to T cell 

activation, proliferation and cytokine 

production [331-341] 

CD147 Extracellular matrix 

metalloproteinase 

inducer (EMMPRIN)  

Human metastatic tumours, epithelial 

cells, endothelial cells and leukocytes. 

Fetal, neuronal, lymphocyte and 

extracellular matrix development, promotes 

matrix metalloprotease (MMP) secretion 

from fibroblasts, interacts physically with 

α3β1 integrin at points of cell-cell contact 

[342-346] 

CX3CR1 Fractalkine 

receptor or G-protein 

coupled receptor 

13 (GPR13) 

Lymphocytes and monocytes 

Binds chemokine CX3CL1, major role in 

survival of monocytes [347] 

F4/80 EMR1 Murine macrophages and human 

eosinophils 

Mature mouse cell surface glycoprotein 

expressed at high levels on various 

macrophages [348-350] 

https://en.wikipedia.org/wiki/Epithelial_cell
https://en.wikipedia.org/wiki/Epithelial_cell
https://en.wikipedia.org/wiki/Endothelial_cell
https://en.wikipedia.org/wiki/Leukocyte
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Galectin-9 Ecalectin DCs, macrophages, T cells, endothelial and 

epithelial cells, regulatory T cells (Tregs), 

intestine, stomach, lungs, tumour cells, liver 

Induces apoptosis and promotes Tregs as a 

lectin which binds B‐galactosidase, binds 

T-cell immunoglobulin and mucin-domain 

containing (TIM)-3 on CD8+ T cells and 

CD4+ Th1 cells. 

Mediates cell-cell adhesion, cell-

extracellular matrix interactions, migration 

and proliferation. 

Also plays a role in angiogenesis, brain 

development and pathogenesis of 

autoimmune conditions and cancer, binds 

microbial carbohydrates [351-363] 

GR‐1 Ly6C/Ly6G Macrophages, monocytes, granulocytes, 

myeloid-derived suppressor cells (MDSCs), 

pDCs, BM cells 

Ly6C mediates adhesion and homing of 

CD8+ T cells. It may play a role in 

neutrophil migration, although the function 

of Ly6G is unclear [364-371] 

MHCI Humans: HLA‐A, -B, 

and -C 

Mice: H2‐D, -K, -L 

All nucleated cells 

Antigen‐presenting molecule that presents 

peptides to CD8+ TCR [372, 373] 

MHCII Humans: HLA-DR, -

DQ, and -DP 

Mice: I‐A, I‐E 

DCs, macrophage, B cells 

Antigen‐presenting molecule that presents 

peptides to CD4+ TCR [372, 373] 
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2.3.7 Data analysis 

 

Statistical significance was calculated using GraphPad PRISM 6 (GraphPad Software 

Inc, California, USA). For flow analysis, student’s t-test, Wilcoxon Signed Rank Test 

and Mann-Whitney U-test are used for comparison between two samples. Kruskal 

Wallis Test is used to make multiple comparisons followed by an additional ad hoc 

Dunn’s Test. For western blotting, Image Lab 6.0.1 was used to process the images. 
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Chapter 3: Examining the effects of mesothelioma and ageing on murine 

macrophages 

 

3.1 Introduction 

 

A fully functioning immune system is crucial in maintaining health; however, the 

immune system deteriorates with advancing age which likely contributes to increased 

susceptibility to infections, autoimmunity and cancer in the ageing population [374]. 

The innate immune system provides the first line of defence against infection, and 

macrophages are central effector cells of the innate immune system. Macrophages may 

also play an essential role in inflammageing, which is defined by age-related low-

grade inflammation on account of increasing tissue damage and reduced tissue repair 

capacity [375].  Several studies have examined macrophages in ageing livers [376-

379], and chronic diseases [380-382], and shown that whilst macrophages are essential 

for healing and maintenance of tissue homeostasis [383], they could also promote 

tissue dysfunction and inflammation [235, 384].  

 

Although tumour-associated macrophages (TAMs) constitute a large proportion of 

total tumour cellularity and stimulate critical steps in tumour progression the 

contribution of age to the numbers and function of TAMs is not yet well understood. 

This is because most cancer-related preclinical studies only use young adult mice, and 

human studies have mostly not dichotomised the effect of age in terms of immune 

responses to cancer with or without treatment [385-388]. A previous study by our 

group looked at macrophages in tumours from elderly versus young adult hosts and 

showed that tumours grew faster in elderly mice compared with young mice which 

coincided with increased TAMs [30]. That study also looked at the effect of ageing 

and cancer on lymphoid and tumour macrophages and found that macrophages in aged 

mice showed altered responses to pro- and anti-inflammatory stimuli which 

corresponded with decreased T cell anti-tumour responses [389-391]. However, the 

combined impact of ageing and cancer, in particular mesothelioma, on macrophages 

requires further investigation. 

 

In diseases such as atherosclerosis, lipid accumulation has been shown to be a 

contributing factor to macrophage dysfunction [392]. Similarly, it has been shown that 

TAMs accumulate cytoplasmic lipid droplets in colorectal cancer [393], while a study 
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in ovarian cancer has shown that increased cholesterol influx in TAMs promotes 

interleukin (IL)-4-mediated reprogramming, that includes inhibition of IFNγ gene 

expression thereby inhibiting the pro-inflammatory macrophage phenotype [394-396]. 

There are no data relating to the effect of mesothelioma and ageing on macrophages 

and lipid uptake, therefore this is addressed here. 

Macrophages  are versatile and depending on their activation states can perform 

various functions in different anatomical locations [397, 398]. Arnold et al examined 

skeletal muscle injury and used in vivo tracing methods to analyze macrophage subsets 

recruited to the injured site [399]. The authors found that they could distinguish 

macrophages into CX3CR1lo/Ly6C+ and CX3CR1hi/Ly6C− cells, with the former 

expressing a pro-inflammatory profile and the latter expressing an anti-inflammatory 

profile [399]. Their results showed that CX3CR1lo/Ly6C+ macrophages express IL-1β 

which is a pro-inflammatory molecule [400] while CX3CR1hi/Ly6C− macrophages 

express IL-10, an anti-inflammatory cytokine [401]. Geissmann et al, also showed that 

CX3CR1 expression could be used to distinguish monocyte/macrophage sub-

populations [402]. That study showed low expression of CX3CR1 expression in an 

inflammatory subset and high expression in tissue resident monocytes [402]. In the 

cancer setting, Movahedi et al. looked at different macrophage subsets in murine 

tumours such as mammary carcinoma, mammary adenocarcinoma, and Lewis Lung 

carcinoma and found that tumour-monocyte populations mostly consisted of Ly6Chi 

and CX3CR1low monocytes [403]. The study classified macrophages based on 

expression of Ly6C and CX3CR1 [403] and found that Ly6ChiCX3CR1int cells 

dominated the tumour-infiltrating monocyte pool while Ly6ClowCX3CR1hi cells 

formed a small population.  

Classification of monocytes on the basis of Ly6C and CX3CR1 expression has also 

been reviewed by Arnold and Chazaud, Moser, Shi & Palmer, Gordon & Taylor and 

Jeong & Jung [397, 404-406]. Arnold and Chazaud studied monocyte/macrophage 

phenotypes and function during skeletal muscle repair in CX3CR1GFP/+ mice. That 

study demonstrated enhanced recruitment of CX3CR1lo/Ly6C+ cells with a pro-

inflammatory profile in injured muscles. Those cells later switched phenotype to 

become anti-inflammatory CX3CR1hi/Ly-6C− cells [399]. Jeong and Jung reviewed 

the role of pro-inflammatory cells characterized by expression of Ly6ChiCX3CR1low 

populations while anti-inflammatory cells were characterised by 
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Ly6ClowCX3CR1hi populations [406]. Similarly, Shi and palmer showed that Ly6Chi 

monocytes give rise to pro-inflammatory macrophages while Ly6Clow monocytes 

differentiate into alternatively activated macrophages and promote wound healing 

[407].  

Chemokines control the migration of myeloid cells and CX3CR1 is a chemokine 

receptor and a member of the seven transmembrane G-protein coupled receptor family 

[408]. Monocytes arise from hematopoietic stem cells in bone marrow (BM) and are 

released into the bloodstream to colonise peripheral organs [407]. With maturation, 

BM monocytes elevate CX3CR1 levels [408, 409]. CX3CR1 has been shown to 

mediate retention of monocytes in the BM [409] and modulate inflammatory 

responses that include monocyte homeostasis and macrophage phenotype and function 

[410]. Geissmann et al showed that CX3CR1 is expressed in low levels in classical 

circulatory monocytes with higher expression seen in non-classical monocytes [402]. 

As mentioned above, CX3CR1 levels are inversely correlated with Ly6C in blood 

monocytes[409] and macrophages [411]. In inflammatory diseases such as liver 

fibrosis and cardiovascular disorders, CX3CR1 and its ligand CX3CL1 have been 

shown to control migration and recruitment of immune cells [412-414]. However, the 

precise role of CX3CR1 and how it regulates different TAM subtypes is still unknown.  

Ly6C has long been used to identify various myeloid populations [415]. Ly6C+ 

monocyte/macrophage populations display distinct proliferative and inflammatory 

profiles [399]. BM monocytes released into circulation when recruited into 

inflammatory lesions can differentiate into macrophages and DCs. These monocytes 

also show differential expression of chemokine receptors such as C-C-Chemokine 

Receptor type 2 (CCR2) and CX3CR1 [177, 397]. A subset of Ly6C+ monocytes have 

been shown to differentiate into M1-like cells and initiate inflammatory responses 

[416]. Bain et al, demonstrated that Ly6Chi monocytes differentiating into CX3CR1hi 

monocytes acquire anti-inflammatory genes alongside increased expression of 

CD163, CD206 and TGFβR2,and downregulation of pro-inflammatory genes 

including CCR2, IL6 and iNOS [417]. Ly6Chi and Ly6Clow macrophages can play pro- 

tumoral or anti-tumoral roles depending on context [418-424]. For example, in  early 

stages of inflammatory arthritis, Ly6C- monocytes can differentiate into M1-like 

macrophages. In later stages, these cells can re-polarise into M2-like macrophages, 

promoting resolution of joint inflammation [425].  
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Therefore, Ly6Chi and CX3CR1low expression may be considered to represent classical 

inflammatory monocytes in mice, whereas non-classical alternative monocytes are 

represented by Ly6Clow and CX3CR1high expression [426]. Our group has previously 

used these markers to distinguish macrophages subsets [28, 427]. Therefore, to extend 

our previous studies, this thesis used the same markers and gating strategy to identify 

macrophages subsets in the context of ageing and mesothelioma. This chapter 

examines the combined effect of ageing and mesothelioma on murine macrophage 

subsets, focussing on changes to lipid content, molecules associated with lipid uptake 

and antigen-presentation.  

3.2 Results 

 

3.2.1 Mesothelioma elevates lipid levels in murine macrophages in-vitro 

 

The first series of experiments investigated the effects of AE17 mesothelioma tumour 

conditioned media (TCM) on bone marrow (BM)-derived murine macrophages. BM 

cells obtained from young adult C57BL/6J healthy mice (2-5 months old) were 

cultured in media supplemented with murine macrophage colony-stimulating factor 

(M-CSF) that was refreshed on day 3 and day 6. Macrophages were exposed to 50% 

TCM (chapter 2, section 2.1.2) on day 7 for 24 hours, while 50% of SFM was also 

added to control wells to match TCM-exposed wells.  The cells were then stained with 

Bodipy to detect intracellular neutral lipids and surface MHC-I and MHC-II molecules 

which present peptides to CD8+ T cells and CD4+ T cells respectively [428, 429], and 

analysed by flow cytometry. The gating strategy is shown in Figure 3.1 A-C. No 

changes were observed in the percentage of cells positive for bodipy, MHC-I or MHC-

II (3.1 D-F). However, lipid levels measured by MFI significantly increased in TCM-

exposed macrophages relative to unexposed macrophages (Figure 3.1G). Although 

surface MHC-I expression levels appeared to decrease, differences to controls did not 

reach statistical significance (Figure 3.1H). On the other hand, there was a statistically 

significant reduction of surface MHC-II expression levels (MFI) implying a reduced 

capacity to activate tumour-infiltrating CD4+ T cells (Figure 3.1I). This increase in 

lipid content in mesothelioma-exposed macrophages was visualised and confirmed 

through staining with Bodipy and images recorded with Nikon confocal microscope 

(Figure 3.2). However, the study did not used negative control of DAPI which is 
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essential to determine the background autofluorescence. The study used split filters 

and unexposed DCs to set up the instrument. 
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Figure 3.1: Mesothelioma increases lipid content and decreases MHC-I/II in 

macrophages 

Macrophages generated from bone marrow (BM) taken from healthy mice (aged 2-5 months) were left 

untreated or exposed to AE17 mesothelioma-derived tumour conditioned media (TCM) before being 

stained with Bodipy to measure neutral lipids; MHC-I, an antigen presenting molecule that presents 

peptides to CD8+ T cells; and MHC-II, that presents peptides to CD4+ T cells. Large cells (A), single 

cells (B) and CD11b+ cells (C) were gated. D, E and F show percent of cells positive for Bodipy, MHC-

I and MHC-II respectively. G, H and I show expression levels measured as MFI of Bodipy, MHC-I 

and MHC-II. Data shown as mean ± SEM, n = 8. ** = p<0.005. Statistical significance assessed by a 

Wilcoxon signed-rank test. 
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Figure 3.2: Mesothelioma increases lipid content in TCM exposed macrophages 

Macrophages generated from BM taken from healthy mice (aged 2-5 months) were left untreated or 

exposed to TCM. Unexposed macrophages (A) and TCM-exposed macrophages (B) were cultured on 

glass bottom plates before being stained with Bodipy (green) and DAPI (nucleus, blue). After fixation 

the cells were visualised using a Nikon A1+ confocal microscope. 
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3.2.2 Examining the effects of ageing and mesothelioma on murine 

macrophages in-vivo  

 

The effect of ageing with or without mesothelioma tumours on CD11b+F4/80+ cells in 

BM, spleens, dLNs and tumours in young versus old mice was examined using flow 

cytometry as per Figure 3.3.  

 

3.2.3 CD11b+F4/80+ macrophages increase in lymphoid organs with ageing 

 

Healthy ageing did not affect CD11b+F4/80+ BM cell proportions which remained the 

same in young healthy (YH) versus old healthy (OH) BM macrophages (Figure 3.4). 

Also, the presence of mesothelioma did not induce any changes in the proportions of 

BM macrophages relative to their aged matched heathy counterparts, i.e. there was no 

change in the percentage of CD11b+F4/80+ cells between young tumour-bearing (YT) 

versus YH mice or in old tumour-bearing (OT) versus OH mice (Figure 3.4). In 

contrast, an effect of age and mesothelioma was observed as CD11b+F4/80+ cell 

proportions in BM macrophages, as their numbers were significantly increased in OT 

and OH mice compared to YT mice (Figure 3.4A). The increase in CD11b+F4/80+ cell 

proportions in old mice in BM might be to supply cancer-promoting macrophages 

[430].   

 

Whilst there was a significant increase in CD11b+F4/80+ splenic cell proportions in 

OH mice compared to YT mice (Figure 3.4B), the data is difficult to interpret as no 

other differences were seen.  

 

In lymph nodes, healthy ageing led to a significant increase in CD11b+F4/80+ cell 

proportions in OH compared to YH mice. Also, tumour and ageing led to a significant 

increase in CD11b+F4/80+ cell proportions in OT compared to YT mice (Figure 3.4C). 

This increase in macrophage proportions with healthy ageing and with ageing and 

tumour may compensate for their reduced function, as speculated in another study 

[431].  

 

There were no differences between the proportions of CD11b+F4/80+ TAMs in OT 

compared to YT mice in tumour tissue (Figure 3.4D). The highest percentage of 
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CD11b+F4/80+ cells (nearly 40-60%) was observed in tumours compared to other 

lymphoid organs, which correlates with studies showing increased macrophage 

proportions in tumours [432, 433].   

 

Figure 3.3: The experimental approach and flow cytometric gating strategy to 

isolate different macrophage subsets based on expression of Ly6C and CX3CR1  

(A) Young and old C57BL/6J mice were inoculated with 5x105 AE17 cells in 100μl of PBS on day 0 

and monitored daily until tumours reached 120mm2 when BM, tumours, draining lymph nodes (dLNs) 

and spleens were collected and stained with fluorescently-labelled antibodies to detect macrophage 
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subpopulations using flow cytometry. The gating strategy included selection by time (B), size (C) and 

single cells (D) live cells (E), neutrophils were excluded using Ly6G staining (F),  before CD11b+ and 

F4/80+ macrophages (G) were identified. Ly6C-CX3CR1- (M0) macrophages, Ly6C+CX3CR1- (M1-

like macrophages), Ly6C-CX3CR1+ (M2-like macrophages) and  Ly6C+CX3CR1+ (M3 macrophages) 

subsets were identified based on Ly6C+ and CX3CR1 expression (H).  

 

Figure 3.4: CD11b+F4/80+ macrophages increase in old healthy and tumour 

bearing mice 

BM, spleens, dLNs and tumours from young healthy (YH), young tumour-bearing (YT), old healthy 

(OH) and old tumour-bearing mice (OT) were stained and CD11b+F4/80+ macrophages selected as 

described in Figure 3.3. The proportion of CD11b+F4/80+ macrophages in BM (A), spleens (B), LNs 

(C) and tumours (D) are shown as mean ± SEM, n = 10-11 mice in each group. * = p<0.05, ** = 

p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance for three or more than three groups 

was assessed by Kruskal-Wallis test followed by post hoc Dunn’s test while Mann Whitney U test is 

used to compare two groups. 
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3.2.4 Examining the effect of age and tumour in BM macrophage subsets 

 

This study further looked at different macrophage subsets such as Ly6C-CX3CR1- 

(M0 macrophages); Ly6C+CX3CR1- (M1-like macrophages); Ly6C-CX3CR1+ (M2-

like macrophages); and Ly6C+CX3CR1+ (M3 macrophage) subpopulations (Figures 

3.5A and B). This thesis describes M0 macrophages as cells that have not 

differentiated into M1-like pro-inflammatory cells or M2-like anti-inflammatory cells 

based on expression of the molecules chosen for this study. It is not clear what these 

cells are, although one possibility is that they are recent arrivals that have not yet 

responded to tumour-derived factors. In tumours, macrophages can adopt multiple 

phenotypes ranging from classically activated M1-like cells to alternatively activated 

M2-like cells [434]. Ly6C+CX3CR1- (M1-like macrophages) are anti-tumourigenic as 

they release pro-inflammatory cytokines such as IL-6, IL-1β and tumour necrosis 

factor (TNFα) and have high antigen presentation capacity [435]. On the other hand, 

Ly6C-CX3CR1+ (M2-like) macrophages, characterised by secretion of anti-

inflammatory cytokines, such as transforming growth factor-β (TGF-) and IL-10, 

may represent anti-inflammatory macrophages [66]. M2-like macrophages develop in 

response to IL-4, IL-13 or glucocorticoids and promote angiogenesis [434]. 

Ly6C+CX3CR1+ (M3) macrophages are proposed to be an intermediate of 

Ly6C+CX3CR1- (M1-like macrophages) and Ly6C-CX3CR1+ (M2-like macrophages) 

and retain some of their anti-tumour properties, as they respond to anti-inflammatory 

cytokines by increased production of pro-inflammatory cytokines [436]. 

 

No changes in BM M0 macrophages were observed with healthy ageing or in the 

presence of mesothelioma relative to their age-matched counterparts (Figure 3.5C). 

No age-related or tumour-induced changes were observed in BM M1-like 

macrophages and M2-like macrophages  (Figure 3.5 D and E).  No effect of healthy 

ageing was observed in M3 BM macrophages. However, an inverse correlation was 

observed in M3 macrophages in BM with mesothelioma in young and old mice 

compared to their healthy counterparts, i.e. M3 macrophage proportions decreased in 

young mice with mesothelioma relative to their healthy controls whilst M3 cells 

increased in old young mice with mesothelioma relative to their healthy controls 

(Figure 3.5 F).  



68 
 

 

Figure 3.5: Macrophage subpopulation proportions in bone marrow change with 

age and tumour 

BM from YH, YT, OH and OT were stained and CD11b+F4/80+ macrophages (A) selected, as described 

in Figure 3.3. Macrophage subsets were identified based on Ly6C+ and CX3CR1 expression (B). Ly6C-

CX3CR1- (M0) macrophages (C), Ly6C+CX3CR1- (M1-like) macrophages (D), Ly6C-CX3CR1+ (M2-

like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (F). Data shown as mean ± SEM, n = 

10-11 mice per group. * = p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis 

test followed by post hoc Dunn’s Test. 
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3.2.5 M2-like macrophages dominate BM, M1-like macrophages dominate spleen, 

while M3  macrophages dominate TAMs 

 

An analysis of the different macrophage subpopulations showed that M2-like and M1-

like  macrophages constitute the dominant group in BM (Figure 3.6A) and spleen 

respectively (Figure 3.6B), while M3 macrophages are the dominant macrophage 

population in tumours (Figure 3.6C). This change in tumours, with intermediate  M3  

macrophages becoming the dominant population is consistent with previous findings 

of our group showing that mesothelioma leads to incomplete polarisation of 

macrophage populations indicated by the presence of double positive Ly6C and 

CX3CR1 cells [437].  
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Figure 3.6: M1-like macrophages are the dominant subpopulation in BM and 

spleen; M3  are dominant in tumours 

Macrophages were gated according to Figures 3.3. Proportions of Ly6C-CX3CR1- (M0) macrophages, 

Ly6C+CX3CR1- (M1-like) macrophages, Ly6C- CX3CR1+ (M2-like) macrophages, Ly6C+CX3CR1+ 

(M3) macrophages in BM (A), spleens (B), LN (C) and tumours (D) shown as mean ± SEM, n = 10-11 

mice/group.  
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3.2.6 Mesothelioma increases lipid content in elderly BM macrophages 

 

Recent studies have shown that lipid metabolism involving lipid uptake, synthesis or 

transportation play an important role in carcinogenesis via induction of abnormal 

expression of various proteins and genes, as well as dysregulation of cytokines and 

signalling pathways [438]. No change in lipid levels was observed with healthy ageing 

in BM or splenic macrophages. Similarly, no change in lipid levels was noticed with 

the presence of mesothelioma in young mice compared to their healthy counterparts 

in BM and splenic macrophages (Figures 3.7 and 3.8). A significant  increase was seen 

in lipid content in old tumour-bearing mice in BM M0 macrophages, BM and splenic 

M1-like macrophages (Figures 3.7 A, B and 3.8B), and M1-like  and M3 TAMs  

relative to their age-matched controls (Figures 3.9 D and F). These data prompted a 

study of the molecules that are involved with lipid uptake. 

3.2.7 CD36 remains unaffected with age and tumour in BM, spleen, and tumour  

 

CD36, a membrane glycoprotein, present on the surface of many cells including 

macrophages [439] governs the uptake of cellular fatty acid from endosomes to the 

plasma membrane, thus participating in lipid utilisation and fat absorption and may 

contribute to metabolic disorders [440, 441]. No effect on CD36 was observed in BM, 

spleens, and tumour (Supplementary Figure 3.1, 3.2 and 3.3.). 

3.2.8 CD147 increases in BM and splenic M2-like  macrophages with healthy ageing 

 

CD147, also known as basigin or extracellular matrix metalloproteinase inducer 

(EMMPRIN) is a transmembrane protein [343, 442]. CD147 upregulates SREBP1c 

and represses PPARα and p53 [443, 444], resulting in increased lipogenesis, decreased 

fatty acid oxidation (FAO) and increased glycolysis [445]. No change in CD147 was 

observed in M0, M1-like and M3 macrophages (Figure 3.10 A, B and D) with healthy 

ageing.  In contrast, CD147 significantly increased with healthy ageing in M2-like 

macrophages in BM (Figure 3.10 C) as well as in splenic M0 and M2-like 

macrophages (Figures 3.10 E and G). No change was observed with healthy ageing in 

M3 splenic macrophages (Figure 3.10 H). 
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                                             Lipids – Bone Marrow 

 

Figure 3.7: Lipid levels increase in BM MO and M1-like macrophages in tumour 

bearing old mice 
BM macrophages from YH, YT, OH and OT were stained with Bodipy to measure neutral lipids and 

analysed by flow cytometry and expression levels of Bodipy (MFI) in Ly6C-CX3CR1- (M0) 

macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (B), Ly6C-CX3CR1+ (M2-like) 

macrophages (C), and Ly6C+CX3CR1+ (M3) macrophages (D). Data shown as mean ± SEM, n = 10-

11 mice per group. * = p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis test 

followed by post hoc Dunn’s Test. 

                                                   Lipids – Spleen 

 

 

Figure 3.8: Lipid levels increase in splenic M1-like macrophages in tumour-

bearing old mice  

Splenic macrophages from YH, YT, OH and OT were stained with Bodipy to measure neutral lipids 

and analysed by flow cytometry. Expression levels of Bodipy (MFI) in Ly6C-CX3CR1- (M0) 

macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (B), Ly6C-CX3CR1+ (M2-like) 

macrophages (C), and Ly6C+CX3CR1+ (M3) macrophages (D) are shown as mean ± SEM, n = 10-11 

mice per group. * = p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis test 

followed by post hoc Dunn’s test. 
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Lipids – Tumour 

 

 

Figure 3.9: Lipid levels significantly increase in M1-like and  M3 macrophage 

subsets in old tumour-bearing mice 

TAMs from young tumour bearing (YT) and old tumour bearing mice (OT) were stained with Bodipy 

to measure neutral lipids and analysed by flow cytometry. Percentage of Bodipy+ cells in  

Ly6C+CX3CR1- (M1-like) macrophages (A), Ly6C-CX3CR1+ (M2-like) macrophages (B), and 

Ly6C+CX3CR1+ (M3) macrophages (C) and expression levels of Bodipy (MFI) in Ly6C+CX3CR1- 

(M1-like) macrophages (D), Ly6C-CX3CR1+ (M2-like) macrophages (E), and Ly6C+CX3CR1+ (M3) 

macrophages (F) were measured. Data are shown as mean ± SEM, n=10-11, young tumour bearing 

mice (YT) and n =10-11; old tumour bearing mice (OT). * = p<0.05, *** = p<0.0005. Statistical 

significance comparing two groups was assessed by Mann Whitney U test. 
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Figure 3.10: CD147 increases with healthy ageing in M2 BM and splenic 

macrophages  

BM, splenic macrophages from YH, YT, OH and OT and TAMs were stained for CD147 expression. 

Expression levels of CD147 (MFI) in Ly6C-CX3CR1- (M0) macrophages (A,E), Ly6C+CX3CR1- (M1-

like) macrophages (B,F,I), Ly6C-CX3CR1+ macrophages (M2-like) (C,G,J), and Ly6C+CX3CR1+ 

(M3) macrophages (D,H,K) are shown as mean ± SEM, n = 6 YH mice, n=10-12; YT mice, n =6 OH, 

n =10-12; OT mice (OT * = p<0.05, ** = p<0.005, *** = p<0.0005. Statistical significance for three or 

more than three groups was assessed by Kruskal-Wallis test followed by post hoc Dunn’s test while 

Mann Whitney U test is used to compare two groups. 
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3.2.9 Mesothelioma plus ageing further increase CD147 in M0 and M1-like splenic 

macrophages  

 

CD147 expression increased in M0 and M1-like splenic macrophages in old tumour 

bearing mice compared to young healthy mice (Figures 3.10 E and F); no change was 

observed in BM and TAMs (3.10 A-D, I-K). 

 

3.2.10 Ageing leads to increased MHC-I expression in bone marrow macrophages 

 

Macrophages internalise antigens for processing and presentation on MHC molecules 

[446]. The number and stability of MHC-peptide complexes are crucial for effective 

antigen presentation and induction of an immune response [447]. Others have shown 

that as tumours progress, the tumour microenvironment is increasingly dominated by 

MHC-IIlow TAMs [448] and genes involved in MHC-II dependent antigen presentation 

are downregulated [99]. Here, surface molecules associated with antigen presentation 

(such as MHC-I and MHC-II) and T cell co-stimulatory molecules (such as CD80, 

CD40) were examined in lymphoid organs and tumours. 

 

This study found that the proportion of BM MHC-I+ M0 macrophages increases with 

age and mesothelioma in OT mice compared to YH (Figure 3.11A), more importantly 

their MHC-I expression levels significantly elevated in OT relative to YT mice. 

Similarly, increased MHC-I expression was seen in M1-like BM macrophages in OT 

mice compared to YT mice (Figure 3.11 E and F) suggesting maintenance of 

macrophage antigen presenting function with ageing. No effect of age or tumour was 

seen on splenic macrophages (Supplementary Figure 3.4). 

3.2.11 Mesothelioma decreases the proportion of MHC-I+ M2-like and M3 TAMs  

 

The proportion of MHC-I+ M2-like and M3 TAMs in elderly mice was significantly 

reduced in tumour tissue compared to young mice (Figures 3.12 B and C), with 

significantly decreased expression levels of MHC-I on M3 TAMs (Figure 3.12F), 

suggesting a reduced capacity to activate CD8+ T cells in elderly mesothelioma 

tumours. 
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Figure 3.11: MHC-I increases with age in MO and M1-like BM macrophages in 

tumour-bearing mice 
 

BM macrophages from YH, YT, OH and OT mice were stained for MHC-I expression and analysed by 

flow cytometry. Percentages of MHC-I+ cells in Ly6C-CX3CR1- (M0) macrophages (A), 

Ly6C+CX3CR1- (M1-like) macrophages (B), Ly6C-CX3CR1+ (M2-like) macrophages (C), and 

Ly6C+CX3CR1+ (M3) macrophages (D) plus expression levels of MHCI I (MFI) in the same 

macrophage subpopulations were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis test followed by post hoc 

Dunn’s test. 
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Figure 3.12: MHC-I decreases with age in M2-like and M3 TAMs  
 

TAMs from young tumour-bearing (YT) and old tumour-bearing mice (OT) were stained for MHC-I 

and analysed by flow cytometry. Percentages of MHC I+ cells in  Ly6C+CX3CR1- (M1-like 

)macrophages (A), Ly6C-CX3CR1+ (M2-like) macrophages (B), and Ly6C+CX3CR1+ (M3) 

macrophages (C) and expression levels of Bodipy (MFI) in Ly6C+CX3CR1- (M1-like) macrophages 

(D), Ly6C-CX3CR1+ (M2-like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (F) were 

measured. Data are shown as mean ± SEM, n=10-11, young tumour bearing mice (YT) and n =10-11; 

old tumour bearing mice (OT). * = p<0.05, *** = p<0.0005. Statistical significance comparing two 

groups was assessed by Mann Whitney U test.  
 

 

 

 

 

 

 



78 
 

3.2.12 MHC-II in BM macrophages increase with healthy ageing  

 

The proportion of MHC-II+ BM M2-like macrophages decreases in OH and OT mice 

compared to YT (Figure 3.13 C). In contrast, MHC-II expression levels significantly 

increased with healthy ageing in BM M1-like macrophages (Figure 3.13 F), and 

further increased in BM M1-like macrophages in old mice with mesothelioma (Figure 

3.13F). A similar increase in MHC-II expression was observed in splenic M2-like 

macrophages in spleen  (Figure 3.14C). 

 

3.2.13 MHC-II decreases in M1-like  TAM subsets 

 

MHC-II expression levels appeared to decrease in all TAM subsets with age however, 

a statistically significant difference was only seen for M1-like  macrophages (Figures 

3.14 E–G).  

 

3.2.14 CD80\ expression increases with age in splenic M0 and M1-like macrophages 

 

CD80 (B7-1) is a co-stimulatory molecule shown to contribute to T lymphocyte 

activation and expansion [449]. Different macrophage populations were gated 

according to Figure 3.2. No changes in CD80 expression levels or in the proportion of 

CD80 positive cells were observed in BM macrophage subsets. In contrast, the 

proportion of CD80+ cells in spleens increased with age which was further elevated 

by the presence of mesothelioma in M0 macrophages and M1-like macrophages 

compared to their younger counterparts (Figures 3.15A and B). CD80 expression 

levels increased with healthy ageing in splenic M1-like macrophages and M3 

macrophages (Figures 3.15 F and H) suggesting that elderly macrophages in spleen 

retain their ability to co-stimulate and activate T cells. M1-like macrophages in OT 

mice further increased CD80 expression suggesting they are more activated than their 

younger counterparts (Figure 3.15 F). 
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Figure 3.13: MHC-II increases with age in M1-like BM macrophages 

BM macrophages from YH, YT, OH and OT mice were stained for MHC-II expression and analysed 

by flow cytometry. Percentages of MHC-II+ cells in Ly6C-CX3CR1- (M0) macrophages (A), 

Ly6C+CX3CR1- (M1-like) macrophages, and (B) MHC-II expression levels in the same subpopulations 

were measured; data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001.  Statistical significance assessed by Kruskal-Wallis test followed by post 

hoc Dunn’s test. 
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Figure 3.14: MHC-II increases with age and tumours in splenic M2 macrophages 

while decreases in old tumours 
Splenic macrophages from YH, YT, OH and OT and TAMs for young mice (YT) and old mice (OT) 

were stained for MHC-II expression and expression levels of MHC-II  (MFI) Ly6C-CX3CR1-  (M0) 

macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (B,F), Ly6C-CX3CR1+ (M2-like) 

macrophages (C,G), and Ly6C+CX3CR1+ (M3) macrophages (D)are shown as mean ± SEM, n = 10-

11 mice/group. * = p<0.05. Statistical significance for three or more than three groups was assessed by 

Kruskal-Wallis test followed by post hoc Dunn’s test while Mann Whitney U test is used to compare 

two groups. 
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Figure 3.15: CD80 increases with age in M0 and M1 macrophages with ageing  

Splenic macrophages from YH, YT, OH and OT mice were stained with CD80 and analysed by flow 

cytometry. Percentages of CD80+ cells in Ly6C-CX3CR1- (M0) macrophages (A), Ly6C+CX3CR1- 

(M1-like) macrophages (B), Ly6C-CX3CR1+ (M2-like) macrophages (C), and Ly6C+CX3CR1+ (M3) 

macrophages (D) and expression levels of CD80 (MFI) in M0 macrophages (E), M1-like macrophages 

(F), M2-like macrophages (G), and M3 macrophages (H) were measured. Data shown as mean ± SEM, 

n = 10-11 mice/group. * = p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis 

test followed by post hoc Dunn’s test. 
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3.2.15 CD80 expression increases in M1-like TAMs in old tumour-bearing mice 

 

The proportion of CD80+ cells appeared to increase with age in all TAM subsets, 

although a statistically significant difference was only reached in M1-like TAMs in 

the tumour tissue of elderly mice compared to young mice (Figure 3.16 A).  

 

3.2.16 No changes in CD40 expression were observed in different lymphoid organs 

 

The proportion of CD40+ cells and CD40 expression levels, a co-stimulatory molecule 

for antigen presentation [450], remained unchanged in all macrophage subsets in BM, 

spleen and tumour (supplementary figure 3.5, 3.6 and 3.7). 
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Figure 3.16: CD80+ M1 TAMs increase with age 

TAMs from young tumour-bearing mice (YT) and old tumour-bearing mice (OT) were stained with 

CD80 and analysed by flow cytometry. Percentages of CD80+ cells in Ly6C+CX3CR1- (M1-like) 

macrophages (A), Ly6C-CX3CR1+ (M2-like) macrophages (B), and Ly6C+CX3CR1+ (M3) 

macrophages (C), and expression levels of CD80 (MFI) in Ly6C+CX3CR1- (M1-like) macrophages 

(D), Ly6C-CX3CR1+ (M2-like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (F) were 

measured. Data are shown as mean ± SEM, n=10-11 mice/group. * = p<0.05. Statistical significance 

comparing two groups was assessed by Mann Whitney U test. 
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3.3 Splenic red pulp and white pulp macrophages 

This study also looked at splenic red pulp macrophages (RPM) and white pulp 

macrophages (WPM). RPM are localised in splenic red pulp [451]. They are generated 

during embryogenesis and maintained through adult life. RPM play a key role in the 

clearance of damaged red blood cells and iron recycling [452, 453]. Around 75% of 

the spleen is composed of red pulp [454]. RPM can be characterised as F4/80+ and 

CD11blow macrophages [455]. The remaining part of the spleen is composed of white 

pulp which is separated from the red pulp by an interface called the marginal zone 

[456]. WPM lack F4/80 [457]. Newly produced macrophages from spleen can migrate 

to tumours and contribute to new tumour associated macrophages [458, 459]. Splenic 

CD11b+F4/80+ macrophages have been shown to acquire higher lipid levels in tumour 

bearing mice compared to healthy controls [460]. The effect of ageing and 

mesothelioma on RPM and WPM had not been examined therefore splenic RPM and 

WPM were identified based on expression of CD11b and F4/80, as shown in Figure 

3.17.  

3.3.1 Lipid levels do not change in splenic red pulp and white pulp macrophages with 

healthy ageing or mesothelioma 

No changes were seen in the proportion or expression levels of Bodipy+ splenic RPM 

and WPM with healthy ageing or with mesothelioma (Figure 3.18).  

3.3.2 MHC-I expression decreases with mesothelioma and ageing in splenic white 

pulp macrophages 

No effect of healthy ageing on MHC-I expression was observed in splenic RPM and 

WPM. However, MHC-I was significantly reduced in old mice with tumours 

compared to healthy elderly mice (Figure 3.19 D).  

3.3.3 MHC-II expression increases with healthy ageing in splenic white pulp 

macrophages 

MHC-II expression was found to be increased with healthy ageing in splenic WPM 

compared to young healthy mice (Figure 3.20 D). 
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Figure 3.17: Gating Strategy for red pulp and white pulp macrophages 

Splenic macrophages from young healthy C57BL/6J mice (YH; aged 2-5 months; equivalent to 16-26 

human years), young tumour bearing mice (YT), old healthy C57BL/6J mice (OH; aged 20-27 months; 

equivalent to 60-80 human years) and old tumour bearing mice (OT) were stained for CD11b+ and 

F4/80+. (A) Time-gating was used to ensure there were no clogging or other instrumental issues during 

acquisition (B). This was followed by gating on large cells, and (C) single cells to avoid doublets. (D) 

Neutrophils were excluded using Ly6G staining, before (E) F4/80+ and CD11blow (red pulp 

macrophages), and CD11b+F4/80– (white pulp macrophages) were gated. 
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Figure 3.18: No change in lipid levels observed in splenic red and white pulp macrophages 

Splenic macrophages from YH, YT, OH and OT were stained with Bodipy to measure neutral lipids 

and analysed by flow cytometry. Percentage of Bodipy+ cells in macrophages of  (A) Red pulp  (B) 

White pulp , and expression levels of Bodipy (measured as geometric mean fluorescence intensity; MFI 

in different subpopulations of macrophages (C) Red pulp macrophages, (D) White pulp macrophages 

were measured. Data are shown as mean ± SEM, n = 10-11; YH, n=10-11; YT, n =10-11; OH, n =10-

11; OT. ** = p<0.005. Statistical significance assessed by Kruskal Wallis followed by ad hoc Dunn’s 

Test. 
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Figure 3.19: MHC-I decreases in tumour bearing old mice compared to old healthy mice in white 

pulp macrophages 

Splenic macrophages from YH, YT, OH and OT were stained with MHC-I which is an antigen 

presenting molecule that present peptides to CD8+ T cells and analysed by flow cytometry. Percentages 

of MHC I+ cells in (A) Red pulp, (B) White pulp, expression levels of MHC-I (measured as geometric 

mean fluorescence intensity; MFI in different subpopulations of macrophages (C) Red pulp 

macrophages, (D) White pulp macrophages were measured. Data are shown as mean ± SEM, n = 10-

11; YH, n=10-11; YT, n =10-11; OH, n =10-11; OT. * = p<0.05. Statistical significance assessed by 

Kruskal Wallis followed by ad hoc Dunn’s Test. 
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Figure 3.20: Increased MHC-II was observed with healthy ageing in white pulp macrophages 

Splenic macrophages from YH, YT, OH and OT were stained with MHC-II which is an antigen 

presenting molecule that present peptides to CD4+ T cells and analysed by flow cytometry. Percentages 

of MHC II+ cells in (A) Red pulp, (B) White pulp, expression levels of MHC-II (measured as geometric 

mean fluorescence intensity; MFI in different subpopulations of macrophages (C) Red pulp 

macrophages, (D) White pulp macrophages were measured. Data are shown as mean ± SEM, n = 10-

11; YH, n=10-11; YT, n =10-11; OH, n =10-11; OT. * = p<0.05. Statistical significance assessed by 

Kruskal Wallis followed by ad hoc Dunn’s Test. 

 

 

3.3.4 No changes in lipid uptake or co-stimulatory molecules were seen in splenic 

red/white pulp macrophages 

No changes in the lipid uptake CD36 or CD147 molecules were seen in splenic RPM 

and WPM with ageing and mesothelioma (Supplementary Figure 3.8). Similarly, no 

changes were observed in expression of CD80 in either splenic population 

(Supplementary Figure 3.8). 
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Table 3.1: Summarising the effect of ageing and/or mesothelioma on tumour-

associated  macrophage subsets  

Organ Macrophage 

Subpopulation 

Effect of 

healthy ageing 

Combined effect 

of age + 

mesothelioma 

Mesothelioma 

Effect 

BM M0 NO YES NO 

BM M1-LIKE NO NO NO 

BM M2-like  NO NO NO 

BM M3 YES NO YES 

SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE NO NO NO 

SPLEEN M2-like  NO NO NO 

SPLEEN M3 NO NO NO 

LN M0 NO NO NO 

LN M1-LIKE NO NO NO 

LN M2-like  NO NO NO 

LN M3 NO NO NO 

LIPIDS Expression Levels (MFI – Bodipy) 

BM M0 NO NO YES 

BM M1-LIKE NO NO YES 

BM M2-like  NO NO NO 

BM M3 NO NO NO 

SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE NO NO YES 

SPLEEN M2-like  NO YES NO 

SPLEEN M3 NO YES NO 

TUMOUR M0 N/A N/A N/A 

TUMOUR M1-LIKE NO NO YES 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 NO NO YES 

CD147 Expression Levels  

BM M0 NO NO NO 

BM M1-LIKE NO NO NO 

BM M2-like  YES NO NO 
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BM M3 NO NO NO 

SPLEEN M0 YES YES NO 

SPLEEN M1-LIKE NO YES NO 

SPLEEN M2-like  YES NO NO 

SPLEEN M3 NO NO NO 

TUMOUR M0 N/A NA N/A 

TUMOUR M1-LIKE YES NO NO 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 NO NO NO 

MHC-I Expression Levels 

BM M0 NO NO NO 

BM M1-LIKE NO NO NO 

BM M2-like  NO NO NO 

BM M3 NO NO NO 

SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE NO NO NO 

SPLEEN M2-like  NO NO NO 

SPLEEN M3 NO NO NO 

TUMOUR M0 N/A N/A N/A 

TUMOUR M1-LIKE NO NO NO 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 YES NO NO 

MHC-I Percentage Of Cells Positive 

BM M0 NO NO YES 

BM M1-LIKE NO NO NO 

BM M2-like  NO NO NO 

BM M3 NO NO NO 

SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE NO NO NO 

SPLEEN M2-like  NO NO NO 

SPLEEN M3 NO NO NO 

TUMOUR M0 NO NO NO 

TUMOUR M1-LIKE NO NO NO 
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TUMOUR M2-like  YES NO NO 

TUMOUR M3 YES NO NO 

MHC-II Expression Levels 

BM M0 NO NO NO 

BM M1-LIKE YES YES NO 

BM M2-like  NO NO NO 

BM M3 NO NO NO 

SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE NO NO NO 

SPLEEN M2-like  YES NO NO 

SPLEEN M3 NO NO NO 

TUMOUR M0 N/A N/A N/A 

TUMOUR M1-LIKE NO NO YES 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 NO NO NO 

MHC-II Percentage Of Cells Positive  

BM M0 NO NO NO 

BM M1-LIKE NO NO NO 

BM M2-like  YES YES NO 

BM M3 NO NO NO 

SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE NO NO NO 

SPLEEN M2-like  NO NO NO 

SPLEEN M3 NO NO NO 

TUMOUR M0 N/A N/A N/A 

TUMOUR M1-LIKE NO NO NO 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 NO NO NO 

CD80 Expression Levels 

BM M0 NO NO NO 

BM M1-LIKE NO NO NO 

BM M2-like  NO NO NO 

BM M3 NO NO NO 
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SPLEEN M0 NO NO NO 

SPLEEN M1-LIKE YES YES NO 

SPLEEN M2-like  NO NO NO 

SPLEEN M3 YES NO NO 

TUMOUR M0 N/A N/A N/A 

TUMOUR M1-LIKE NO NO NO 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 NO NO NO 

CD80 Percentage Of Cells Positive 

BM M0 NO NO NO 

BM M1-LIKE NO NO NO 

BM M2-like  NO NO NO 

BM M3 NO NO NO 

SPLEEN M0 YES YES NO 

SPLEEN M1-LIKE YES YES NO 

SPLEEN M2-like  NO NO NO 

SPLEEN M3 NO NO NO 

TUMOUR M0 N/A N/A N/A 

TUMOUR M1-LIKE YES NO NO 

TUMOUR M2-like  NO NO NO 

TUMOUR M3 NO NO NO 

 

 

3.4 Discussion  

 

The influence of ageing in combination with mesothelioma on macrophages has yet 

to be fully characterised. With advancing age, there are many alterations in innate and 

adaptive immunity, which have been described as deleterious, hence the term 

immunosenescence.  Decreasing immunity with age could contribute to the increased 

cancer incidence in the elderly [461]. The studies in this chapter examined the 

influence of ageing and cancer on macrophages, as these cells are key regulators of 

the complex interplay between the immune system and cancer [462]. 
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TAMs originating from the embryonic yolk sac start out as tissue resident 

macrophages that take on tissue-specific roles during development, or as BM 

monocytes that circulate in blood until they are recruited to tissues. Tumours secrete 

CCL2 and CSF-1 that attract tissue-resident macrophages and monocytes and convert 

these cells to tumour-supporting TAMs [463]. TAMs secrete IL-10 that likely prevent 

DCs from activating anti-tumour T cell responses by suppressing IL-12 expression in 

intra-tumoural DCs [192]. DCs have been shown to accumulate lipids in response to 

tumour-derived factors, causing DC dysfunction [101, 230, 464]. The lipid 

accumulation shown by some macrophage subsets here may also be in response to 

cues present in the tumour microenvironment that reprogram their metabolic 

processes. This is supported by the in vitro study showing that BM macrophages 

elevate their lipid content in response to mesothelioma-derived factors. Moreover, 

studies examining the lung tumour microenvironment showed increased expression of 

multiple genes involved in lipid metabolism and lipid signalling in macrophages [465]. 

In particular, increased cyclooxygenase-2 (COX2) expression and increased 

prostaglandin E2 (PGE2) production was found in macrophages infiltrating tumour-

bearing lungs suggesting that cancer cells and immune cells increase prostaglandin (a 

group of physiologically active lipid compounds) synthesis resulting in lipid 

accumulation in cells in lung tumours [465, 466] promoting tumour growth and 

suppressing tumour immunity. However, the functional consequences of lipid 

accumulation by macrophages are unclear, as some studies have shown that lipid-

loaded macrophages are inflammatory and tumoricidal [467, 468]. For example, 

Schlager et al. [467] showed that increased lipid content, especially those enriched 

with polyunsaturated fatty acids, in murine peritoneal macrophages was associated 

with increased cytotoxic activity against tumours. Therefore, a consensus has yet to 

be reached. 

 

Here, in-vitro studies examined the effect of mesothelioma-derived factors on young 

BM-derived macrophages. The study demonstrated that tumour exposed macrophages 

had increased lipid accumulation compared to unexposed macrophages. Similar data 

was seen in the in-vivo studies, i.e., increased lipid accumulation was observed in all 

macrophage subsets in old mice with mesothelioma in BM, spleen, and tumours. 
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Possible mechanisms of lipid uptake were also examined in in-vivo study. CD36 plays 

a key role in fatty acid transport and FAO [469, 470]. This study found no change in 

CD36 expression in different macrophage subsets. CD147, a multifunctional 

transmembrane protein [343, 471]  found to play a role in anti-tumour therapy [445], 

increased in BM and spleen macrophages with healthy ageing and in tumour bearing 

old mice compared to young tumour bearing mice in M0 splenic macrophages. CD147 

has shown to be upregulated in in-vitro studies when tumour cells are co-cultured with 

other cells such as endothelial cells [472, 473], or fibroblasts [474]. One study 

examined monocytes and macrophages co-cultured with tumour cells; CD147 was 

expressed at very low levels in both cells types however co-culturing tumour cells with 

macrophages and monocytes resulted in elevated CD147 on both cell types [475]. That 

study concluded that tumour cells were responsible for increased expression of CD147 

on macrophages and monocytes. CD147 mediates tumour cell-macrophage 

interactions and has been shown to induce matrix metalloproteinase and vascular 

endothelial growth factor (VEGF) [476]. In this study, CD147 was mostly increased 

in BM and splenic macrophages in elderly mice with tumours, and could contribute to 

increased lipid accumulation in ageing hosts with mesothelioma. Therefore, CD147 

could be a useful target for treatment for elderly people with mesothelioma.  

 

The increase in lipid accumulation was associated with decreased MHC-I and MHC-

II expression in in-vitro studies in young mice with mesothelioma compared to healthy 

mice which could lead to reduced capacity to activate tumour-infiltrating CD8+ and 

CD4+ T cells. Similar data was seen in the in-vivo studies, i.e., increased lipid 

accumulation was associated with decreased MHC-I and MHC-II expression in TAMs 

in old tumour-bearing mice compared to young tumour-bearing mice. However, no 

changes were observed with healthy ageing by itself. These data suggest tumours 

could be solely responsible for reduced MHC function rather than combined effect of 

age and tumour. Lipid accumulation in the BM and spleen could be due to the distal 

effects of tumour. This is supported by Han et al who showed that tumours can induce 

immunosuppressive or inflammatory changes in distant organs [477]. Moreover, 

spleens are often enlarged in tumour bearing hosts [478], again suggesting the 

influence of tumour-derived factors that might elevate CD147 expression by 

macrophages leading to elevated lipid levels in spleen and bone marrow.  It is likely 

that the situation is more complex, as Wang et al. looked at changes in MHC-II levels 
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in TAMs during tumour development, where tumours were harvested on days 7, 14, 

21 and 28. The study found two distinct TAMs subsets in a murine hepatocellular 

carcinoma Hepa1-6 model; MHC class IIhi TAM associated with tumour suppression 

appeared in early the stages of tumour development whilst MHC class IIlow TAM 

formed the dominant population as tumours progressed  [479].  

Increased lipid accumulation has been observed  in macrophages in atherosclerosis 

[247] and different cancers such as breast cancer [480], colorectal cancer [396, 481], 

liver cancer [482] and prostate cancer [483]. Studies conducted in tumours have shown 

that increased lipid synthesis promotes cancer cell proliferation as it helps in the 

generation of membranes and provides energy to dividing cancer cells [484]. 

However, there is little knowledge about lipid metabolism and its role in shaping the 

functional phenotypes of tumour TAMs. Future studies in our group will look at the 

metabolic effect of mesothelioma on TAMs. 

 

Several studies in humans and mice have shown that lipid accumulation leads to 

downregulated MHC in different antigen presenting cells such as DCs. Shaikh et al 

looked at the effects of lipid overload on human APCs and found that APCs treated 

with saturated palmitic acid and oleic acid led to decreased MHC-I antigen 

presentation [485]. In the cancer setting, Herber et al demonstrated a reduced capacity 

of lipid laden DCs to present tumour associated antigens [486]. Earlier studies by our 

group showed partial activation of tumour-associated DCs and DCs from elderly mice 

tissues such as plasmacytoid and CD8+CD4- cDCs, possibly as a result of lipid 

accumulation [246]. Another study showed that lipid bodies containing electrophilic 

oxidatively truncated (ox-tr) lipids accumulate in DCs in tumour-bearing hosts. These 

ox-tr lipids can bind to chaperone heat shock protein 70. This binding can interfere 

with peptide-MHC complex translocation to the cell surface thus affecting stimulation 

of CD8+ T cell responses [487]. Katrin et al, using an in-vitro human coculture model 

to generate tumour-induced macrophages, reported upregulation of lipid biosynthesis 

pathways in tumour-exposed macrophages. That study also noticed increased lipid 

content and intracellular lipids in tumour exposed macrophages in-vitro [488]. The 

effect of mesothelioma and ageing on DCs is addressed in the next chapter. 

Looking at the effect ageing and mesothelioma on co-stimulatory molecules, this study 

noticed increased CD80 expression in macrophages in spleens with healthy ageing, 
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this is supported by publications reporting increased CD80 and HLA-DR by 

monocytes with ageing, as a result of immunosenescence [489, 490]. The proportion 

of CD80+ TAMs increased with ageing, although CD80 expression levels remained 

unchanged. One possibility is that CD80 on macrophages inhibit T cell responses with 

ageing as increased CTLA-4 expression on elderly T cells has been reported [491, 

492] and T cell activation is negatively regulated by ligation of CTLA-4 and CD80 

[493]. 

 

Only a few studies have examined the combined effects of ageing and cancer on 

macrophages. There is evidence that macrophages from aged mice do not lose their 

functional plasticity/adaptivity [494, 495]. Our group looked at responses to treatment 

with intra-tumoral IL-2/anti-CD40 antibody immunotherapy in young and elderly 

mesothelioma-bearing mice [30]. Responses to IL-2/anti-CD40 were less effective in 

elderly (38% tumour regression) compared to young mice (90% tumour regression) 

[30]. The study also found increased in-vivo anti-tumour T cell activity with 

macrophage depletion in elderly but not young mice [30] suggesting age-related 

changes in macrophages could sabotage elderly anti-tumour responses. Mahbub et al. 

[496] showed that aged murine BM macrophages cultured ex vivo have similar mRNA 

expression/cytokine production of M1/M2 markers to younger BM macrophages. This 

demonstrates that macrophages from aged mice do not lose their functional 

plasticity/adaptivity and reveals that altered responses by macrophages from aged 

mice are likely due to microenvironmental effects. 

 

To summarise, data presented in this chapter suggests that mesothelioma may 

upregulate CD147 expression leading to increased lipid accumulation in BM and 

splenic M1-like macrophages. This was not associated with changes to CD80 and 

CD40 expression but was associated with decreased MHC-I and MHC-II suggesting 

a reduced capacity to activate CD8+ and CD4+ T cells, particularly those infiltrating 

tumours, thereby providing an advantage for mesothelioma tumours. Healthy ageing 

had no effect on lipid levels and costimulatory molecule expression levels, however 

ageing further reduced MHC-I and MHC-II on TAMs suggesting age additionally 

compromises anti-tumour immunity. Nonetheless, macrophages retain plasticity, as 

shown in other studies [497-499] and treatments that repolarise macrophages might be 
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useful for elderly people with mesothelioma. The next chapter examines DCs in young 

and elderly mice with mesothelioma. 
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Chapter 4: Examining the effects of mesothelioma and ageing on murine DCs 

4.1 Introduction 

 

The studies in chapter 3 examining murine macrophages showed that increased age 

plus the presence of mesothelioma lead to increased intracellular lipid levels. This was 

associated with decreased expression of surface MHC-I and MHC-II, suggesting 

reduced numbers of peptide/MHC complexes on macrophages likely impairing the 

ability of macrophages to present antigens to CD8+ and CD4+ T cells. The studies were 

extended to look at the effect of ageing and mesothelioma on DCs, which are highly 

potent antigen presenting cells (APCs). 

The three main tissue resident cDC subsets in murine lymphoid tissue were examined. 

CD8+CD11b- cDCs (CD8+ cDCs) are derived from a BM precursor distinct from 

monocytes that continuously seed lymphoid organs [110]. CD8+ cDCs are potent 

cross-presenting cells that present exogenous antigens on MHC-I molecules to CD8+ 

T cells. Upon activation, CD8+ cDCs produce IL-12 and stimulate pro-inflammatory 

responses [500]. CD8+ cDCs play a crucial role in activating CD8+ cytotoxic T 

lymphocytes (CTLs) [131, 501, 502] and Th1 responses [503]. The other main 

lymphoid tissue resident cDC subset is CD11b+CD8α- cDCs (CD8- cDCs) which is 

further sub-divided into CD11b+CD8α-CD4+ cDCs (CD4+ cDCs)  and CD11b+CD8-

CD4- cDCs (CD4- cDCs) [106, 246, 504, 505]. These DC subsets represent 55% and 

20% of total splenic DCs respectively [505] and share similar gene expression profiles 

[180, 506] and functions [105]. In contrast to CD8+ cDCs, CD8- cDCs are poor cross-

presenters and mainly present extracellular antigens to CD4+ T cells to promote Th2 

responses [131, 500, 503]. Murine CD11c+B220+GR1+ pDCs (pDCs) mostly play a 

role in immune tolerance and mediate antiviral immunity [112, 246, 507-510] and are 

also found in lymphoid tissues [511]. 

The reason for this study is that there have been contradictory reports regarding 

changes to DC subpopulation numbers in tissues with healthy ageing. For example, 

splenic and LN CD8+ cDCs have been shown to decrease [512-515] or remain 

unchanged with increasing age [246, 516, 517]. CD8- cDCs on the other hand have 

been reported to increase [515, 518], decrease  [246] or remain steady [518, 519], 

whilst pDCs have been reported to remain consistent [516-518] or reduce with age 

[246, 513, 514]. Similarly, with regards to age-related changes to DC function, there 
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have been inconsistent reports on expression of different co-stimulatory molecules 

(such as CD40, CD80 and CD86) and antigen presentation capacity. One study 

suggested there was increased expression of CD40, CD80, MHC-II and CD86 in 

murine splenic DCs [513] while another study suggested reduced expression of MHC-

II and no change in CD40, CD80 and CD86 expression [246]. These inconsistencies 

could be due to use of different mouse strains, tissues and/or different markers to 

identify DC subsets. Therefore, a consensus has not yet been reached regarding the 

effects of healthy ageing on DC subsets, even less is known regarding the combined 

effect of aging and cancer in DCs. 

DCs can activate tumour specific cytotoxic CD8+ T cells that lyse tumour cells leading 

to tumour regression [520, 521]. However, tumours can alter DC precursor 

differentiation, suppress DC maturation and activation [522, 523] and induce 

development of Treg with immunosuppressive functions [524, 525]. An earlier study 

in our group demonstrated that circulating DCs in humans with mesothelioma have 

defects in DC numbers and antigen processing function indicated by reduced MHC 

molecules and reduced expression of co-stimulatory molecules [197]. It should be 

noted that majority of mesothelioma cases emerge in people aged more than 60 years 

[526]. Another study in our group by Gardner et al. demonstrated reduced MHC-I, 

MHC-II and CD80 on CD11c+ cells in elderly mesothelioma-bearing mice and 

decreased expression of IFNγ CD4+ and CD8+ T cells compared to younger 

counterparts, suggesting age-related loss of immune function [527]. 

Herber et al. showed that the presence of a tumour can lead to increased lipid 

accumulation in DCs which is associated with DC dysfunction and impaired anti-

tumour immunity [486]. A few studies using different cancer models have shown that 

tumours impair antigen cross presentation by elevating intracellular lipid levels [486, 

528-530]. Similarly, Gardner et al. showed that mesothelioma driven DC dysfunction 

was associated with lipid accumulation in young tumour-bearing mice and in DCs 

from young healthy donors that were exposed to mesothelioma-derived soluble factors 

[198]. The gap in knowledge that is addressed in these studies is the dual effect of 

mesothelioma and ageing on DCs, as this scenario better represents the human 

situation. Therefore, this study looked at the effects of mesothelioma and ageing on 

murine DCs, focussing on changes to lipid content, molecules associated with lipid 

uptake and molecules associated with antigen-presentation. 
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4.2 Results 

 

4.2.1 Mesothelioma factors elevate lipid levels in murine bone marrow-derived DCs 

from young mice 

The first series of experiments investigated the effects of AE17 mesothelioma-derived 

TCM on lipid levels and MHC expression in BM-derived DCs (BMDCs). BM cells 

from young C57BL/6J healthy mice (2-5 months old) were cultured in-vitro as shown 

in chapter 2 (section 2.3.5). DCs were exposed to TCM on Day 7 for 24 hours and 

stained with Bodipy (to detect neutral lipids) and anti-MHC-I and MHC-II antibodies 

for analysis by flow cytometry. The gating strategy is shown in Figures 4.1 A- C. 

Whilst the proportions of Bodipy+ cells between unexposed and TCM-exposed 

BMDCs remained consistent (Figure 4.1 D), lipid levels, shown as MFI, significantly 

increased in tumour-exposed BMDCs (Figures 4.1 E). This increase in lipid content 

in mesothelioma-exposed DCs was visualised and confirmed through staining with 

Bodipy and confocal microscopy (Figures 4.1 F, G). No changes in MHC- I expression 

levels were observed between the two groups (Figure 4.1 H). In contrast, a significant 

reduction in MHC-II expression levels was noticed in TCM-exposed BMDCs (Figure 

4.1 I), as observed earlier in macrophages (chapter 3 - Figure 3.1). These data confirm 

findings from others that mesothelioma elevates lipid levels in DCs from young hosts 

[198, 486{Gardner, 2015 #583]. 
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Figure 4.1: Mesothelioma increases lipid content and decreases MHC-II in DCs 
DCs generated from BM from healthy mice aged 2-5 months were either left untreated or exposed to 

AE17 mesothelioma-derived tumour conditioned media (TCM) before being stained with Bodipy to 

measure neutral lipids as well as with antibodies directed against MHC-I and MHC-II. Large cells (A), 

single cells (B), then CD11c+Bodipy+ (C) were gated. D shows the percentage of cells positive for 

Bodipy and (E) shows Bodipy MFI. (F) and (G) show DCs cultured on glass bottom plates and stained 

with Bodipy (green) and DAPI (nucleus, blue). After fixation, the cells were visualised using a Nikon 

confocal microscope. (H) and (I) show the MFI of MHC-I and MHC-II. Data shown as mean ± SEM, 

n = 6-9 experiments. ** = p<0.005. Statistical significance assessed by Wilcoxon Signed Ranked Test. 
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4.2.2 Examining the in-vivo effects of mesothelioma on murine CD11c+ cells  

The next series of experiments investigated the simultaneous in-vivo effects of ageing 

and mesothelioma on DCs in different lymphoid compartments using young mice (6 

to 8 weeks old) and elderly mice (18 months old)  inoculated with AE17 mesothelioma 

cells. The BM was examined to determine distal effects on the central lymphoid 

compartment that might be mediated by mesothelioma-derived factors in the aged 

setting. Spleens and draining lymph nodes (dLNs) were examined to identify changes 

to the key secondary lymphoid organs that mediate adaptive immune responses.  

 

4.2.2.1 CD11c+ cells increase with ageing and mesothelioma in dLNs while splenic 

pDCs decrease 

CD11c+ cells were gated according to Figure 4.2; this was based on the group’s 

previous work [246]. These CD11c+ cells contain DCs as well as other APCs, such as 

macrophages and B cells. The total proportion of CD11c+ cells remained unchanged 

in BM, spleens and dLNs with healthy ageing (Figures 4.3 A,C,E). In contrast, pDCs 

decreased with healthy ageing in spleens (Figure 4.3 D) while no age-related changes 

were observed in BM and dLNs (Figures 4.3B, F). However, the presence of 

mesothelioma led to an increase in the proportion of CD11c+ cells in elderly dLNs 

(Figure 4.3 E).  

 

4.2.2.1 Neither age nor mesothelioma modulate lipid content in CD11c+ cells in 

lymphoid organs 

No significant changes were seen in lipid levels in CD11c+ cells in the different 

lymphoid compartments regardless of age or the presence of a mesothelioma 

(Supplementary figure 4.1, 4.2). Similarly, no significant changes were observed in 

lipid levels in tumour-associated DC subsets, although greater variation in lipid levels 

were seen in elderly mice (Figure 4.4). Expression levels of the lipid uptake molecules, 

CD36 and CD147, also did not change in response to an ageing environment or 

mesothelioma (Supplementary figure 4.2, 4.3).  
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Figure 4.2: Experimental approach and flow cytometry gating strategy 
Young and old C57BL/6J mice were inoculated with 5x105 AE17 cells in 100μl of PBS on day 0 and 

monitored daily until tumours reached 120mm2 when bone marrow, tumours, dLN and spleens were 

collected and stained with fluorescently-labelled antibodies to detect DCs subpopulations using flow 

cytometry (Chapter 3; figure 3.2). Lymphoid organs were stained for markers of DC subsets (CD11c, 

B220, GR-1, CD11b, CD8α and CD4) and analysed by flow cytometry. Within the CD11c+ cells gate 

(E), plasmacytoid cells were gated as B220+GR1+ cells (F). Within the pDC exclusion gate (i.e., cells 

that are not B220 and GR-1 double positive (F); CD8+CD11b- conventional DCs (cDCs) and 

CD11b+CD8- cDCs were gated (G), and CD11b+CD8- cDCs were further distinguished into CD4+ and 

CD4- subsets (H).  
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Figure 4.3: CD11c+ cells increase in dLNs with ageing and cancer 
Bone marrow (BM), spleens and  draining lymph nodes (dLNs) from young healthy (YH), young 

tumour-bearing (YT), old healthy (OH) and old tumour-bearing mice (OT) were stained with markers 

to isolate APCs and CD11c+ cells were selected as described in Figure 4.2. The proportion of CD11c+ 

cells and pDCs in BM (A, B), spleens (C, D) and lymph nodes (E, F) are shown as mean ± SEM, n = 

10-11 mice in each group. * = p<0.05, ** = p<0.005, *** = p<0.0005. Statistical significance between 

all groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to measure 

differences between two groups. 
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 Lipids – Tumour 

 

Figure 4.4: Variable lipid levels are seen in elderly tumour-associated dendritic 

cell subsets 
Tumour-associated DCs from young tumour-bearing (YT) and old tumour-bearing mice (OT) were 

stained with Bodipy to measure neutral lipids and analysed by flow cytometry. Expression levels of 

Bodipy (measured as MFI) in CD11c+ cells (A), pDCs (B), CD11b+CD8-CD4+ cDCs (C), CD11b+CD8-

CD4- cDCs (D), CD11b-CD8+ cDCs (E). Data are shown as mean ± SEM, n = 10-11 mice/group. 

Statistical significance assessed by Mann Whitney U Test. 
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4.2.2.3. MHC-I decreases with healthy ageing in splenic CD11c+ cells, yet increases 

in LN CD11c+ cells 

No changes in MHC-I expression were observed in different DC subsets in BM with 

healthy ageing (Supplementary figure 4.4). However, MHC-I expression levels 

decreased with healthy ageing on splenic CD11c+ cells, pDCs and CD11b+CD8-CD4+ 

cDCs (Figures 4.5A-C). This was accompanied by a reduced percentage of splenic 

MHC-I+CD11c cells, MHC-I+pDCs, MHC-I+CD11b+CD8-CD4+ cDCs and MHC-

I+CD11b+CD8-CD4- cDCs (Figures 4.5E-H). The data suggest that healthy ageing 

modulates the splenic microenvironment resulting in downregulation of MHC-I on 

DCs. In contrast, there appeared to be an increased percentage of dLN MHC-I+CD11c+ 

cells, MHC-I+CD11b+CD8-CD4- cDCs and MHC-I+CD8+ cDCs (Figures 4.7A, C, D) 

in healthy old mice, with a statistically significance difference reached in 

CD11b+CD8-CD4- cDCs and CD8+ cDCs relative to young mice. 

4.2.2.4 Mesothelioma reduces MHC-I in BM, splenic and LN CD11c+ cells in old 

mice 

An age-related effect was seen with mesothelioma, as MHC-I expression levels 

decreased in splenic CD11c+ cells, pDCs and CD8-CD4+ cDCs (Figures 4.5 A-C) 

along with reduced percentage of BM MHC-I+ pDCs in old tumour-bearing mice 

relative to young tumour-bearing mice (Figures 4.6). These data show that tumour-

derived factors affect the aged splenic and BM microenvironments by downregulating 

MHC-I on CD11c+ cells and their DC subsets likely impairing their ability to present 

tumour antigen to CD8+ T cells.  

A different age-related effect was seen in LNs. CD11b+CD8-CD4- cDCs and CD11b-

CD8+ cDCs, but not pDCs, demonstrated elevated MHC-1 with healthy ageing (Figure 

4.7 C, D). The presence of mesothelioma decreased MHC-I+ in the elderly CD11b-

CD8+ LN DC subset (Figure 4.7 D). In contrast, MHC-I+ in young CD11b-CD8+ LN 

DCs was elevated by mesothelioma (Figure 4.7 D). These data suggest an increased 

capacity to present antigen to CD8+ T cells in old LNs could be compromised by 

mesothelioma.  
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Figure 4.5: MHC-I decreases in old healthy compared to young healthy mice  
Splenic DCs from YH, YT, OH and OT were stained for CD11c, CD11b, CD8, CD4, MHC-I and MHC-

II, and analysed by flow cytometry to identify specific DC subsets, as shown in Fig 4.2.  Expression 

levels (MFI) of MHC-I in CD11c+ cells (A), pDCs (B), CD11b+CD8-CD4+ cDCs (C), CD11b+CD8-

CD4- cDCs (D), % MHC-I+ CD11c (E), as well as the percentage of MHC-I+ pDCs (F), MHC-

I+CD11b+CD8-CD4+ cDCs (G) and MHC-I+ CD11b+CD8-CD4- cDCs (H) were measured. Data shown 

as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005,**** =p<0.0001. Statistical 

significance between all groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s 

test to measure differences between two groups. 
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Figure 4.6: MHC-I decreases in old compared to young tumour bearing mice in 

BM pDCs 
BM DCs from YH, YT, OH and OT were stained for CD11c, CD11b, CD8, CD4, MHC-I and MHC-

II, and analysed by flow cytometry to identify specific DC subsets, as shown in Fig 4.2.  The percentage 

of MHC-I+ pDCs were recorded. Data are shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05. 

Statistical significance between all groups was assessed by a Kruskal-Wallis test, followed by a post-

hoc Dunn’s test to measure differences between two groups. 

 

 

Figure 4.7: MHC-I expression increases with healthy ageing in different LN DC 

subsets 
DLN DCs from YH, YT, OH and OT were stained for CD11c, CD11b, CD8, CD4, MHC-I and MHC-

II, and analysed by flow cytometry to identify specific DC subsets as shown in Fig 4.2. The percentage 

of MHC-I+ cells in CD11c+ DCs (A), pDCs (B), CD11b+CD8-CD4- cDCs (C), CD11b-CD8+ cDCs (D) 

were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, **** 

=p<0.0001. Statistical significance between all groups was assessed by a Kruskal-Wallis test, followed 

by a post-hoc Dunn’s test to measure differences between two groups. 
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4.2.2.5 Healthy ageing is associated with increased MHC-II in BM, splenic and 

CD4- dLN DCs 

Increased MHC-II expression levels in BM pDCs with healthy ageing (Figure 4.8 B) 

were accompanied by an increased percentage of BM MHC-II+CD11b+CD8-CD4- 

cDCs with healthy ageing (Figure 4.8 E). Increased MHC-II expression levels were 

also observed in splenic CD11c+ cells, pDCs and CD11b+CD8-CD4- cDCs with 

healthy ageing (Figure 4.9 A-C). In contrast, MHC-II decreased in splenic CD8+ cDCs 

(Figure 4.9 D). An increase in MHC-II expression with healthy ageing in LN 

CD11b+CD8-CD4- cDCs accompanied by an increased percentage of MHC-II+CD4- 

LN cDCs was also observed (Figure 4.9E, F).  

4.2.2.6 Mesothelioma modulates age-related MHC-II changes in specific splenic DC 

subsets  

Mesothelioma elevated MHC-II expression in aged splenic CD11c+ cDCs, 

CD11b+CD8-CD4- cDCs and CD11b-CD8+ cDCs  (Figure 4.9A, C, D), yet reduced 

MHC-II expression in aged dLNs (Figure 4.9 E). 

4.2.2.7 CD80 increases with healthy ageing in dLN DCs  

CD80 expression significantly increased with ageing in CD11c+ cells in dLN along 

with  an increased percentage of CD8-CD4- healthy cDCs and CD8+ cDCs (Figure 

4.10 A-D).  
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Figure 4.8: MHC-II increases with healthy ageing in BM pDCs and CD11b+CD8-

CD4- DCs 
BM DCs from YH, YT, OH and OT were stained for CD11c, CD11b, CD8, CD4, MHC-I and MHC-

II, and analysed by flow cytometry to identify specific DC subsets as shown in Fig 4.2 Expression levels 

of MHC-II (MFI) in pDCs (B), CD11b+CD8-CD4- DCs (C), CD11b+ CD8+ cDCs (D), plus percent cell 

MHC-II positive of CD11b+CD8-CD4- cDCs (E), and percentage of MHC-II+ CD11c+ cells (A) were 

measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis test followed by post 

hoc Dunn’s Test. 
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Figure 4.9: Ageing is associated with increased MHC-II expression in all splenic 

and LN DCs except CD11b-CD8+ cDCs in spleen 
Splenic and dLN DCs from YH, YT, OH and OT were stained for CD11c, CD11b, CD8, CD4, MHC-

I and MHC-II, and analysed by flow cytometry to identify specific DC subsets as shown in Fig 4.2. 

Expression levels of MHC-II (MFI) in CD11c+ DCs (A), pDCs (B), CD11b-CD8-CD4- cDCs (C, E), 

CD11b+ CD8+ DCs (D), CD11b+CD8-CD4- cDCs (E) and MHC-II%+ cells in dLN CD11b-CD8-CD4- 

cDCs (F) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, 

*** = p<0.0005, ****= p <0.0001. Statistical significance assessed by Kruskal-Wallis test followed by 

post hoc Dunn’s Test. 
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Figure 4.10: The proportion of CD80+ cells increase with healthy ageing in DC 

subsets  
LN DC from YH, YT, OH and OT stained for CD11c, CD11b, CD8, CD4, CD80, CD40, MHC-I, 

MHC-II, and CD80 and analysed by flow cytometry to identify specific DC subsets as shown in Fig 

4.2. CD80 MFI in CD11c+ cells (A), pDCs (B),  percentage of CD80+  CD11b+CD8-CD4- cDCs (C) 

and percentage of CD80+ CD11b-CD8+ cDCs (D) were measured. Data shown as mean ± SEM, n = 10-

11 mice/group. * = p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance 

assessed by Kruskal-Wallis test followed by post hoc Dunn’s Test. 
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4.2.2.8 Mesothelioma reduces CD80 on CD8+ LN DCs in old but not young mice  

Mesothelioma reduced the proportion of CD80+ cells in old dLN CD8+ LN DCs 

(Figure 4.10 D). In contrast, the proportion of CD80+ cells were elevated in young 

CD8+ dLN cDCs with mesothelioma (Figure 4.10 D). No other changes in CD80 were 

observed in BM, spleens, and tumours (Supplementary figure 4.5, 4.6, 4.7). 

4.2.2.9 CD40+ DCs increase in dLNs with ageing and mesothelioma 

In dLN, the proportion of CD40+CD8-CD4- cDCs increased with healthy ageing and 

further increased in the presence of mesothelioma (Figure 4.11). No other age or 

mesothelioma-related changes were seen in BM DCs, other splenic or dLN DC 

subsets, or in tumour-associated DCs (Supplementary figure 4.8, 4.9, 4.10). 

4.2.2.10 Mesothelioma increases all tumour associated DC subsets except CD8+ 

cDCs and pDCs in old mice 

An age-related increase in tumour-associated proportions was observed in all CD11c+ 

subpopulations, except for pDCs and CD8+ DCs in tumours (Figure 4.12 A-D).  

4.2.2.10 Mesothelioma reduces MHC-II in tumour-associated DCs 

All DC subsets (pDCs, CD11b+CD8-CD4- cDCs, CD11b+CD8-CD4+ cDCs) showed a 

significant reduction in MHC-II expression levels in tumour-associated DCs (Figure 

4.13 A-D). This was accompanied by a reduced percentage of MHC-II+CD11b+CD8-

CD4- cDCs (Figure 4.13 G). 

4.2.2.11 Tumour-associated DCs demonstrate loss of MHC-I expression 

The percentage of MHC-I+ pDCs and MHC-I+ CD8-CD4- cDCs significantly reduced 

in elderly tumours relative to young tumours (Figure 4.14 B,C). A similar trend was 

seen in all other DC subsets in terms of proportions (Figure 4.14 A, D) and expression 

levels (MFI; data in Supplementary figure 4.13), however the differences did not reach 

statistical significance.  
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Figure 4.11: Healthy ageing is associated with increased CD40 expression in 

CD8-CD4- cDCs 
DLN DCs from YH, YT, OH and OT were stained for CD11c, CD11b, CD8, CD4, CD40, CD80, MHC-

I and MHC-II, and analysed by flow cytometry to identify specific DC subsets as shown in Fig 4.2. 

Percentages of CD40+ cells in pDCs in CD11b+CD8-CD4- cDCs in dLNs were measured. Data shown 

as mean ± SEM, n = 10-11 mice/group. * = p<0.05, *** = p<0.0005. Statistical significance assessed 

by Kruskal-Wallis test followed by post hoc Dunn’s Test. 

 

 

Figure 4.12: CD11c+ and CD8-  tumour-associated DCs increase with ageing 
Tumour associated DCs from young tumour-bearing (YT) and old tumour-bearing mice (OT) were 

stained with CD11c as per Figure 5.2. The proportion of CD11c+ DCs (A), pDCs (B), CD11b+CD8- 

cDCs (C) and CD11b-CD8+ cDCs (D) are shown as mean ± SEM, n = 10-11 mice in each group. * = 

p<0.05. Statistical significance assessed by Mann Whitney U Test. 
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Figure 4.13: Mesothelioma leads to decreased MHC-II expression in tumour-

associated DCs   
Tumour-associated DCs from young tumour-bearing (YT) and old tumour-bearing mice (OT) were 

stained for MHC-II and analysed by flow cytometry. Expression levels of MHC-II (MFI) and percent 

MHC-II+ in CD11c+ DCs (A, E), pDCs (B, F), CD11b+CD8-CD4- cDCs (D, G), CD11b+CD8-CD4+ 

cDCs (C) and %+ MHC-II+ CD8+ cDCs (H) were measured. Data are shown as mean ± SEM, n = 10-

11 mice/group. Statistical significance assessed by Mann Whitney U Test. * = p<0.05, ** = p<0.005, 

**** =p<0.0001. 
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Figure 4.14 MHC-I decreases in tumour-associated CD8- cDCs and pDCs in old 

mice  
Tumour-associated DCs from young tumour-bearing (YT) and old tumour-bearing mice (OT) were 

stained for MHC-I and analysed by flow cytometry. Percentage of MHC-I+ cells in CD11c+ DCs (A), 

pDCs (B), CD11b+CD8-CD4- cDCs (C), CD11b-CD8+ cDCs (D) were measured. Data are shown as 

mean ± SEM, n = 10-11 mice/group. Statistical significance assessed by Mann Whitney U Test. * = 

p<0.05. 
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4.3  Applying alternative gating strategy to isolate DCs 

The above in-vivo data was re-analysed using an alternative gating stratey as CD11c+ 

cells contain macrophages and B cells, as well as DCs. The new gating strategy 

focussed on isolating CD11chighMHC-IIhigh cells and has been used in other studies to 

classify potent APCs that are more representative of DCs (Figure 4.15) [531-533]. The 

results are shown below. 

4.3.1 Lipid levels increase with healthy ageing in specific subsets of BM DCs and LN 

DCs 

No changes in lipid levels in healthy splenic DCs were observed (Supplementary 

figure 4.15).  However, increased lipid levels were seen in BM pDCs, BM CD8+ cDCs 

(Figure 4.16) and LN pDCs (Figure 4.17) with healthy ageing. The latter is different 

to the CD11c gating strategy (but consistent with our group’s previous work showing 

increased lipid content in healthy elderly LN pDCs [534]. These data show that there 

were differences between the staining and gating strategies that have been published 

by other members of this group and this study.  

This study extended our group’s previous work by looking at the combined effect of 

ageing and mesothelioma, and found increased lipid uptake in all aged BM DC subsets 

(Figure 4.16). Lipid levels also increased in elderly tumour-associated CD8+ DCs 

(Figure 4.18).  All cells were Bodipy positive (supplementary figure 4.16).  

 

4.3.2 MHC-II decreases with healthy ageing in specific splenic and BM DCs, and is 

further reduced with mesothelioma  

 

An age-related decrease in MHC-II expression was observed in healthy splenic 

CD11c+MHC-II+ cells and CD8- cDCs (Figure 4.19) and BM pDCs (Figure 4.20). No 

age-related changes in MHC-II were found in LN DCs (Supplementary figure 4.17). 

The data suggest that healthy ageing modulates the splenic microenvironment 

resulting in downregulation of MHC-II on DCs. This is consistent with our group’s 

previous work [246] where the data showed decreased MHC-II with healthy ageing in 

superficial cervical LN.  

The presence of mesothelioma further reduced MHC-II in all elderly splenic DCs 

(except pDCs) (Figure 4.19), BM pDCs (Figure 4.20) as well as in elderly tumour 

associated CD8+ cDCs (Figure 4.21). This is consistent with the CD11c+ gating 
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strategy, apart from BM pDCs where the data showed increased expression of MHC-

II.  

4.3.3 MHC-I decreases with healthy ageing and further reduces with mesothelioma 

in specific splenic pDCs 

An age-related decrease in MHC-I was observed in splenic pDCs (Figure 4.22). No 

changes in MHC-I were seen in LN DCs (supplementary figure 4.18). 

The presence of mesothelioma reduced MHC-I in elderly splenic pDCs  (Figure 4.22) 

as well as in tumour associated elderly CD11c+MHC-II+ cells and pDCs (Figure 4.23). 

This data was consistent with the CD11c+ gating strategy which showed a similar 

decrease in CD11c+ splenic cells along with decreased MHC-I in splenic pDCs and 

splenic CD8-CD4+ cDCs. 

 

Figure 4.15: Flow cytometry gating strategy to identify CD11chighMHC-IIhigh 

putative DCs and their subsets 
Lymphoid organs were stained for DC subset markers (CD11c, B220, GR-1, CD11b, CD8α) and 

analysed by flow cytometry [531, 535]. A Time gate (A) was used to select areas with a stable flow 

stream, followed by gating on large cells (B) and singlets (C). A dump channel was used to exclude 

dead cells, NK, and T cells (D). GR-1+ cells were selected from the B220+ population to identify pDCs 

(F). CD11c+MHC-II bright cells were selected from the B220- population to exclude B cells (G). These 

B220-CD11c+MHCII+ were subdivided into CD8+CD11b- cDC and CD11b+CD8- cDC (H).  
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Figure  4.16: Lipid levels increase in specific BM DC subsets with healthy ageing 

and mesothelioma 
BM DCs from YH, YT, OH and OT were stained for neutral lipid content using the Bodipy dye and 

analysed by flow cytometry. Expression levels of Bodipy (measured as MFI) in CD11c+ MHC-II+ cells 

(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance 

between all groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to 

measure differences between two groups. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005.  

 
 

Figure  4.17: Lipid levels increase in LN pDCs with healthy ageing  
LN DCs from YH, YT, OH and OT were stained for DC subset markers as shown in Fig 4.15.  Neutral 

lipid content measured using the Bodipy dye and analysed by flow cytometry. Expression levels of 

Bodipy (measured as MFI) in CD11c+ MHC-II+ cells (A), pDCs (B), CD11b+CD8-cDCs (C), CD11b-

CD8+cDCs (D) were measured. Statistical significance between all groups was assessed by a Kruskal-

Wallis test, followed by a post-hoc Dunn’s test to measure differences between two groups. Data shown 

as mean ± SEM, n = 10-11 mice/group. * = p<0.05.  
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Figure  4.18: Lipid levels increase in tumour-associated CD8+ cDCs with ageing  
Tumour DCs from YT and OT were stained as shown in Fig 4.15. Neutral lipid content was measured 

using the Bodipy dye and analysed by flow cytometry. Expression levels of Bodipy (MFI) in CD11c+ 

MHC-II+ cells (A), pDCs (B), CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. 

Statistical significance assessed by Mann Whitney U Test. Data shown as mean ± SEM, n = 10-11 

mice/group. **** = p<0.0001.  

 

 

Figure  4.19:  MHC-II decreases in splenic DCs with ageing 
Splenic DCs were stained as shown in Fig 4.15. Expression levels of MHC-II (MFI) in CD11c+ MHC-

II+ cells (A), pDCs (B), CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical 

significance between all groups assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test 

to measure differences between two groups. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005.  
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Figure  4.20:  MHC-II decreases in BM pDCs with ageing 
BM DCs from YH, YT, OH and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of MHC-II (measured as MFI) in CD11c+ MHC-II+ cells (A), pDCs (B), CD11b+CD8-

cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance between all groups was 

assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to measure differences between 

two groups. Data shown as mean ± SEM, n = 10-11 mice/group. ** = p<0.005.  

 

 
Figure  4.21:  MHC-II decreases in tumour-associated CD8+ cDCs with ageing 
Tumour associated DCs from YT and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of MHC-II (measured as MFI) in APCs (CD11c+ MHC-II+ cells) (A), pDCs (B), 

CD11b-CD8-cDCs (C), CD11b+CD8+cDCs (D) were measured. Statistical significance assessed by 

Mann Whitney U Test. Data shown as mean ± SEM, n = 10-11 mice/group. **** = p <0.0001.   
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Figure  4.22:  MHC-I decreases with ageing in splenic pDCs 

Splenic DCs from YH, YT, OH and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of MHC-I (measured as MFI) in APCs (CD11c+ MHC-II+) (A), pDCs (B), 

CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance between all 

groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to measure 

differences between two groups. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = 

p<0.005, *** = p<0.0005.  

 

Figure  4.23:  MHC-I decreases in tumour-associated CD11c+ MHC-II+ cells and 

pDCs with ageing 
Tumour associated DCs from YT and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of MHC-I (measured as MFI) in APCs (CD11c+ MHC-II+) (A), pDCs (B), 

CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance assessed by 

Mann Whitney U test. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005.   
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4.3.5 CD80 expressesion increases with healthy ageing in BM APCs 

CD80 expression increased in BM CD11c+MHC-II+ cells with healthy ageing (Figure 

4.24); no changes were observed in splenic populations (supplementary figure 4.19). 

In contrast, tumour-associated CD8- cDCs showed an age-related decrease in CD80 

expression (Figure 4.25). This is contrasts with the CD11c+ DC subsets in LN where 

the data showed increased expression of CD80 (Figure 4.10). 

 

4.3.6 The lipid uptake molecules, CD147 and CD36, increase with ageing and 

mesothelioma in distinct DC populations 

CD147 expression increased with healthy ageing in BM CD11c+MHC-II+ cells and 

was further increased in the presence of mesothelioma (Figure 4.26). Mesothelioma 

was also associated with increased CD147 in BM CD8- cDCs regardless of age (Figure 

4.26). CD36 expression increased with ageing and mesothelioma in BM 

CD11c+MHC-II+ cells and CD8-cDCs (Figure 4.27) but remained unchanged in 

splenic, LN and tumour-associated DCs (supplementary figure 4.20, 4.21). This is in 

contrast to the data obtained by gating CD11c+ cells, as none of the CD11c+ cells 

showed significant changes in CD36 or CD147. 
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Figure  4.24: CD80 increases with healthy ageing in BM APCs 
BM DCs from YH, YT, OH and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of CD80 (measured as MFI) in APCs (CD11c+ MHC-II+) (A), pDCs (B), 

CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance between all 

groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to measure 

differences between two groups. Data shown as mean ± SEM, n = 10-11 mice/group. ** = p<0.005.  

 

 

 
 

Figure  4.25: CD80 expression decreases in tumour-associated CD8- cDCs with 

ageing  
Tumour associated DCs from YT and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of CD80 (measured as MFI) in APCs (CD11c+ MHC-II+) (A), pDCs (B), 

CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance assessed by 

Mann Whitney U Test. Data shown as mean ± SEM, n = 10-11 mice/group. ** = p<0.005.  
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Figure  4.26: CD147 expression increases with mesothelioma in BM CD8- DCs 
BM  DCs from YH, YT, OH and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of CD147 (measured as MFI) in APCs (CD11c+ MHC-II+) (A), pDCs (B), 

CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance between all 

groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to measure 

differences between two groups. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = 

p<0.005, *** = p<0.0005.  

 

 

Figure  4.27: CD36 expression increases with mesothelioma and ageing in BM 

APCs 
BM  DCs from YH, YT, OH and OT were stained for DC subset markers as shown in Fig 4.15. 

Expression levels of CD36 (measured as MFI) in APCs (CD11c+ MHC-II+) (A), pDCs (B), 

CD11b+CD8-cDCs (C), CD11b-CD8+cDCs (D) were measured. Statistical significance between all 

groups was assessed by a Kruskal-Wallis test, followed by a post-hoc Dunn’s test to measure 

differences between two groups. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05.  

Summarising the changes in CD11chighMHC-IIhigh (APC) cell populations 
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4.4 Changes associated with healthy ageing in BM, Spleens and dLNs 

To summarise, two different gating strategies were used. One collected all CD11c+ 

cells based on the premise they are likely to be APC with DC-like features, although 

this approach also included other APCs, in particular B cells and macrophages. The 

other gating strategy focussed upon CD11chighMHC-IIhigh cells and exlcuded B cells 

and low CD11c+MHC-II+ marophages, meaning a more concentrated population of 

potent APCs and DCs.  

This study found increased lipid content in BM CD11chighMHC-IIhigh pDCs, BM CD8+ 

cDCs and LN pDCs with healthy ageing. In contrast, no age-related changes to lipid 

content were seen in these DC subsets with the original gating strategy consisting of 

CD11c+ cells (Figure 4.28). Increased CD147 was observed only in BM 

CD11chighMHC-IIhigh cells suggesting that CD147 could be responsible for increased 

lipid uptake (Figure 4.28). A decrease in MHC-I and MHC-II was observed in variable 

splenic/BM subsets using the CD11chighMHC-IIhigh gating strategy, while gating using 

CD11c showed increased MHC-II in different splenic and BM DC subsets, consistent 

with the group’s previous work [240] (Figure 4.38 and 4.29). No changes in CD40 and 

CD80 expression were observed in CD11chighMHC-IIhigh subsets while gating on 

CD11c showed increased expression of both CD80 and CD40 in LN DC subsets 

(Figure 4.29). 

 

Figure 4.28: Changes to different markers in healthy elderly mice relative to 

healthy young mice comparing gating on CD11c+ cells versus gating on 

CD11chighMHC-IIhigh  
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Figure 4.29: Changes to different markers in healthy elderly mice relative to healthy young mice 

comparing gating on CD11c+ cells versus gating on CD11chighMHC-IIhigh  

 

4.4 Changes associated with ageing and mesothelioma in BM, Spleens , dLNs and 

tumour 

Upon gating CD11chighMHC-IIhigh cells, the data showed that elderly mesothelioma-

associated CD8+ cDCs and all BM DC subsets had increased lipid levels relative to 

their younger counterparts. This was associated with increased expression of the lipid 

uptake  molecule, CD147. Gating on the broader CD11c+ population showed no 

change in lipid uptake or lipid uptake markers with cancer and ageing (Figure 4.30).  

 

Decreased levels of MHC-I and MHC-II was observed with ageing and mesothelioma 

in CD11chighMHC-IIhigh cell populations in different lymphoid organs. This was 

similar to CD11c gated populations, apart from BM pDCs which showed increased 

expression of MHC-II (Figure 4.30, 31).  Finally, tumour associated CD8- cDCs 

showed decreased CD80 when gating on CD11chighMHC-IIhigh ; this contrasts to 

increased CD80 and CD40 expression LN DCs in CD11c gated populations. (Figure 

4.31) 
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Figure 4.30: Comparison of lipid accumulation based upon CD11c and 

CD11chighMHC-IIhigh gating strategies in tumour-bearing elderly versus young 

tumour-bearing mice 

 

 

 

Figure 4.31: Comparison of different markers based upon CD11c and 

CD11chighMHC-IIhigh gating strategies in elderly relative to young tumour-

bearing mice 
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4.5 Discussion 

 

This chapter examined changes in murine DCs during healthy ageing and asked 

whether mesothelioma further modulated DCs in elderly hosts.  

 

The effect of healthy ageing on bone marrow dendritic cells  

This study looked at BM derived DCs (Figure 4.32). BM is considered as the source 

of DC precursors [536] however, this study found that mature DC subsets also resided 

in the BM.  Whilst, the role of these BM DCs is uncertain, the data here shows that 

with healthy ageing there is an increase in lipid accumulation in BM CD11chighMHC-

IIhigh pDCs and CD8+ cDCs (Figure 4.16) along with increased expression of the lipid 

uptake markers such as CD147 in CD11chighMHC-IIhigh cells in elderly mice compared 

to young healthy mice (Figure 4.26). DC precursors usually migrate from BM through 

the blood stream to other organs [536]. It is unclear whether lipid accumulation in BM 

DCs has an effect on their migration capacity. Future studies could look at chemokines 

such as CCR7 that regulate DC migration from peripheral tissues to draining LNs or 

spleens [537, 538]. It is possible that these lipid laden DCs migrate from BM to spleens 

where they downregulate MHC-I and MHC-II (Figure 4.32). It would be interesting 

to track the migration of DCs in future studies which could be performed by using in-

vivo optical imaging [539]. 
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Figure 4.32: Summarising the effects of healthy ageing on CD11chighMHC-IIhigh 

putative dendritic cells  

 

The effect of healthy ageing on splenic dendritic cells  

In regards to healthy ageing and DC dysfunction, Komatsubara et al. found that aged 

splenic DCs (from healthy mice aged 2 months, 10 months and 23 months) retained 

their ability to prime T cells in vitro [540]. This was consistent with another study 

showing that the ability of cDCs in mice to prime antigen-specific T cells was retained 

with age [541]. Moreover, aged BM-derived cDCs and splenic cDCs demonstrated 

similar priming of allogeneic T cells to their young cDCs counterparts in vitro and in 

vivo [542]. This agrees with another study that showed aged splenic cDCs prime T cell 

receptor transgenic CD4+ T cells to a similar degree to that of young mice in vitro 

[515]. The studies in this chapter showed increased MHC-II in splenic CD11c+ cells, 

CD11c+pDCs and CD11c+CD8-CD4-cDCs compared to young healthy mice (Figure 

4.9), suggesting maintenance or even improved ability of CD11c+ cells to prime T 

cells with ageing. However, gating on MHC-IIhighCD11chigh cells, showed reduced 

           
      

              

      
    

      
       
         

      
                      
        

    
           

           

                   

     
           

           

     
    

      
    



131 
 

MHC-II in splenic CD11c+MHC-II+cells, splenic CD8- cDCs and BM pDCs (Figure 

4.19), along with decreased MHC-I in splenic pDCs (Figure 4.22). The broad CD11c 

gate showed enhanced MHC levels in the absence of lipid accumulation, while the 

much more focused CD11c+MHC-II+ gating revealed DC subsets with reduced MHC 

levels and high lipid accumulation. The latter suggests that lipids play a role in 

reducing surface MHC molecules. These contrasting results could be because of the 

diluting influence of a large number of cells expressing CD11c, such as macrophages 

and B cells when gated using CD11c staining.  

The effect of healthy ageing on lymph  node dendritic cells 

A key site for T cell priming is the LN however, no changes in CD11c+MHC-II+ dLN 

DCs were observed with healthy ageing, apart from increased lipids in pDCs (Figure 

4.17) which could be lipid laden pDCs that migrated from BM to dLNs. However, 

gating on CD11c+ LN cells showed an increase in the proportion of MHC-I+CD8-CD4- 

cDCs and CD8+ cDCs (Figure 4.7) along with increased expression of MHC-II in 

elderly CD8-CD4- cDCs compared to those from young healthy mice (Figure 4.9). 

These data suggest better capacity of LN DCs to present tumour antigens to T cells. 

Contamination by CD11c+ macrophages or B cells could account for the contradictory 

results. The study further looked at CD40 and CD80 as increased expression of MHC 

along with increased expression of CD80 can lead to better immune responses. On the 

other hand, increased MHC coupled with reduced CD80 can lead to tumour evasion 

[543]. Generation of CTL responses requires priming of naïve CD8+ T cells by mature, 

activated DCs that express high levels of MHC and the co-stimulatory molecules. This 

process mostly occurs in LNs. Mature DCs deliver three signals that determine the fate 

of naïve T cells. The first signal is TCR-peptide-MHC-interactions. This is followed 

by T cell stimulation through co-stimulatory molecules. Signal 3 is provided by 

polarizing cytokines secreted by DCs [544]. The sum of positive and negative signals 

determines the outcome of T cell responses [545]. This study found increased CD80 

expression with healthy ageing in LN CD11c+ cells and pDCs, plus an increased 

proportion of CD80+  LN CD8-CD4- cDCs (Figure 4.10) as well as increased 

expression of MHC-II in LN CD8-CD4- cDCs (Figure 4.9) suggesting antigen 

presentation to T cells may be maintained or even improved with age in the LN. This 

is interesting, as other studies have demonstrated that expression of the CD80 ligand, 

CD28, is reduced with age on T cells [546-549] suggesting reduced T cell activation 
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potential in the elderly. CD80 is considered as a co-stimulatory molecule, but if it 

binds to CTLA-4, it  can lead to reduced T cell activation in the elderly [491-493]. 

CTLA-4 outcompetes CD28 in binding CD80. CD28 can be highly expressed on T 

cells but has low affinity for CD80 while CTLA-4 has higher affinity for CD80 but is 

in low abundance in resting cells [550]. However, healthy elderly CD4+ T cells have 

been shown to express higher levels of CTLA-4 than their younger councterparts 

[527]. These data suggest that with ageing CTLA-4 can dampen the immune response 

either through increased expression on elderly T cells or by outcompeting CD28 in 

binding CD80.  

 

Figure 4.33 Summarising the effect of ageing and cancer on CD11chighMHC-IIhigh 

putative DCs 
Tumour derived antigens/factors may reach the BM leading to increased lipid levels in all aged relative 

to young BM DC subsets and lipid uptake molecules in specific DC subsets. Tumour derived soluble 

factors may also drain into the spleen and affect resident aged splenic APC by reducing MHC-I/II. Lipid 

laden BM DCs may migrate to spleen and LNs. Aged tumour associated DCs acquire lipids and 

downregulate MHC and co-stimulatory molecules; these tolerogenic DCs may migrate to draining LNs 

 

The effect of mesothelioma and ageing on bone marrow dendritic cells 

This study looked at the effect of mesothelioma and ageing on DCs. Preliminary in-

vitro studies showed a significant increase in lipids alongside a significant decrease in 

MHC-II in young murine BMDCs exposed to mesothelioma-derived factors. These 

data are similar to other studies showing that a range of solid tumours induce lipid 

accumulation in DCs leading to significant dysfunction [101, 198]. Lipid 

accumulation was not seen in the in-vivo studies involving young and elderly mice 
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with mesothelioma when using a broad gating strategy that included all CD11c+ cells. 

However, when the gating strategy was changed to focus only on CD11chighMHC-

IIhigh cells, increased lipid levels were seen in BM pDCs and BM CD8+ cDCs  with 

healthy ageing (Figure 4.32) along with increased expression of the lipid uptake 

marker, CD147. This apparent increase could be due to the fact that other APCs had 

been excluded, specifically B220+ B cells and CD11cnegative or CD11clow macrophages 

meaning that BM DCs are more likely to be affected. It is recognised that CD11chigh 

macrophages could still be present [533]. This study also found decreased expression 

of MHC-II, thus suggesting reduced capacity of BM DCs to present tumour antigens 

to T cells.  

The effect of mesothelioma and ageing on splenic dendritic cells 

Until now, only one study had examined lipid accumulation in ageing DCs using 

different tissues [246]. That study did not see an age-related increase in lipid levels in 

most DC subsets in spleens and lungs, yet increased lipid levels were seen in elderly 

pDCs regardless of anatomical location [246]. Several studies have shown that lipid 

accumulation causes DC dysfunction [551, 552]. This study found no changes in lipid 

levels in elderly splenic DCs compared to young splenic DCs. However, different 

splenic CD11c+MHC-II+ DC subsets showed reduced MHC-I and MHC-II with 

mesothelioma and ageing (Figure 4.19, 4.22). No changes in co-stimulatory molecules 

were observed in splenic DCs with mesothelioma and ageing. Thus, the data suggest 

that tumour derived soluble factors may lead to a reduced capacity of aged splenic 

DCs to present tumour antigens to T cells. As mentioned earlier, these contradictory 

results could be because gating on CD11highMHC-IIhigh cells reduces the influence of 

larger number of  CD11c+ cells.  

The effect of mesothelioma and ageing on LN dendritic cells 

No change in lipid levels was observed in LN CD11c+ DCs with tumour and ageing. 

Also, CD11c+ LN DCs showed no change in MHC expression, however increased 

expression of co-stimulatory molecules such as CD40 and CD80 was seen in elderly 

compared to young mice in CD11c+CD8-CD4-cDCs and pDCs respectively. Similarly, 

when gated based on CD11chighMHC-IIhigh no changes in lipids or MHC expression in 

LN DCs were seen in elderly mice compared to young mice. This could be because 

elderly lipid laden DCs with reduced surface MHC molecules failed to emigrate from 

the tumour site to draining lymph nodes, which has been demonstrated in other studies 
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[553, 554], thus compromising the anti-tumour immune response. Several tumours, 

including mesothelioma [555] produce transforming growth factor β (TGF-β) that 

prevents the migration of DCs from tumour to draining lymph nodes [556]. In contrast, 

Hirao et al. showed that co-culture with tumour cells induces CCR7 expression on DC 

leading to their migration from tumours to draining lymph nodes [557]. Also, it has 

been shown that tumours can lead to migration of non-activated DCs to LNs, thus 

driving a tolerogenic response to enable immune escape [558]. Ageing has been shown 

to impair DC migration in both in-vitro and in-vivo studies [559]. For example, Linton 

et al demonstrated impaired DC migration to dLNs in aged mice [560]. This was 

attributable to age related changes such as increased expression of phosphatase and 

tensin homolog (PTEN) with ageing. The increased expression of PTEN negatively 

regulated PI3 kinase activity and thus contributing to impaired DC migration [561]. 

Future studies could look at tracking DC migration which can be performed by a 

variety of techniques such as optical imaging methods (fluorescence (FLI) or 

bioluminescence imaging (BLI) [562]. This will also allow us to track the migration 

of DCs from BM to LN or tumour sites and to understand whether tumour or ageing 

changes their physiology or function.  

 

The effect of mesothelioma and ageing on tumour associated DCs 

This study found increased lipid accumulation in all elderly CD11c+ tumour associated 

cells and putative DC subsets compared to young mice with mesothelioma tumours 

(Figure 4.12), yet gating on CD11c+MHC-II+ cells showed increased lipid 

accumulation in only tumour associated CD8+ DCs (Figure 4.18) in elderly mice with 

mesothelioma. Mesothelioma tumours have been shown to induce defects in human 

and murine DCs [197, 198]. As discussed in multiple review articles, tumour-

infiltrating cDCs have been shown to present antigens to T cells while still in tumours 

suggesting DCs in the tumour microenvironment influence the function of local anti-

tumour T cells [563-565]. Tumour-infiltrating CD8+ cDCs may be able to capture and 

cross-present tumour antigens to CD8+ T cells, expanding tumour specific CTLs in 

tumour [566, 567], [130, 191, 192, 567-569]. However, this study found decreased 

expression of MHC-II in tumour-associated  CD11chighMHC-IIhigh CD11b-CD8+ cDCs 

(Figure 4.21) in elderly relative to young mesothelioma-bearing mice implying a 

reduced number of peptide/MHC complexes on elderly DCs which might impair the 
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ability of these DCs to present tumour antigen to CD8+ and CD4+ T cells in the tumour 

microenvironment. These data suggest cross-presentation could be compromised in 

elderly tumours. This is supported by studies showing that tumour-specific CD8+ T 

cells in elderly mice can be primed by DCs yet lose their lytic function [199].  

This can be measured in future studies by using antigen presentation assays such as an 

MLR (mixed lymphocyte reaction) or the “SIAT antigen presentation assay” 

developed by creative biolabs using mass spectrometry that measures antigen 

processing and presentation. MLR assays measure the ability of DCs to stimulate T 

cell proliferation [570]. Previous studies in our group performed MLR assays to 

measure the functional maturation of immature human MoDCs (iMoDCs) exposed to 

mesothelioma derived factors [570]. The study found decreased CD1a on 

CD11c+ iMoDCs  upon exposure to Ju77 mesothelioma cells. CD1a is associated with 

the presentation of lipid antigens to T cells thus suggesting decreased capacity of lipid 

laden DCs to present lipid antigens to T cells. [570]. 

Another way to look at antigen presentation is by splitting the process into multiple 

steps as  discussed by Roper [571]. Antigen presentation can be split into various steps 

starting from acquisition of antigen, antigen processing leading to peptide loading onto 

MHC molecules, antigen transport, T cell binding to MHC molecules, co-stimulatory 

molecules involvement, cell signalling and proliferation of T cells. Rooper developed 

assays to measure immune response in multiple steps that are involved in antigen 

presentation. Using the supernatants, nitric oxide (NO) can be measured to assess the 

response of APC to the antigen presentation [571-573].  

This study also showed an age-related increase in the proportion of CD11c+ cells in 

tumours likely comprising of DCs, macrophages and B cells. An increase in these 

tumour-associated CD11c+ cells could favour tumour progression as tumours have the 

capacity to alter their immunostimulatory role into an immunosuppressive one [574]. 

For example, Liu et al. demonstrated large quantities of PGE2 and TGF-B released by 

murine lung tumour cells leading to the conversion of immune activating DCs into 

immune-suppressive DC [574].  

Other DC subsets, such as pDCs, are a small population of DCs expressing low 

amounts of CD11c with variable levels of CD8α and CD4 [575]. pDCs express MHC-

II molecules and can mature in similar fashion to cDCs [575]. pDCs can internalise, 
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process and present antigens to CD4+ T cells and cross-present antigens to CD8+ T 

cells [576, 577] suggesting pDCs function as APCs. However, studies in this chapter 

showed reduced MHC-I and MHC-II in elderly tumour-associated pDCs compared to 

young tumour-associated pDCs suggesting reduced APC function by pDCs in 

mesothelioma tumours, the consequences of this remain to be clarified. This decreased 

expression of MHC molecules may lead to tumour escape from the immune response 

[578]. DCs have been shown to play a central role in tumour specific immunity [579]. 

This has been demonstrated in mice deficient for CD8+ cDCs as CD8+ cDCs deficient 

mice did not respond to immunotherapy with anti-PD1 and anti PDL1 [580, 581]. 

Tumours modulate tumour infiltrating DCs that can lead to their dysfunction. Lipid 

accumulation, as shown in this chapter, could be one of the factors involved in tumour 

associated DC dysfunction by downregulation of MHC molecules that leads to T cell 

tolerance rather immunity.  

 

Future studies may look at DC-T cell interactions in mesothelioma. DCs prime 

CD4+ and CD8+ naïve T cells by physically interacting with T cells [582]. Optimal 

priming depends on the quality and the magnitude of these signals which depends 

upon the nature of antigen and anatomical site [582]. These DC-T cell interactions can 

be studied using intravital imaging techniques such as using intravital multiphoton 

laser scanning. This allows the cells to be scanned at real time inside intact LN of live 

mice [583-585] as LN play an important role in priming effective tumour T cell 

responses.  

 

4.6 Summary 

To summarise, data presented in this chapter showed that healthy ageing had no effect 

on lipid levels in the broad CD11c+ cell population however, when focussing on  

CD11chighMHChigh  cells the data showed increased lipid accumulation in different BM 

subsets and LN pDCs. Ageing was associated with elevated MHC-II expression in 

CD11c+ cells in BM (CD11c+ cells, pDCs and CD11b+CD8-CD4- cDCs), splenic 

(CD11c+ cells, pDCs  and CD11b+CD8-CD4- cDCs) and LN DCs (CD11c+ cells and 

pDCs) suggesting that ageing does not impair their antigen presentation capacity. 

These DCs also demonstrated increased expression of co-stimulatory CD80 in LN 
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CD11c+ cells,  pDCs and CD11b+CD8-CD4- cDCs implying that effector T cells could 

be generated by elderly DCs. However, gating on CD11chighMHC-IIhigh cells revealed 

reduced MHC-I and MHC-II in splenic and BM DC subsets with no changes in CD40 

expression, but increased CD80 in BM CD11chighMHC-IIhigh cells. The increase in co-

stimulatory molecules such as CD80 could help compensate for the reduced number 

of peptide/MHC complexes on DCs. 

Mesothelioma-derived factors clearly increased lipid accumulation in BMDCs from 

young mice, as shown in the in-vitro studies. Moreover, CD11c+ cells and  

CD11chighMHC-IIhigh cells from  elderly mice with mesothelioma were also associated 

with elevated lipid levels in all BM DC subsets, along with increased lipid levels in 

tumour associated DCs. This was associated with an increase in the lipid uptake 

molecule, CD147, in BM CD11chighMHC-IIhigh cells along with decreased CD80 

expression in tumour associated CD8+ cDCs. However, no changes were observed in 

CD40 expression. Different splenic and BM DC subsets showed reduced expression 

of  MHC-I and MHC-II with ageing and cancer, suggesting a reduced capacity to 

activate tumour infiltrating CD8+ and CD4+ T cells thereby providing an advantage 

for mesothelioma tumours in elderly hosts. The decrease in MHC and co-stimulatory 

molecules has been attributed to tolerogenic induction in DCs and studies have shown 

that MHC expression is sensitive to modulation of metabolic pathways, such as 

glycolysis [586, 587]. This is investigated in the next chapter that assesses whether 

mesothelioma alters metabolic pathways that may contribute towards DC 

tolerogenecity. 
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Chapter 5: Investigating the effects of mesothelioma on human and murine DC 

metabolism 

5.1 Introduction 

 

DCs have a uniquely efficient ability to activate naïve T cells, a process that mostly 

occurs in LN [228]. DCs express CD11c (also known as integrin alpha X that promotes 

antigen uptake and binds complement iC3b to mediate phagocytosis [588] and MHC 

class I and II molecules (for antigen presentation to CD8+ and CD4+ T cells 

respectively). After DC activation expression levels of surface MHC I/II and other co-

stimulatory molecules such as CD80 and CD40 increases enabling them to present 

antigen and activate T cells [228]. Different stages of immune cell activation coincide 

with different types of cellular metabolism to meet their biosynthetic and bioenergetic 

needs. This has been extensively shown in lymphocytes and macrophages [205, 589, 

590], however less work has been undertaken in DCs, and there are no publications 

to-date addressing the effect of mesothelioma on DC metabolism. Studies have shown 

that altering the metabolic state of DCs can impact their inflammatory responses which 

can be used for therapeutic effects [591, 592]. Rehman et al showed that fatty acid 

synthesis (FAS) plays an important role in the differentiation of monocytes into DCs 

in-vitro. In their in-vivo experiments development of DCs in lymphoid organs was also 

found to be dependent on FAS [229]. This shows that metabolic pathways affect the 

DC differentiation process.  Pearce et al have shown that upon PAMP stimulation via 

TLR, immature DCs transition into activated DCs. This process is accompanied by a 

transition from OXPHOS and mitochondrial beta oxidation into aerobic glycolysis 

[593]. Activated DCs rely highly on glucose for survival, and upon glucose limitation 

become more vulnerable to death [593]. Thus, glycolysis is critical for full DC 

activation. Moreover, substrates generated during glycolysis may help DC activation. 

For example, GAPDH helps with the regulation of protein translation critical for DC 

activation [594]. 

Quiescent DCs have a different metabolic requirement compared to an 

activated DCs. These changes play a crucial role for the successful activation of DCs. 

This is made more complex as metabolic requirements are different in quiescent or 

immature DCs compared to activated or mature DCs. Mesothelioma may affect 

immature DCs that migrate into tumours, or mesothelioma-derived soluble factors that 
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reach lymph nodes may modulate mature LN DCs. As noticed earlier in chapter 4, 

mesothelioma-exposed DCs accumulated lipids, which could be responsible for DCs 

dysfunction and could also affect DCs metabolism as much of the functionality of 

tolerogenic DCs is intertwined with metabolic activity, such as lipid accumulation or 

catabolism of amino acids. This chapter focusses on changes to immature and mature 

human and murine DC metabolism when exposed to soluble factors derived from 

mesothelioma tumour cells compared to non-tumour exposed. 
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5.2 Results  

 

5.2.1 Determining if mesothelioma induces metabolic changes to human 

monocyte derived DCs (MoDCs) 

 

5.2.1.1 Establishing metabolic studies model for DCs culture 

 

Previous studies have shown that bacterial lipopolysaccharide (LPS), a Toll-Like 

Receptor (TLR)-4 agonist induces DC activation when used at concentrations between 

10 ng to 1 μg/ml [595] alongside a rapid metabolic switch to glycolysis  [593, 596, 

597]. Therefore, to establish a useful biological control, the effect of LPS on human 

MoDCs after LPS exposure was examined. To do this, immature human MoDCs were 

generated as shown in chapter 2 (section 2.2.4). On day 7, DCs were either left 

untreated in medium alone or activated with LPS for 3 h and 24 h when loosely 

adherent cells (shown to consist of 80-90% CD11c+ cells [598]) were harvested and 

seeded in a seahorse XFe96 cell culture plate with 7 x 104 cells per well. Protocol to 

generate DCs has been adopted from the previous work published in our group [570].  

Glycolytic stress test was conducted (Figure 5.1 A). The data show a statistically 

significant increase in glycolysis measured after glucose injection in DCs treated with 

LPS for 24 h (Figure 5.1 C) which has also been shown in other studies reasoning that 

the longer time point likely allowed enough time for an immune response to occur 

before attenuation [596, 599] but in contrast to other studies, no change was observed 

in 3 h LPS-exposed DCs which could be because of the low glucose concentration (2.5 

mM) used in the study (Figure 5.1 B). Glucose concentration was changed to 11 mM 

in seahorse basal media to match the concentration of the culture media. They were 

also rested for one hour prior to loading onto the Seahorse XFe96 Analyser. A final 

concentration of 1 μg/ml of LPS was injected. Extracellular acidification rate (ECAR) 

was then measured in real time for 180 minutes after LPS exposure. In agreement with 

the literature, glycolysis rapidly increased upon LPS exposure confirming the 

reproducibility of these experiments [599, 600] (Figure 5.2 A). This is more clearly 

seen when the data is shown as fold change (Figure 5.2 B). 
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Figure 5.1: Long-term LPS activation increases glycolysis in DCs 

Immature human MoDCs were generated using GM-CSF and IL-4, as (shown in chapter 2, section 

2.2.4). On day 6, DCs were left untreated in medium alone or pre-activated with 1μg/ml LPS for 3 hours 

and 24 hours after which loosely adherent cells were harvested and seeded in a seahorse XF-96 cell 

culture plate at 7 x 104 cells/well and real-time rates of ECAR, as a readout for lactate production, were 

determined. A. ECAR measurements obtained upon injections of glucose (2.5mM), oligomycin (Oligo) 

and 2-deoxglucose (2-DG) were used to calculate glycolysis. The first injection is a saturating 

concentration of glucose which was 2.5mM in the preliminary experiments. Cells utilise this glucose 

via the glycolytic pathway to catabolise it to pyruvate, producing NADH, ATP, water and protons. 

Oligomycin, the second injection, is an ATP synthase inhibitor. Oligomycin inhibits mitochondrial ATP 

production and shifts energy production towards glycolysis. 2DG is the final injection in the glycolytic 

stress test. It is a glucose analog, that offers competitive binding to glucose hexokinase thereby 

inhibiting glycolysis. Figure A sourced from Tan et al [601]. B, C. There is a significant increase in 

glycolysis in 24 h LPS-exposed DCs but none in 3 h LPS exposed DCs. Data is shown as mean ± SEM 

from 3-4 independent experiments with 4-6 replicates in each experiment. Statistical significance was 

assessed Mann Whitney U Test and **p <0.01.  
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Figure 5.2: Acute LPS increases glycolysis in monocyte-derived dendritic cells 

A. Immature human MoDCs were generated using GM-CSF and IL-4, as (shown in chapter 2, section 

2.2.4). At day 7 MoDCs were pooled, counted and seeded into seahorse XF-96 analyser plates at 7 x 

104 cells/well with 8 replicates per condition; 20 mins later control wells were injected with media and 

a further 8 wells injected with 1μg/ml LPS. Seahorse media in this experiment contained 11mM glucose 

to match the concentration of glucose in the culture media. A. Real-time rates of ECAR, as a readout 

for lactate production, were determined every 6 minutes over 200 minutes. Data from one representative 

experiment with 8 replicates/condition is shown as mean ± SEM. B. Pooled data showing fold change 

of LPS-treated relative to controls from 3 independent experiments with 4-6 replicates in each 

experiment is shown as mean ± SEM. Statistical significance was assessed by Mann Whitney U Test, 

****p <0.0001.  
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5.2.1.2 Mesothelioma-derived soluble factors also increase glycolysis in human 

MoDCs  

 

The overall aim of this study was to determine the effect of mesothelioma-derived 

factors on human MoDCs. Before the study could begin, mesothelioma derived 

tumour-conditioned media (TCM) had to be generated. To do this, human Ju77 

mesothelioma tumour cells were weaned onto and cultured in serum-free media (SFM) 

to avoid any confounding effects mediated by foetal calf serum (FCS) (as shown in 

chapter 2, Figure 2.1). Immature human MoDCs were generated and on day 7 were 

either left untreated in medium alone (resting DCs) or exposed to 50% TCM for 3 h 

(short term) and 24 h (long term) when loosely adherent cells were collected (Figure 

5.3 A), counted and seeded in a seahorse XF-96 cell culture plate at 7 x 104 cells per 

well, and a glycolysis stress test conducted. 

Immature human MoDCs demonstrated significantly elevated glycolysis following 24 

h, but not 3 h of TCM exposure (Figure 5.3 B). These data suggest that mesothelioma 

tumours induce metabolically active DCs reminiscent of the activated DCs. 

 

5.2.1.3 Basal respiration in human MoDCs 

 

Oxidative phosphorylation (OXPHOS) combines electron transport with cell 

respiration and ATP synthesis and is a key functional unit in mitochondria that 

produces energy in the form of ATP. This process is driven by the cellular energy 

demands of a cell. Therefore, this study also investigated changes in OXPHOS in 

human MoDCs exposed to TCM and LPS was used as a control. 

 

5.2.1.4 LPS exposure results in decreased basal respiration in human MoDCs 

 

Several studies have shown that activated DCs exhibit increased glycolysis and 

decreased OXPHOS [212, 602-604]. This study also found that when immature human 

DCs are exposed to acute LPS injection  and when activated with LPS for 3 h and 24 

h, OXPHOS as measured by basal respiration rapidly decreases (Figure 5.4 B, Figure 

5.5 A) suggesting altered mitochondrial function and is consistent with other 

publication [599]. Shows  
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Figure 5.3: Mesothelioma-derived factors increase glycolysis in immature 

MoDCs 

TCM media was generated as shown in Figure 2.1. A. MoDCs left untreated as controls or pre-exposed 

with 50% Ju77 TCM for 3 hours and 24 hours were seeded into a Seahorse XF-96 Analyzer plate at 7 

x 104 cells per well and real-time rates of ECAR determined. B. TCM exposed MoDCs show significant 

increases in glycolysis after 24 hours TCM exposure. Data represented as mean ± SEM of 3-4 

independent experiments each with 4-6 replicates. Statistical significance assessed by Mann Whitney 

U Test, **p <0.01. 
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Figure 5.4: Acute LPS exposure decreases basal respiration in DCs 

MoDCs were generated as per Figure 2.2. A. Outlines the mitochondrial (mito) stress test injection 

strategy. Oligomycin is injected to block ATP synthase activity. Then FCCP is injected to act as an 

uncoupling agent and disrupt mitochondrial membrane potential. A mixture of rotenone and antimycin 

is injected to completely block mitochondrial respiration. Figure A sourced from Rose et al.[605].  B. 

Real time oxygen consumption rates (OCR) which measure basal mitochondrial respiration were 

determined every 6 minutes over 200 minutes. Data from one representative experiment with 8 

replicates for each condition is shown as mean ± SEM. Statistical significance assessed by Mann 

Whitney U Test, ****p <0.0001. Basal respiration shows a significant decrease in LPS-activated DCs 

meaning mitochondrial respiration is reduced. 
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Figure 5.5: Basal respiration decreases in LPS-exposed DCs and increases in 

tumour-exposed DCs 

  
A. MoDCs were either left untreated as controls or pre-activated with 1μg/ml LPS for 3 h and 24 h or 

pre-exposed to TCM for 3 h and 24 h. MoDCs were collected and seeded in a Seahorse XF-96 Analyzer 

with 7 x104 cells per well and real-time rates of OCR (to measure basal mitochondrial respiration), were 

determined. Pooled data of LPS-activated MoDCs from 3 independent experiments with 4-8 replicates 

in each experiment is shown as mean ± SEM. B. Ju77-derived tumour conditioned media (TCM) 

significantly increases OXPHOS in MoDCs, measured by real time OCR rates. Pooled data of TCM-

exposed DCs from 3 independent experiments with 4-8 replicates in each experiment is shown as mean 

± SEM. Statistical significance assessed by Mann Whitney U Test , **p<0.01, ***p<0.001. Two groups 

are compared at a time.  

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

5.2.1.5 Mesothelioma-derived soluble factors increase OXPHOS in human MoDCs 

 

The effect of TCM on OXPHOS was examined. Immature human DCs showed a 

significant increase in OXPHOS measured in terms of basal respiration after 

continuous exposure to TCM for 24 h but not for 3 h (Figure 5.5 B). Taken together, 

these data suggest that mesothelioma tumours may induce tolerogenic DCs as 

increased glycolysis and OXPHOS represents a characteristic metabolic profile of 

tolerogenic DCs [606, 607]. Tolerogenic DCs are also characterised by increased 

glycolytic capacity and glycolytic reserve [606] which was examined in the next part 

of the study. 

5.2.1.6 Mesothelioma-derived soluble factors increase glycolytic capacity and 

glycolytic reserve in human MoDCs 

 

Immune cells usually operate at a metabolic rate lower than the highest rate achievable  

allowing them to respond to changing energetic demands [608]. The maximum rate 

by which cells can operate glycolysis is called maximum glycolytic capacity [609]. 

On the other hand, glycolytic reserve is the difference between maximum glycolytic 

capacity and basal glycolysis. The effect of LPS and Ju77 TCM on human MoDCs 

over 3 h versus 24 h was examined. This timeframe may allow DCs to reach their 

maximum glycolytic capacity and reserve. The data show that both maximum 

glycolytic capacity (Figure 5.6 A) and glycolytic reserve (Figure 5.6 B) significantly 

increased in DCs after 24 h exposure to TCM further suggesting that mesothelioma 

induces tolerogenic DCs as others have shown that glycolytic capacity, glycolytic 

reserve are more pronounced in tolerogenic DCs as mentioned earlier [606]. 

Tolerogenic DCs are mostly characterised by low expression of immunogenic co-

stimulatory molecules along with the higher expression of inhibitory molecules [586]. 

Further evidence of a tolerogenic phenotype in this study is supported by the data 

showing decreased MHC-I and MHC-II (gating strategy shown in Fig 5.7), and a trend 

to an increase in the inhibitory molecule A2A (P<0.09, Figure 5.8 G) although no 

change was observed in TCM-exposed DCs in the expression of co-stimulatory 

molecules CD40 and CD86 or other inhibitory molecules such as CD39, CD73 (Figure 

5.8). Earlier studies in our group by Gardner et al. found up-regulated expression of 

inhibitory molecules such as CD73, CD39, A2A and A2B receptors and programmed 

cell death ligand-1 (PD-L1) ([527]). Taken together,  the group’s previous work and 
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the metabolic changes showed in this study, the data suggests tumour-exposed DCs 

adopt a tolerogenic profile. More experiments are required to confirm if tumour-

exposed DCs are truly tolerogenic. 

 

Figure 5.6: Mesothelioma TCM-exposed MoDCs demonstrate increased 

glycolytic capacity and glycolytic reserve 

Human MoDCs were left untreated, exposed to 50% Ju77-derived TCM for 3 hours and 24 hours, or 

activated with 1ug/ml LPS for 3 hours or 24 hours. MoDCs were collected and seeded in a Seahorse 

XF-96 Analyzer at 7 x 104 cells/well after which real-time rates of ECAR were determined. A. Shows 

the maximum glycolytic capacity achieved after oligomycin injection as per Figure 5.1A. Data shows 

significant increase in glycolytic capacity in TCM-exposed MoDCs. Data shown as mean ± SEM of n 

= 3 independent experiments, each with 6-8 replicates for each condition. Statistical significance 

assessed by t-test and **p<0.01 B. Shows the glycolytic reserve measured after 2DG injection as per 

Figure 5.1A. Data shows significant increase in glycolytic reserve in TCM-exposed DCs. Data shown 

as mean ± SEM of n = 3 independent experiments, each with 6-8 replicates for each condition. Statistical 

significance assessed by Mann Whitney U Test and **p<0.01. Two groups are compared at a time.  
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Figure 5.7: Gating strategy 

Human MoDCs were generated as discussed in chapter 2 (section 2.2.4). Time gate 

was used as an internal control to exclude the poorly collected populations (A), large 

cells (B), single cells (C), CD11c+Bodipy+ (D) were gated.  
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Figure 5.8: Mesothelioma leads to a decrease in MHC in human DCs  

Data shows MFI of antigen presenting molecules MHC-I (A), MHC-II (B), co-stimulatory molecules; 

CD40 (C), CD86 (D), inhibitory molecules; CD39 (E) CD73 (F), A2A (G) and PD-L1 (H). Data shown 

as mean ± SEM, n = 2 experiments. Statistical significance assessed by Mann Whitney U Test, *p<0.05, 

**p<0.01. Two groups are compared at a time.  

 

 



151 
 

5.2.1.7 Hexokinase II and GAPDH increase in TCM-exposed MoDCs 

 

Different glycolytic enzymes (as shown in Figure 5.9) that may be responsible for the 

increased glycolysis seen in MoDCs exposed to LPS and TCM were examined using 

western blotting (Figure 5.10).Hexokinase II (HK-II) was increased in both LPS-

activated DCs and DCs exposed to TCM., which may account for increased glycolysis 

for both (Figure 5.10). However, an isolated incident showing decreased HK-II was 

observed in TCM-exposed DCs, more studies may be required for the data to reach 

significance. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), an enzyme that 

catalyses the 6th step in the glycolysis cycle increased in LPS and TCM-exposed 

MoDCs (Figure 5.10). Increased GAPDH gene expression is associated with increased 

cell proliferation [211] and a study demonstrated that inhibition of GAPDH down 

regulates glycolysis in myeloid and lymphoid cells suggesting its role in increased 

expression of glycolysis [610] . β-actin was used as a loading control as its expression 

level remained consistent in all groups regardless of the different treatments.  No 

changes were observed in other glycolytic enzymes.  
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Figure 5.9: Enzymes involved in the glycolytic pathway 

Key enzymes involved in the glycolytic pathway are shown. Those examined using western blotting 

are bolded and highlighted 
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Figure 5.10: Hexokinase II and GAPDH increase in DCs in response to LPS and 

mesothelioma-derived soluble factors 

DCs collected according to Figure 5.3A at 2 x 106 cells were (i) left untouched as control DCs, (ii) LPS-

exposed (24 hours) or (iii) TCM-exposed (24 hours). A. Western blotting (WB) and (B) Semi 

quantitative analysis, showing enzymes associated with the glycolytic pathway as per Figure 5.9. Actin 

was used as a loading control. Supernatants run on SDS-PAGE gels were transferred onto 0.45μm 

nitrocellulose which was sequentially incubated with primary rabbit antibodies directed against the 

glycolytic enzymes, followed by a secondary polyclonal goat anti-rabbit antibody conjugated with HRP 

before blotted bands were read in a BIO-RAD western blot imaging system using Image Lab. Statistical 

significance assessed Mann Whitney U Test, *p<0.05.  

 

 



154 
 

5.2.1.8 MitoTracker™ Green and MitoTracker Deep Red increase TCM-exposed 

MoDCs 

 

TCM-exposed MoDC increased basal respiration; to explore if other mitochondrial 

characteristics were also affected, MitoTracker™ Green FM and MitoTracker™ Deep 

Red were used to determine mitochondrial mass and membrane potential respectively. 

Study by Malinarich et al. found that proteins involved in OXPHOS pathways were 

increased in tolerogenic MoDCs, thus suggesting a potential for increased 

mitochondrial activity [606]. MitoTracker™ Green FM shows increased fluorescence 

upon accumulation in the mitochondrial lipid environment, regardless of membrane 

potential. [611]. After staining and flow cytometric analysis using the gating strategy 

(shown in Figure 5.11 A), LPS-exposed MoDCs and TCM exposed DCs demonstrated 

a significant increase in MitoTracker™ Green expression (Figure 5.11 B) which could 

be because of increased mitochondrial biogenesis via activation of nuclear respiratory 

factor-1 [612]. MitoTracker Deep Red, a measure of membrane potential [613], was 

also significantly increased in LPS and TCM exposed DCs (Figure 5.11 C) suggesting 

functionally active mitochondria and  also could be due to the tolerogenic nature of 

TCM exposed DCs which is shown by Malinarich [606].  These data show that both 

the increase in Mito-Tracker Green (indicative of membrane mass) and Mito-Tracker 

Red (indicative of membrane potential), are in line with the increase in basal 

respiration in TCM-exposed DCs. Along with increased MitoTracker™ Green, data for 

TCM-exposed MoDCs suggested there may be increased spare respiratory capacity 

however the range in spare respiratory capacity levels shows that more mice are be 

needed to reach conclusion (Supplementary figure 5.1) However, LPS also lead to 

increase in MitoTracker™ Green and MitoTracker Deep Red, but a reduction in 

respiration as shown earlier. One possible explanation for this could be that 

mitochondria are not only there for OXPHOS, they also have very important 

biosynthetic roles like anaplerosis through the Krebs cycle [614]. 
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Figure 5.11: Increased MitoTracker Deep-Red expression in TCM exposed DCs 

A. Gating strategy of MoDCs. MoDCs were collected as described in Figure 2.2 and stained with 

MitoTracker Deep Red and MitoTracker Green to measure functionally active mitochondria and total 

mitochondrial mass respectively. MitoTracker expression was measured using flow cytometric 

analysis. Firstly, large cells were gated using forward and side scatter plots. Single cells were selected 

using forward scatter area and height then high MitoTracker Red and high MitoTracker Green +ve cells 

were selected B. MitoTracker Green is significantly increased in LPS-exposed MoDCs as well as 

mesothelioma TCM-exposed DCs C. Mito-Tracker Deep Red is significantly increased in 

mesothelioma TCM-exposed DCs. Pooled data shown as mean ± SEM from 4 independent experiments. 

Statistical significance assessed by Mann Whitney U Test, *p<0.05.  

 

 

 

 

 

 

 

 



156 
 

5.3 Investigating the effects of TCM on murine DC metabolism  

 

5.3.1 Determining if TCM induces metabolic changes to BM-derived murine DCs 

 

A parallel series of experiments were conducted using BM-derived monocytes 

differentiated into immature BMDCs in the continuous presence of murine GM-CSF 

and IL-4 for 7 days (as shown in chapter 2, section 2.3.5) when they were transferred 

to Seahorse plates and allowed to rest for 20 minutes before LPS exposure. ECAR was 

then measured in real time for 200 minutes after LPS exposure (figure 5.12 A). In 

contrast with the literature, glycolysis did not rapidly increase upon LPS exposure 

[228] (Figure 5.12 B). Similarly, longer LPS exposure did not induce a significant 

change in glycolysis (Figure 5.12 C).  

 

5.3.2 Mesothelioma increases glycolysis and glycolytic capacity in murine DCs  

 

Murine BM-derived DCs were generated as shown in chapter 2 (section 2.3.5) and on 

day 7 were left untreated in media alone (resting DCs) or exposed to 50% murine 

AE17 TCM for 3 h and 24 h when loosely adherent cells were collected, counted and 

seeded in a seahorse XF-96 cell culture plate at 7 x 104 cells per well. Similar to human 

MoDCs, murine DCs demonstrated an increasing trend in glycolysis and glycolytic 

capacity after TCM exposure, although statistical significance was not reached, again 

suggesting that mesothelioma tumours may activate DCs (Figure 5.13 A, B). 

 

5.3.3 Basal respiration remains unchanged with LPS and TCM exposure in murine 

DCs 

The effect of LPS and TCM on OXPHOS was also examined in murine BMDCs. 

Murine BMDCs showed no change in OXPHOS measured in terms of basal 

respiration after continuous exposure to AE17 TCM for 3 h and 24 h (Figure 5.14).  
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Figure 5.12: Acute LPS does not change glycolysis in murine DCs 

A. Bone marrow from young mice (6-8 weeks old) was frozen at -80ºC for future experiments when 

cells were thawed and cultured in 6 well plates at 5 x 106 cells/well in GM-CSF and IL-4 to generate 

bone marrow-derived (BM)DCs. At day 7, BMDCs were pooled, counted and seeded into seahorse XF-

96 analyser plates at 7 x 104 cells/well with 8 replicates per condition; 20 mins later controls were 

injected with media and a further 8 wells injected with 1μg/ml LPS. B. Real-time rates of ECAR were 

determined every 6 minutes over 200 minutes. Data from one representative experiment with 8 

replicates for each condition is shown as mean ± SEM. C. ECAR measurements obtained upon 

injections of glucose (10 mM), oligomycin (Oligo) and 2-deoxglucose (2-DG) were used to calculate 

glycolysis. Data is shown as mean ± SEM from 3 independent experiments with 4-6 replicates in each 

experiment. 
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Figure 5.13: No change in glycolysis and glycolytic capacity observed in murine 

bone marrow-derived dendritic cells 

A. AE17 murine mesothelioma tumour conditioned media (TCM) was generated according to Figure 

2.1. Murine DCs left untreated as controls or pre-exposed with 50% AE17 TCM for 3 hours and 24 

hours (as per Figure 5.3A) were seeded into a Seahorse XF-96 Analyzer plate at 7 x 104 cells per well 

and real-time rates of ECAR determined. Data represents mean ± SEM of 3 independent experiment 

each with 4-6 replicates. B. Glycolytic capacity measured after injecting oligomycin as shown in Figure 

4.2A shown as mean ± SEM of 3 independent experiment each with 4-6 replicates. 
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Figure 5.14: Basal respiration remains unchanged in LPS and tumour-exposed 

murine DCs 

A. Murine BMDCs were either left untreated as controls or activated with 1ug/ml LPS for 3 h and 24 

h. Cells were collected and seeded in a Seahorse XF-96 Analyzer with 7 x104 cells per well after which 

real-time rates of OCR were determined. Data lines represents three different experiments. 
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5.4 Discussion 

 

Until now, no studies had examined the effect of mesothelioma on DC metabolism. 

We therefore examined metabolic changes in human MoDCs and murine BMDCs in 

response to mesothelioma-derived soluble factors. LPS was chosen as a control on the 

basis of previous descriptions of its effects on glycolysis and OXPHOS in DCs. 

Indeed, in this study human MoDCs exposed to LPS showed increased glycolysis and 

a decrease in respiration in line with other published studies [593, 599] . However, no 

change was seen in glycolysis and OXPHOS in murine BMDCs. The studies on 

murine BMDCs were less informative than the human MoDCs, likely due to a freezing 

effect as frozen murine BM samples were used. Liu et al showed that fresh cells 

processed and used immediately had a higher metabolic activity than cryopreserved 

cells [615]. Similarly, Lauterboeck et al showed that the metabolic activity of monkey 

derived cells is impaired 48-hour post thawing and only partially recovered after 72 

hours [616]. As only fresh human MoDCs were used and the data was more reliable, 

this discussion focuses on MoDCs results which account for the majority of 

experiments. 

Mice and humans are considered useful examples showing metabolic homogeneity as 

they have the same organs and show similar systemic physiology [617].  However, 

they may behave metabolically differently as Vijayan [618] showed that upon LPS 

stimulation human monocyte derived macrophages showed no shift towards 

glycolysis and kept relying on OXPHOS while mouse BM derived macrophages 

showed an increase in glycolysis and decrease in OXPHOS; this difference which 

could be due to evolutionary divergence [619]. Metabolic differences between species 

such as human and mice needs to be explored further. Therefore, the emphasis in the 

discussion is on MoDCs and which account for the vast majority of experiments.  

 

The overall aim of this study was to determine the effect of mesothelioma-derived 

factors on human MoDCs. Current study showed that mesothelioma-derived soluble 

factors increased glycolysis, glycolytic capacity and basal respiration in MoDCs 

suggesting, mesothelioma may render DCs tolerogenic [606, 607]. This was consistent 

with the study by Malinarich et al. where they generated tolerogenic DCs using 100nM 

vitamin D3 and dexamethasone in combination [606]. This is currently considered as 
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an accepted model to generate tolerogenic DCs with a therapeutic utility [620].  The 

study found tolerogenic DCs have enhanced mitochondrial oxidase activity with 

increased spare respiratory capacity and increased OXPHOS along with increased 

glycolysis, glycolytic capacity and reserve [606]. The changes observed in DCs in 

response to mesothelioma derived TCM compared to LPS could be due to many 

soluble factors present in TCM that can reprogram DCs metabolism. One of the study 

where TCM was generated in breast cancer cell line found varied concentrations of 

many different soluble factors in TCM [621]. Although another study by Zhao et al. 

shown that Wnt5a derived from melanoma can induce metabolic reprogramming in 

DCs that drives tolerization [622]. The exact composition of mesothelioma derived 

TCM still needs to be studied.  

During normal functioning, cells rely primarily on mitochondrial OXPHOS to 

generate ATP for energy. However, many studies suggest that upon activation, 

immune cells undergo metabolic reprogramming and switch from OXPHOS to aerobic 

glycolysis [594, 623]. Similar changes are seen in cancer cells and is known as the 

Warburg effect. Otto Warburg investigated the metabolic profile of tumours and 

described the condition in tumours where glycolysis predominates even in the 

presence of oxygen. And pyruvate that was produced by the glycolytic pathway is 

metabolised to lactate rather than going to TCA cycle [212]. To understand metabolic 

changes in innate immune cells upon activation, the Warburg effect is an important 

concept [624]. In 1950s, Sbarra et al. found in neutrophils that activation by LPS 

exhibit increased glycolysis [625]. In 1969, another study on activated macrophages 

showed increased glycolysis and decreased oxygen consumption [626]. And in 1987, 

Newsholme et al. studied metabolism in macrophages and found that activated 

macrophages demonstrated increased HK-II, suggesting an increase in glycolytic 

activity in macrophages [627]. Similarly in DCs, like macrophages, activation through 

a range of stimuli (such as LPS [593], type 1 IFN [628], TLR3 ligand poly (I:C)[628] 

induces a phenomenon in these cells just like Warburg effect characterised by 

increased glycolysis and decreased OXPHOS. These changes in metabolic pathways 

are considered to be essential to providing bio-energetic resources to program new 

gene expression and protein synthesis during robust cellular proliferation [629, 630]. 

A recent study has shown that pathogen associated molecular pattern (PAMP) 

stimulation via TLRs induces metabolic transition in resting immature DCs, is 
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characterised by transition from OXPHOS and mitochondrial β-oxidation of lipids to 

glycolysis [593]. On the other hand, some have argued the Warburg effect in DCs is 

different relative to cancer cells and effector T cells, as it enables DC activation and 

survival upon TLR stimulation rather than just fuelling cell division. Everts et al.  

found that NO production that occurs following DC activation inhibits OXPHOS and 

the switch to glycolysis is to ensure sufficient ATP can be produced [599]. Increased 

glycolysis is also dependent on PI3K/AKT pathway (latter can activate HK-II) [631]. 

Elsewhere, AKT is also involved, via influences on SREBP1, in upregulation of fatty 

acid and cholesterol synthesis and LDLR expression [632]. Along with increased 

glycolysis and OXPHOS,  this study also observed increased mitochondrial mass 

(measured using MitoTracker™ Green) and membrane potential (measured using 

MitoTracker Red) in TCM-exposed DCs, that Malinarich also found that tolerogenic 

treatment of DCs with dexamethasone/vitamin D3 also resulted in increased 

membrane potential [606]. Interestingly the study also found an increase in 

mitochondrial mass in LPS treated cells which could be due to increased mitochondrial 

biogenesis as an effect of LPS via expression of factors responsive to reactive oxygen 

species, i.e. nuclear respiratory factor-1 (NRF-1) and mitochondrial transcription 

factor-A [612], and increase in Mito-Tracker Red suggesting an increased membrane 

potential. Exact effects of LPS on the ETC and mitochondrial transcription factors in 

immune cells is unknown but one of the studies in murine BM derived macrophages 

has shown that exposure to LPS for 6 h leads to increased expression of cytochrome c 

oxidase  (COX, complex IV of ETC) through phosphorylation of PI3Kinase/AKT 

pathway leading to recovery of mitochondrial mass and function [633]. 

 

Different glycolytic enzymes involved in the glycolytic pathway were examined to 

determine the underlying mechanisms of increased glycolysis in TCM-exposed DCs. 

Increased expression of GAPDH and a possible increase in HK-II was seen. HK-II is 

a key glycolytic enzyme that catalyses the conversion of glucose to glucose-6-

phosphate which is the first step in the glycolytic pathway while GAPDH is the sixth 

enzyme in the glycolytic cycle. Increase in HK-II in response to LPS is consistent with 

another study showing glycolytic burst in human MoDCs as a result of enhanced 

expression of HK-II as an effect of LPS [596]. HK-II appeared to be increased in 

TCM-exposed DCs, but an isolated event showed decreased HK-II, so more 
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experiments may be needed. The increase in glycolysis observed could be a result of 

increased expression of these glycolytic enzymes. This result corresponds to other 

studies in macrophages and lymphoid cells,  with similar outcomes [212, 634] Another 

study has shown that inhibition of HK-II by 2-DG inhibits the activation of DCs [635]. 

While another study showing inhibition of GAPDH also downregulates glycolysis. 

[634] This shows the importance of these enzymes (HK-II and GAPDH) in enhanced 

glycolysis as observed in TCM-exposed DCs in this study. 

 

It will be interesting to look at the effects of mesothelioma on different DC subsets in 

the future as other studies have shown changes in metabolism in response to TLRs in 

different subsets of DCs such as conventional (c)DCs (also called myeloid (m)DC1 

and (m)DC2) and plasmacytoid (p)DCs. Metabolic profile changes in TLR activated 

cDCs included increased glycolysis, increased fatty acid synthesis and decreased 

OXPHOS, while pDCs showed increased OXPHOS and increased fatty acid oxidation 

(FAO). Similarly, TLR activated GM-CSF BMDCs showed increased rapid glycolysis 

and increased fatty acid synthesis in association with decreased OXPHOS [636, 637]. 

However, our understanding of metabolic programming of different DCs subsets 

especially in TCM-exposed DCs remains limited, future studies will test metabolic 

reprogramming in human and murine different DC subsets.  

 

To summarise, data presented in this chapter suggests that mesothelioma may render 

DCs tolerogenic as evidenced by the simultaneous increase of OXPHOS and 

glycolysis and enhanced membrane potential. This process appeared to be mediated 

by increased GAPDH and a possible increase in HK-II. An increase in both pathways 

may be to generate more energy to meet the biosynthetic demands of mesothelioma-

activated DCs. Moreover, as discussed in previous chapter, TCM-exposed DCs were 

found to have higher lipid levels which could be because of changes in lipid 

metabolism. This lipid loading of DCs could be responsible for decreased anti-tumour 

responses. 
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Chapter 6: Final Discussion 

This thesis examined changes in murine macrophages and DCs during healthy ageing 

and cancer (mesothelioma) and looked at metabolic changes in response to 

mesothelioma-derived factors in DCs in human and mice.  

The effect of healthy ageing on macrophages  

Healthy ageing is associated with a significant increase in circulating lipid 

concentration [638]. Thus, tissue macrophages and DCs in healthy elderly hosts may 

be exposed to elevated lipid levels leading to intracellular lipid accumulation by 

macrophages and DCs, and several studies have shown that immune cells, including 

macrophages and DCs, can accumulate lipids  [101, 230, 231, 639]. Those studies 

reported that lipid accumulation is a contributing factor to DC and macrophage 

dysfunction. Earlier studies by our group examined lipid accumulation by tissue DC 

subsets with healthy ageing and demonstrated organ specific changes in DC subsets 

and DC activation status with ageing. Plasmacytoid(p)DCs and CD8+ cDCs contained 

the highest lipid levels of all DC subsets in young 6-8 week old mice and those levels 

further increased with healthy ageing up to 22-24 months old [246]. There has been a 

clear gap in knowledge regarding lipid uptake/levels in different subsets of 

macrophages and DCs during healthy ageing and when elderly hosts have cancer.  

This study examined the effect of healthy ageing on macrophages and DCs as there 

are publications showing that ageing can compromise antigen presentation, cytokine 

production, phagocytosis, and ROS production in macrophages [640, 641]. However, 

a consensus has yet to be reached, as Makinodan et al.  and Sondell et al. did not see 

changes in phagocytic capacity of murine macrophages with age [642, 643] whilst 

others describe impaired phagocytosis [644, 645]. Murine healthy elderly-derived 

macrophages have been shown to be less responsive to pro-inflammatory stimuli (LPS 

and IFN-γ) compared to young-derived macrophages in-vitro [646, 647]. Moreover, 

MHC-II expression has been shown to be downregulated in elderly IFN-γ stimulated 

BM macrophages compared to young mice [648]. Some studies have demonstrated 

that ageing can lead to macrophage activation, likely due to elevated cytokines, 

oxidised low density lipoproteins and immunoglobulins, this has been termed 

inflammageing [649, 650].  
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This study looked at different macrophage subsets identified on the basis of Ly6C and 

CX3CR1 expression, similar to other studies [70, 399, 427, 651, 652]. This thesis 

looked at 4 different macrophage subsets. Double negative Ly6C and CX3CR1 

macrophages are termed M0 cells; M1-like cells are Ly6C+CX3CR1-; M2-like cells 

are Ly6C-CX3CR1+; and M3 cells are Ly6C+CX3CR1+. M1 or classically activated 

macrophages constitute the first line of defence. While M2 or alternatively activated 

macrophages play a role in angiogenesis and fungal, helminthic, and parasitic 

infections [652, 653]. Several groups [499, 654, 655], including our own [70, 427], 

have called  intermediate M1-M2 macrophages, M3 macrophages. This study found 

increased MHC-II in BM M1-like macrophages in elderly healthy mice compared to 

young mice. This was associated with increased expression of the co-stimulatory 

molecule, CD80, in splenic M1-like and splenic M3 macrophages, although no change 

in CD80 was observed in BM macrophages. These conflicting results could be due to 

macrophages isolated from different sites. The data suggests that factors associated 

with ageing drive more mature pro-inflammatory M1-like macrophages in the BM (a 

primary lymphoid organ). The BM can supply monocytes and macrophages to the 

spleen, a secondary lymphoid organ [656, 657]. The increased pro-inflammatory state 

in elderly BM macrophages could be due to inflammageing. Inflammageing is 

characterised by increased circulation of pro-inflammatory cytokines [658]. Healthy 

ageing is associated with tissue microenvironmental changes characterized by marked 

upregulation of interferon-response pathways and pro-inflammatory cytokines, 

including TNF and IL-6, that may be caused by increased circulating microbial 

products due to increased intestinal permeability, leading to release of damage 

associated molecular pattern molecules (DAMPs), cytosolic DNA and mitochondrial 

DNA stress [659]. The increase in pro-inflammatory cytokines is due to a number of 

signalling pathways being involved in inflammaging, such as NF-kB, TOR, RIG-1, 

Notch, Sirtuins, TGF-B and Ras [660].   

CD147 has been shown to correlate with high lipid levels in lipid-loaded macrophages, 

also called foam cells [661]. CD147 is also involved in de novo lipogenesis which 

again can contribute to increased lipid accumulation [662]. These data suggest CD147 

plays a key role in lipid uptake by cells. CD147 expression increased in BM M2-like 

and splenic M0 and M2-like) macrophages with healthy ageing, however there was no 

concomitant increase in lipid levels with healthy ageing. Future studies could 
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determine the role of CD147 with healthy ageing. One possibility is that CD147 could 

be saturated as the biological effects it promotes depend on receptor saturation [663].  

Blocking CD147 using specific monoclonal antibodies could be a way to look at its 

role in lipid uptake by macrophages [664]. Another way could be to use CD147 

knockout mice [665]. Lipid accumulation by macrophages has been shown in several 

studies [233, 666] and they can accumulate lipids through other pathways including 

macropinocytosis, phagocytosis and scavenger receptor-mediated pathways [667]. 

Macrophages can also take up lipoproteins from dying cells and eliminate cholesterol 

by reverse cholesterol transport, a key step in macrophage cholesterol efflux [668]. 

However, an inability to eliminate excess cholesterol may lead to the generation of 

foam cells [247], as seen in disease settings such as atherosclerosis. To conclude, the 

first part of the studies indicated that healthy ageing does not lead to increased lipid 

accumulation in macrophages yet is characterized by a shift towards pro-inflammatory 

M1 macrophages.  

 

The effect of healthy ageing on DCs  

Under normal healthy conditions, DCs are continuously exposed to self-antigens 

generated as a result of normal cell death. In this case DCs take up antigens but are 

not activated due to the absence of pathogen-associated molecular pattern molecules 

(PAMPS) and DAMPS. This leads to T cell tolerance as presentation of self-antigens 

to T cells is in the absence of costimulatory molecules or other activation signals. 

However, ageing has been shown to activate DCs likely due to an age-related secretion 

of higher basal levels of pro-inflammatory cytokines relative to younger hosts [669, 

670]. Indeed, Agrawal et al. found increased reactivity of DCs to self-DNA in aged 

subjects along with reduced uptake of apoptotic cells [671]. This was associated with 

an increased immune response instead of tolerance to self-antigens, further 

contributing to inflammageing. 

This study examined different DC subsets based upon two different gating strategies. 

The first strategy looked at broad CD11c+ cells while the other gating strategy targeted 

CD11c+MHC-II+ cells and has been used in other studies to classify potent APCs that 

are more representative of DCs [531-533].  In viral infection and cancer settings the 

most important DC subset is CD8+ cDCs as they are potent cross-presenting cells that 
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present cytoplasmic antigens (e.g., viral, self or cancer-derived antigens) on MHC-I 

molecules to CD8+ T cells. Upon activation they stimulate immune responses and are 

major producers of IL-12 [110]. Under normal conditions, in the absence of danger 

signals they help maintain tolerance towards self-antigens [110]. In contrast, pDCs 

mainly accumulate in lymphoid tissue via circulation, express low levels of MHC-II, 

the integrin CD11c and co-stimulatory molecules [119] and respond to viral pathogens 

by secreting large amounts of type 1 IFN [672]. CD8- cDCs are poor cross-presenters 

and present extracellular antigens to CD4+ T cells to promote Th2 responses [131]. 

CD8- cDCs are further divided into two subsets, CD8-CD4- cDCs and CD8-CD4+ cDCs 

that are equivalent in their capacity to prime and direct CD4+ and CD8+ T cell 

differentiation [673]. 

In-vitro studies have shown that with healthy ageing DCs retain their ability to prime 

T cells [540, 541]. However, this study found decreased MHC-I expression levels 

along with a decreased proportion of MHC-I+ splenic DCs and decreased MHC-II in 

BM pDCs when gated using the CD11c+MHC-II+ gate suggesting healthy ageing 

modulates different tissue microenvironments differently, which could impair the 

ability of some DCs to stimulate T cells. A key difference is that this was an in-vivo 

study, and no antigen presentation assays were used to confirm the hypothesis that 

reduced MHC-1 and/or MHC-II compromises the ability of elderly DCs to present 

antigen to T cells. The literature in this field has not yet reached a consensus and the 

antigen presenting abilities of aged DCs remain poorly characterised. For example, 

Grolleau et al have shown that BMDCs in elderly mice retain MHC-I expression [674]. 

Others have shown that accumulation of oxidised proteins within endosomes may lead 

to decreased exogenous antigen processing in splenic DCs in elderly mice [675]; this 

may result in reduced expression of MHC complexes on the cell surface, possibly 

impairing antigen presentation in elderly [676]. 

 

This study also found evidence supporting the studies suggesting T cell priming 

capability is retained with health ageing. While no changes were observed in MHC-I 

expression levels in BM DCs using either gating strategy, the proportion of LN 

CD11c+MHC-I+CD8-CD4- cDCs increased, suggesting maintenance or even an 

improved ability of DCs to prime CD8+ and CD4+ T cells in LNs with ageing. CD80 

increased with ageing in LNs in both CD11c+ cells and pDCs which could be 
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responsible for activating T cells via CD28 interactions, or for inhibiting T cell 

responses, as others have demonstrated increased CTLA-4 on T cells with age [677]. 

Interactions between CTLA-4 and CD80 negatively regulate T cell activation [491-

493]. CD80 can bind to both CD28 (to provide co-stimulatory signals required for T 

cell activation) and CTLA-4 which has a higher affinity for CD80 [678]. The higher 

affinity binding of CTLA-4 is due to a periodic arrangement in which bivalent 

homodimers bridge bivalent CD80 molecules [679, 680]. 

To summarise, there was no effect on lipid levels when gated using the broad CD11c+ 

cells with healthy ageing in DCs, however increased MHC-II expression was seen in 

elderly BM DCs (CD11c+ cells, pDCs and CD11b+CD8-CD4- cDCs), splenic (CD11c+ 

cells and pDCs) and LN DCs (CD11c+ cells and pDCs) compared to young mice 

suggesting that ageing does not reduce the number of peptide/MHC-II complexes on 

DCs and therefore may not account for changes to CD4+ T cells with age. In contrast, 

gating on CD11chighMHC-IIhigh cell populations found increased lipid content in BM 

CD11chighMHC-IIhigh pDCs, BM CD8+ cDCs and LN pDCs with healthy ageing. 

Increased CD147 was observed only in BM CD11chighMHC-IIhigh cells suggesting that 

CD147 could be responsible for increased lipid uptake in this population. Indeed, 

others have shown that CD8+ and CD4+ T cells show remarkable changes with ageing. 

Ageing leads to a reduction in the size of the thymus and thymic tissue replacement 

with fat [681-684], which can lead to reduced thymic output of naïve CD8+ and CD4+ 

T cells in elderly mice [683, 685-687] and humans [688-691]. Changes to T cells with 

ageing are well documented. Studies have shown that ageing can result in a reduced 

T cell repertoire and reduced IL-2 production [692-695]. Li et al showed that as the T 

cell pool decreases with age, it is accompanied by increases in the CD4 to CD8 ratio 

in the circulation [696]. For future studies, using an MLR to measure young versus 

aged CD4+ and CD8+ T cell responses to aged DCs from healthy mice would be one 

way to test T cell responses. Moreover, increased expression of co-stimulatory CD80 

in LN CD11c+ cells and pDCs implies that helper or regulatory CD4+ T cells could be 

generated by elderly DCs which may induce or impair effector CD8+ T cells.  

 

The combined effect of mesothelioma and ageing on macrophages  
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The study also looked at the combined effect of mesothelioma with age in 

macrophages and DCs and confirmed lipid accumulation in murine macrophages, and 

in human and murine DCs (discussed later) with age and cancer, the latter reported by 

others [233, 235, 486, 552]. This appears to be the first study looking at lipid 

accumulation in macrophages in aged hosts with mesothelioma.  

The first set of studies showed that mesothelioma-derived factors lead to lipid 

accumulation in murine macrophages in-vitro as well as decreased MHC-I and MHC-

II expression in young adult mice. These data suggest reduced numbers of 

peptide/MHC complexes on young macrophages which might impair their ability to 

present tumour antigen to CD8+ and CD4+ T cells. MHC downregulation or loss is a 

mechanism used by tumours to escape from T lymphocytes [697-700] and tumour-

derived factors may influence macrophages to downregulate MHC on their cell 

surface. A similar pattern was observed in-vivo in murine macrophages with ageing 

and mesothelioma. This study found increased lipid accumulation in BM M0, BM M1-

like macrophage, splenic M1-like macrophages and tumour associated M1-like and 

M3 macrophages implying that tumour-derived factors reach and modulate immune 

cells in the BM and spleen. Ageing and cancer are considered to be highly correlated 

[701] and senescent cells that accumulate as a result of ageing can be pro-tumorigenic 

(as shown in Figure 6.1) [701]. 
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Figure 6.1 Cancer and ageing involve a unique inflammatory network which joins 

multiple processes. Ageing can lead to changes in chromatin function, autophagy 

(reduction), the microbiome and intestinal barrier function, thus creating a pro-

tumorigenic environment [701]. Image from: Cancer and Aging - the Inflammatory 

Connection.  

 

There is evidence that tumours can directly alter the host hematopoietic system and 

induce biased differentiation of myeloid cells to favour tumour growth [702]. Different 

haematopoietic cytokines such as placental growth factor (PlGF) [703, 704], 

granulocyte/macrophage colony-stimulating factor (GM-CSF) [705], macrophage 

colony-stimulating factor (M-CSF) [706], vascular endothelial growth factor A 

(VEGF-A) [703, 707], transforming growth factor-β (TGF-β) [707], osteopontin [708, 

709] and tumour necrosis factor-α (TNF-α) [707, 710] are secreted by a variety of 

tumours that affect the BM. This is supported by Han et al who showed that tumours 

can induce immunosuppressive, inflammatory changes in distant organs [477], and 

spleens are often found to be enlarged in tumour bearing hosts [478]. Different studies 

have shown that tumours secrete VEGF [711], prostaglandins [712], GM-CSF [713], 

gangliosides [714], IL-10 [715], IL-6 [716], and TGF-B [717] leading to abnormal DC 
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differentiation. Mesothelioma has been shown to secrete VEGF, angiogenin, and 

TGF-B that can lead to immune suppression [718]  

This study observed increased lipid accumulation in BM M0 and M1-like 

macrophages and splenic M1-like macrophages in mesothelioma bearing elderly mice 

relative to healthy elderly mice. This was associated with increased CD147 in splenic 

M0 and M1-like macrophages that might account for elevated lipids in these elderly 

mice with mesothelioma.  

Increased expression of MHC-II was seen in M1-like BM macrophage subsets with 

age and mesothelioma, whilst no change was observed in MHC-II expression in 

splenic macrophages. Increased proportions of MHC-I BM M0 macrophages were 

observed in tumour bearing old mice compared to young healthy mice, while increased 

expression of MHC-I was observed in BM M0 and M1-like macrophages in tumour 

bearing old mice compared to tumour bearing young mice.  These data suggest 

mesothelioma may not impair antigen presentation in central and secondary lymphoid 

organs.  

The combined effect of mesothelioma and ageing on tumour associated macrophages  

This study demonstrated significantly increased lipid levels in elderly tumour 

associated macrophages compared to young tumour-associated macrophages (shown 

by bodipy staining) and reduced MHC-I and MHC-II suggesting mesothelioma along 

with ageing could be responsible for intratumoural macrophage dysfunction. The 

increase in lipid content observed in tumour-associated macrophages could also be 

because of lipid biosynthesis as seen in the cancer setting in TAMs [488], further 

contributing to their pro-tumoural functional characteristics by increasing ROS 

production leading to tumour cell growth. This was supported by a recent study using 

transcriptome and metabolome analyses [719] and showed  enhanced lipid content in 

macrophages in a human co-culture model using thyroid carcinoma cell line and 

monocytes isolated from PBMCs [488].  

The effect of mesothelioma and ageing on BM, splenic and LN DCs  

Mesothelioma led to increased lipid levels in all subsets of BM CD11chighMHC-IIhigh 

DCs in elderly mice, which was accompanied by reduced MHC-I and MHC-II 

compared to healthy elderly mice. Mesothelioma induced distal effects in BM, dLN 

and splenic DCs with ageing, as MHC-I downregulated in splenic CD11c+ cells and 
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splenic pDCs in elderly tumour bearing mice compared to young tumour bearing mice. 

MHC-II expression was also decreased in splenic CD11c+MHC-II+ DCs, splenic CD8+ 

cDCs, BM pDCs and tumour associated CD8+ cDCs in elderly mice with 

mesothelioma compared to young mice with mesothelioma. This is likely to impair 

the ability of DCs in elderly mice with mesothelioma to present tumour antigen to 

CD8+ T and CD4+ T cells . 

Age-related distal effects were seen in elderly mice with mesothelioma in which 

elderly BM CD8+ cDCs showed reduced MHC-I expression compared to healthy 

elderly mice. A decreased percentage of BM MHC-I+ pDCs in old relative to young 

tumour-bearing mice was also observed. These data suggest that whilst healthy ageing 

does not affect the BM microenvironment in terms of MHC-I expression, 

mesothelioma-derived factors downregulate MHC-I on BM pDCs and CD8+ cDCs.  

In spleens, MHC-I expression decreased in CD11c+ DCs, pDCs, CD4- cDCs and CD4+ 

cDCs with age and tumour, suggesting mesothelioma-derived factors further affect the 

splenic microenvironment and downregulate MHC-I on DCs.  

In dLN, the presence of mesothelioma decreased MHC-I+CD8+ dLN cDCs with 

ageing suggesting decreased capacity to present antigen to CD8+ T cells with 

mesothelioma and ageing.  

The combined effect of mesothelioma and ageing on tumour associated DCs 

Mesothelioma led to increased lipid levels in tumour associated CD8+ cDCs and 

reduced MHC-II expression in all DC subsets in elderly tumour bearing mice 

compared to young mice with mesothelioma. The proportion of MHC-I+ pDCs 

significantly reduced in elderly tumours relative to young tumours. All other elderly 

DC subsets followed a similar trend in terms of MHC-I expression levels compared to 

young tumour bearing mice and in the proportions of DCs positive for MHC-I, but the 

data did not reach statistical significance. This slight decrease in MHC-I+ tumour-

associated DCs may represent a strategy used by tumours to escape CTL recognition, 

especially if these DC migrate to LNs. However, the data also shows that MHC-II 

expression levels in CD8+ cDCs in tumour draining LNs in young mice increased 

compared to young healthy mice suggesting that CTL responses can still be generated 

in young mice with mesothelioma. Nonetheless, even if tumour-specific T cells are 

activated and expanded in the dLNs, tumours can still escape CTL killing through 
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antigenic loss, mutation or failure to process and present tumour antigen on MHC 

molecules [720] [721]. With ageing tumour-associated CD8- cDCs showed reduced 

MHC-II expression levels compared to young tumour associated DCs along with a 

reduced proportion of CD8- cDCs in elderly tumour associated DCs. The tumour 

microenvironment contains a variety of cytokines and soluble factors that can dampen 

DC differentiation, activation, proliferation, and migration, as well impairing the 

effector function of T cells. Such factors include IL-10, IL-6, M-CSF, VEGF and TGF-

β [722]. As discussed above, mesothelioma secretes VEGF, angiogenin and TGF- 

that can suppress DC function [718]. Cancer cells can also acquire resistance to 

apoptosis to escape CTL killing [723] and human mesothelioma cells lines such as 

HuT 28, LRK1A and REN have been shown to be resistant to apoptosis [724]. Failure 

of normal apoptosis can lead to cancer progression and enhance resistance to therapy. 

Finally, death receptor ligands (such as Fas ligand) may be expressed by tumours to 

eliminate tumour specific T cells [725]. This has been reported in mesothelioma 

through use of a human mesothelioma cell line (H2373) xenograft in nude mice that 

showed increased Fas expression in-vivo [726] which can lead to killing of tumour-

specific CTLs [727].   

 

The effect of mesothelioma on metabolic OXPHOS and glycolysis in DCs 

This study also looked at changes in the metabolic status of DCs in response to 

mesothelioma derived factors. Dysregulated metabolic programs have been shown to 

cause lipid accumulation in cancer cells to enable survival and meet bioenergetic 

demands, the same is likely true for immune cells [728]. In various cancer types, such 

as lymphoma, melanoma, colon, mammary adenocarcinoma, ovarian cancer and 

mesothelioma, there is evidence that mouse and human tumour infiltrating myeloid 

cells accumulate intracellular lipids, leading to dysfunction in anti-tumour immunity 

[198, 528, 729-733]. The scavenger receptor MSR1 can import and accumulate lipids 

in the intracellular spaces of tumour resident cDCs [486]. In various tumour types, 

abnormal lipid accumulation via MSR1 diminished the antigen presentation capacity 

of cDCs [486]. This study found that mesothelioma derived factors led to a 

simultaneous increase in OXPHOS and glycolysis in human DCs which has been 

associated with the metabolic profile of tolerogenic DCs [606]. Thus, suggesting that 

mesothelioma may render DCs tolerogenic. This could be because of changes 
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observed in the glycolytic enzymes Hexokinase-II and GAPDH. A switch to glycolytic 

metabolism is generally consistent with fatty acid metabolism and immune cell 

activation, whilst lipogenesis is thought to promote quiescence [734, 735]. However, 

lipids play a complex biological/physiological role and determining the role of lipid 

accumulation in DC function in the context of mesothelioma requires further 

investigation. Upon DC maturation and especially after LPS exposure, DCs take on a 

lacy appearance consisting of fat and glycogen containing lipid bodies [736]. These 

high lipid DCs accumulate lipids via high levels of scavenger receptors including 

macrophage receptor with collagenase structure/macrophage scavenger receptor 1 

(MARCO/MSR1) [736]. Lipids not only serve as building blocks for many facets of 

DC biology but also play an important role in the ability of DC to process and present 

antigens. MHC-I cross presentation, critical for the generation of tumour-specific 

CD8+ T cells, is highly dependent upon lipid body assembly, as diacylglycerol acyl-

transferase inhibitors that prevent triacylglycerol accumulation disrupt MHC-I cross 

presenting ability [737]. Bourgneres et al. showed that DCs with an elevated lipid 

content had a reduced capacity to cross present antigens [738]. Lipid levels normalised 

using a pharmacological inhibitor of acetyl-CoA carboxylase-1 (ACC-1), an enzyme 

that plays a key role in lipogenesis, restored the functional activity of lipid laden DCs 

[738]. In the context of cancer, Herber and colleagues, demonstrated increased lipid 

levels, especially triacylglycerol, in DCs during progression of lymphoma, breast and 

colon cancer in patients and in preclinical mouse models [486]. Increased lipid 

accumulation was a consequence of lipid uptake via upregulated scavenger receptor 

A (SRA, MSR1/CD204). The effect of different types of lipids (such as short chain 

versus long chain fatty acids) remains to be explored on DC subsets in mesothelioma. 

Fatty acids can also be transported into the mitochondria, aside from just being stored 

in lipid droplets and oxidised into acetyl-CoA by fatty acid oxidation (FAO). Carnitine 

palmitoyltransferase I (Cpt1) mediate this transport of fatty acids into the 

mitochondria [739].  

Mitochondrial metabolism may influence T cell priming by DCs, as suppression of 

FAO can limit expression of the co-stimulatory molecule, CD86 [740], suggesting that 

for DC function, it is important to have coordinated actions of mitochondrial and fatty 

acid metabolism. FAO can also produce increased levels of citrate from the TCA cycle 

for de novo fatty acid synthesis and lipid droplet formation [741]. FAO has shown to 
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be higher in tolerogenic DCs [606] and inhibiting FAO could restore DC function that 

can be useful for clinical treatment of mesothelioma.  

 

 

Figure 6.2: Graphical summary representing metabolic changes in DCs 

 

 

To summarise, this study found that mesothelioma upregulates CD147 expression, 

which is associated with lipid accumulation in macrophages, but not in DCs. Other 

lipid uptake markers would be interesting to examine, as increased lipid uptake was 

observed in in-vitro murine studies and the in-vivo murine studies suggested tumour-

associated DCs may acquire increased lipid with age. Lipid uptake was not associated 

with changes to CD80 and CD40 expression in macrophages or DCs. However, lipid 

uptake was associated with decreased MHC-I and MHC-II in all TAMs and tumour-

associated DC subsets, suggesting a reduced capacity to activate tumour infiltrating 

CD8+ and CD4+ T cells, thereby providing an advantage for mesothelioma tumours in 

elderly hosts. DCs exposed to mesothelioma-derived factors simultaneously 

upregulated glycolysis and OXPHOS, this fits the metabolic profile of tolerogenic 

DCs, as previously described [606, 741]. Tolerogenic DCs can also be defined as those 

with increased expression of inhibitory molecules. Earlier in-vivo studies in our group 

found up-regulated expression of inhibitory molecules, such as CD73, CD39, A2A 

and A2B receptors, as well as programmed cell death ligand-1 (PD-L1) on DCs in 

mesothelioma-bearing young and elderly mice confirming the skewing of DCs 

towards a tolerogenic profile in mesothelioma exposed DCs [527]. 
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Supplementary Figures for chapter 3 

 

Figure 3.1: No change in CD36 was observed in BM macrophages  

BM macrophages from YH, YT, OH and OT mice were stained with CD36 which is a member of class 

B scavenger receptor family and imports fatty acids inside the cells. Percentages of CD36+ cells in 

Ly6C-CX3CR1- (M0) macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (C), Ly6C-CX3CR1+ 

(M2-like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (G) and expression levels of 

CD36 (MFI) in M0 macrophages (B), M1-like macrophages (D), M2-like macrophages (F), and M3 

macrophages (H) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** 

= p<0.005. Statistical significance assessed by Kruskal-Wallis test followed by post hoc Dunn’s test. 
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Figure 3.2: No change in CD36 was observed in splenic macrophages  

Splenic macrophages from YH, YT, OH and OT mice were stained with CD36 which is a member of 

class B scavenger receptor family and imports fatty acids inside the cells. Percentages of CD36+ cells 

in Ly6C-CX3CR1- (M0) macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (C), Ly6C-

CX3CR1+ (M2-like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (G) and expression 

levels of CD36 (MFI) in M0 macrophages (B), M1-like macrophages (D), M2-like macrophages (F), 

and M3 macrophages (H) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis test followed by post hoc 

Dunn’s test. 
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Figure 3.3: No change in CD36 was observed in TAMs 

Tumour macrophages from young tumour bearing mice (YT) and old tumour bearing mice (OT) were 

stained with CD36 which is a member of class B scavenger receptor family and imports fatty acids 

inside the cells. Percentages of CD36+ cells in Ly6C+CX3CR1- (M1-like) macrophages (A), Ly6C-

CX3CR1+ (M2-like) macrophages (C), and Ly6C+CX3CR1+ (M3) macrophages (E) and expression 

levels of CD36 (MFI) in M1-like macrophages (B), M2-like macrophages (D), and M3 macrophages 

(F) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005. 

Statistical significance assessed by Kruskal-Wallis test followed by post hoc Dunn’s test. 
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Figure 3.4: No change in MHC-I was observed in splenic macrophages 
 

Splenic macrophages from YH, YT, OH and OT mice were stained for MHC-I expression and analysed 

by flow cytometry. Percentages of MHC-I+ cells in Ly6C-CX3CR1- (M0) macrophages (A), 

Ly6C+CX3CR1- (M1-like) macrophages (C), Ly6C-CX3CR1+ (M2-like) macrophages (E), and 

Ly6C+CX3CR1+ (M3) macrophages (G) plus expression levels of MHCI I (MFI) in the same 

macrophage subpopulations were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal-Wallis test followed by post hoc 

Dunn’s test. 

 



217 
 

 

 

 

 

Figure 3.5: No change in CD40 was observed in BM macrophages  

BM macrophages from YH, YT, OH and OT mice were stained with CD40 which is a co-stimulatory 

molecule that binds with CD40L expressed on antigen specific CD4+ T cells providing a strong 

maturation stimulus driving DCs to become potent APCs. Percentages of CD40+ cells in Ly6C-

CX3CR1- (M0) macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (C), Ly6C-CX3CR1+ (M2-

like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (G) and expression levels of CD40 

(MFI) in M0 macrophages (B), M1-like macrophages (D), M2-like macrophages (F), and M3 

macrophages (H) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** 

= p<0.005. Statistical significance assessed by Kruskal-Wallis test followed by post hoc Dunn’s test. 
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Figure 3.6: No change in CD40 was observed in splenic macrophages  

Splenic macrophages from YH, YT, OH and OT mice were stained with CD40 which is a co-stimulatory 

molecule that binds with CD40L expressed on antigen specific CD4+ T cells providing a strong 

maturation stimulus driving DCs to become potent APCs. Percentages of CD40+ cells in Ly6C-

CX3CR1- (M0) macrophages (A), Ly6C+CX3CR1- (M1-like) macrophages (C), Ly6C-CX3CR1+ (M2-

like) macrophages (E), and Ly6C+CX3CR1+ (M3) macrophages (G) and expression levels of CD40 

(MFI) in M0 macrophages (B), M1-like macrophages (D), M2-like macrophages (F), and M3 

macrophages (H) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** 

= p<0.005. Statistical significance assessed by Kruskal-Wallis test followed by post hoc Dunn’s test. 
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Figure 3.7: No change in CD40 was observed in TAMs  

Tumour macrophages from YT and OT mice were stained with CD40 which is a co-stimulatory 

molecule that binds with CD40L expressed on antigen specific CD4+ T cells providing a strong 

maturation stimulus driving DCs to become potent APCs. Percentages of CD40+ cells in 

Ly6C+CX3CR1- (M1-like) macrophages (A), Ly6C-CX3CR1+ (M2-like) macrophages (C), and 

Ly6C+CX3CR1+ (M3) macrophages (E) and expression levels of CD40 (MFI)  M1-like macrophages 

(B), M2-like macrophages (D), and M3 macrophages (F) were measured. Data shown as mean ± SEM, 

n = 10-11 mice/group. * = p<0.05, ** = p<0.005. Statistical significance assessed by Mann-Whitney 

test . 
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Figure 3.8: No change in CD36 or CD147 was observed in splenic red/white pulp 

macrophages 

Splenic macrophages from YH, YT, OH and OT mice were stained with CD36 and CD147. MFI 

expression of CD36 (A)red pulp, (B) white pulp and MFI expression levels of CD147 (C) red pulp 

and (D) white pulp macrophages were measured. Data shown as mean ± SEM, n = 10-11 mice/group. 

* = p<0.05, ** = p<0.005. Statistical significance assessed by Kruskal Wallis test followed by ad hoc 

Dunn’s Test. 
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Figure 3.9 Effect of healthy ageing on macrophages 

 

 

Figure 3.10 Effect of mesothelioma and ageing on macrophages 
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Figure 4.1 No change in CD11c+ cell proportions observed in BM and spleens 

Bone marrow (BM) and spleens from young healthy (YH), young tumour-bearing (YT), old 

healthy (OH) and old tumour-bearing mice (OT) were stained with CD11c and DCs selected 

as described in Figure 4.2. The proportion of CD11c+ cells and pDCs in BM (A,B) and 

spleens (C,D) are shown as mean ± SEM, n = 10-11 mice in each group. * = p<0.05, ** = 

p<0.005, *** = p<0.0005. Statistical significance assessed by Kruskal-Wallis Test followed 

by post-hoc Dunn’s Test. 
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Figure 4 4 CD11c+ cells increase in spleen and d  s  ith healthy ageing

Bone marrow (BM), draininglymph nodes (dLNs)and spleensfrom younghealthy( H), young tumour bearing

( T), old healthy (OH) and old tumour bearing mice (OT) were stained with CD11c and DCs selected as

described in Figure 5.2. The proportionof CD11c+ cells and pDCs in BM      , spleens    F and lymph nodes

     are shown as mean  SEM, n  10 11 mice in each group.   p 0.05,    p 0.005,     p 0.0005.

Statisticalsignificanceassessedby Mann WhitneyU Test.
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Figure 4.2: No change in CD36 was observed in BM DCs with healthy ageing  

BM DCs from YH, YT, OH and OT mice were stained with CD36 which is a member of class B 

scavenger receptor family and imports fatty acids inside the cells. Expression levels of CD36 (measured 

as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) were 

measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 
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Figure 4.3: No change in CD147 with healthy ageing or tumour 

Splenic DCs from YH, YT, OH and OT mice were stained with CD147. Expression levels of CD147 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) 

were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 
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Figure 4.4: No change in MHC-I expression in BM DCs 

BM DCs from YH, YT, OH and OT mice were stained with MHC-I. Expression levels of MHC-I 

(measured as MFI) in CD11c+ cells (APCs) (A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test, followed by post-hoc Dunn’s s test.. 
 

  C    one marro 

Figure   8   C  decreases in old tumour bearing mice compared to young tumour bearing in

CD8+ cDCs

Bone marrow DCs from young healthy ( H), young tumour bearing ( T), old healthy (OH) and old

tumour bearingmice (OT) were stained for MHC I and analysed by flow cytometry. Expressionlevels

of MHC I (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group. Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure 4.5: No change in CD80 expression was observed in BM DCs with healthy 

ageing  

BM DCs from YH, YT, OH and OT mice were stained with CD80. Expression levels of CD80 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8-CD4+cDCs 

(D), CD11b+CD8-CD4-cDCs (E) and CD11b+CD8+cDCs (F) were measured. Data shown as mean ± 

SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical 

significance assessed by Kruskal-Wallis Test, followed by post-hoc Dunn’s s test.. 
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Figure    4  o change in CD80 e pression in di  erent   DC subsets regardless o age or

tumour

Bone marrow dendriticcells from young healthy ( H), young tumour bearing ( T), old healthy (OH)

and old tumour bearingmice (OT) were stainedwithCD80 and analysedby flow cytometry. Expression

levels of CD80 (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group. Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure 4.6: No change in CD80 expression was observed in splenic DCs with 

healthy ageing  

Splenic DCs from YH, YT, OH and OT mice were stained with CD80. Expression levels of CD80 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) 

were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 
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Figure     CD80 decreases  ith healthy ageing in CD8+ cDCs

Splenicdendriticcells from younghealthy( H), youngtumour bearing ( T), old healthy(OH) and old

tumour bearing mice (OT) were stainedwith CD80 and analysed by flow cytometry. Expression levels

of CD80 (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group.Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure 4.7: No change in CD80 expression was observed in LN DCs with healthy 

ageing  

LN DCs from YH, YT, OH and OT mice were stained with CD80. Expression levels of CD80 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) 

were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 

CD80   

Figure    8  geing leads to increasedCD80 e pression in CD11c+ and pDCs populationin   s

LN dendriticcells from young healthy ( H), young tumour bearing ( T), old healthy (OH) and old

tumour bearing mice (OT) were stainedwith CD80 and analysed by flow cytometry. Expression levels

of CD80 (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group. Statisticalsignificanceassessedby Mann WhitneyU Test.
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Figure 4.8: No change in CD40 expression was observed in splenic DCs with 

healthy ageing  

Splenic DCs from YH, YT, OH and OT mice were stained with CD40. Expression levels of CD40 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8-CD4+cDCs 

(D), CD11b+CD8-CD4-cDCs (E) and CD11b+CD8+cDCs (F) were measured. Data shown as mean ± 

SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical 

significance assessed by Kruskal-Wallis Test, followed by post-hoc Dunn’s s test. 
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Figure    4  o change in CD40 e pression in splenicDCs regardlesso age or tumour

Splenicdendriticcells from younghealthy( H), youngtumour bearing ( T), old healthy(OH) and old

tumour bearing mice (OT) were stainedwith CD40 and analysed by flow cytometry. Expressionlevels

of CD40 (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group. Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure 4.9: No change in CD40 expression was observed in BM DCs with healthy 

ageing  

BM DCs from YH, YT, OH and OT mice were stained with CD40. Expression levels of CD40 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8-CD4+cDCs 

(D),  CD11b+CD8-CD4-cDCs (E) and CD11b+CD8+cDCs (F) were measured. Data shown as mean ± 

SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical 

significance assessed by Kruskal-Wallis Test, followed by post-hoc Dunn’s s test.. 
 

 

 

CD40   one  arro 

Figure      o change in CD40 F o di  erent  DC subsets regardlesso age or tumour

Bone marrow dendriticcells from young healthy ( H), young tumour bearing ( T), old healthy (OH) and

old tumour bearingmice (OT) were stainedwithCD40 and analysedby flow cytometry. Expressionlevelsof

CD40 (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof dendriticcells

CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  CD11b+CD8 CD4 

cDCs     CD11b CD8+ cDCs  F were measured. Data are shownas mean  SEM, n  10 11 mice/group.

Statisticalsignificanceassessedby Mann WhitneyU Test.
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Figure 4.10: No change in MHC-I in TADCs 

Tumour DCs from YH, YT, OH and OT mice were stained with MHC-I which is a member of class B 

scavenger receptor family and imports fatty acids inside the cells. Expression levels of MHC-I 

(measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8-CD4+cDCs 

(D), CD11b+CD8-CD4-cDCs (E) and CD11b+CD8+cDCs (F) were measured. Data shown as mean ± 

SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical 

significance assessed by Kruskal-Wallis Test, followed by post-hoc Dunn’s s test.. 
 

 

 

 

 

 

 

  C    umour

Figure   14  o change in  C  in tumour associatedDCs

Tumour associated DCs from young tumour bearing ( T) and old tumour bearing mice (OT) were

stained for MHC I and analysed by flow cytometry. Expression levels of MHC I (measured as

geometric mean fluorescence intensity; MFI in different subpopulationsof dendriticcells CD11c+DCs

   , pDCs    , CD11b+ CD8 DCs  C , CD11b+ CD8 CD4+ cDCs  D  CD11b+ CD8 CD4 cDCs

    CD11b CD8+ cDCs  F were measured. Data are shownas mean  SEM, n  10 11 mice/group.

Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure  4.11: Lipid levels remain unchanged in different DC subsets 

Splenic DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for Bodipy and analysed by flow cytometry. Expression levels of 

Bodipy (measured as MFI) in APCs (CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test, followed by post-hoc Dunn’s s test. 

 

 

 

 

 

 

 

Figure 4 1   ipid le els remain unchanged in di  erent DC subsets

Splenic DCs from young healthy ( H), young tumour  bearing ( T), old healthy (OH) and old tumour  bearing mice (OT) were

stained for Bodipy and analysed by flow cytometry . Expression levels of Bodipy (measured as MFI) in APCs(CD11c+  C   +

cells    pDCs     CD11b+CD8 cDCs  C  CD11b+CD8+cDCs  D were measured. Data shown as mean  SEM, n  10 11

mice/group.   p 0.05,    p 0.005,     p 0.0005,      p 0.0001. Statistical significance assessed by Kruskal Wallis Test,

followed by post hoc Dunn s s test..
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Figure  4.12: MHC-II levels remain unchanged in different DC subsets 

Splenic DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for MHC-II and analysed by flow cytometry. Expression levels of 

MHc-I (measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs 

(D) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** 

= p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by 

post-hoc Dunn’s s test. 
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Figure    0  C   e pression increases ith healthy ageing in CD4 cDCs

LN DCs from young healthy ( H), young tumour bearing ( T), old healthy (OH) and old tumour 

bearing mice (OT) were stained for MHC II and analysed by flow cytometry. Expression levels of

MHC II (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendriticcells CD11c+DCs    , pDCs    , CD11b+ CD8 DCs  C , CD11b+ CD8 CD4+ cDCs  D  

CD11b+ CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group. Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure  4.13: MHC-I levels remain unchanged in different DC subsets 

BM DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for MHC-I and analysed by flow cytometry. Expression levels of MHC-

I (measured as MFI) in CD11c+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) 

were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test. 
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Figure   8   C  decreases in old tumour bearing mice compared to young tumour bearing in

CD8+ cDCs

Bone marrow DCs from young healthy ( H), young tumour bearing ( T), old healthy (OH) and old

tumour bearingmice (OT) were stained for MHC I and analysed by flow cytometry. Expressionlevels

of MHC I (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group. Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure  4.14: CD80 levels remain unchanged in different DC subsets 

Splenic DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for CD80 and analysed by flow cytometry. Expression levels of CD80 

(measured as MFI) in CD11c+  cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) 

were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test. 
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Figure     CD80 decreases  ith healthy ageing in CD8+ cDCs

Splenicdendriticcells from younghealthy( H), youngtumour bearing ( T), old healthy(OH) and old

tumour bearing mice (OT) were stainedwith CD80 and analysed by flow cytometry. Expression levels

of CD80 (measured as geometric mean fluorescence intensity; MFI in different subpopulationsof

dendritic cells CD11c+ DCs    , pDCs    , CD11b+CD8 DCs  C , CD11b+CD8 CD4+ cDCs  D  

CD11b+CD8 CD4 cDCs     CD11b CD8+ cDCs  F were measured. Data are shown as mean  

SEM, n  10 11 mice/group.Statisticalsignificanceassessedby Mann WhitneyU Test .
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Figure  4.15: CD36 levels remain unchanged in different LN DC subsets 

LN DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for CD36 and analysed by flow cytometry. Expression levels of CD36 

(measured as MFI) in APCs(CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test, followed by post-hoc Dunn’s s test. 
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Figure  4.16: Lipid levels remain unchanged in different splenic subsets 

Splenic DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for Bodipy and analysed by flow cytometry. Expression levels of 

Bodipy (measured as MFI) in APCs (CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test, followed by post-hoc Dunn’s s test.. 

 

 

Figure  4.17: All BM DC subsets shows 100% Bodipy percent positive 

BM DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for Bodipy and analysed by flow cytometry. Proportion of Bodipy+ in 

APCs(CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) were 

measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 

 

Figure 4 1   ipid le els remain unchanged in di  erent DC subsets

Splenic DCs from young healthy ( H), young tumour  bearing ( T), old healthy (OH) and old tumour  bearing mice (OT) were

stained for Bodipy and analysed by flow cytometry . Expression levels of Bodipy (measured as MFI) in APCs(CD11c+  C   +

cells    pDCs     CD11b+CD8 cDCs  C  CD11b+CD8+cDCs  D were measured. Data shown as mean  SEM, n  10 11

mice/group.   p 0.05,    p 0.005,     p 0.0005,      p 0.0001. Statistical significance assessed by Kruskal Wallis Test,

followed by post hoc Dunn s s test..
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Figure  4.18: No changes in MHC-II in LN DC subsets 

LN DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for MHC-II and analysed by flow cytometry. Expression of MHC-II in 

APCs(CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) were 

measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 

 

Figure  4.19: No changes in MHC-I in LN DC subsets 

LN DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for MHC-I and analysed by flow cytometry. Expression of MHC-I in 

APCs(CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), CD11b+CD8+cDCs (D) were 

measured. Data shown as mean ± SEM, n = 10-11 mice/group. * = p<0.05, ** = p<0.005, *** = 

p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-Wallis Test, followed by post-

hoc Dunn’s s test.. 
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Figure 4.20: No change in CD80 in DC subsets 

Splenic DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for CD80 and analysed by flow cytometry. Expression levels of CD80 

(measured as MFI) in APCs (CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data are shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test. 

 

 

Figure 4.21: No change in CD36 in LN DC subsets 

LN DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for CD36 and analysed by flow cytometry. Expression levels of 

CD36(measured as MFI) in APCs (CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data are shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test. 
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Figure  o change in CD80 in DC subsets

Splenic DCs from young healthy ( H), young tumour  bearing ( T), old healthy (OH) and old tumour  bearing mice (OT) were

stained for CD80 and analysed by flow cytometry . Expression levels of Bodipy (measured as MFI) in APCs(CD11c+  C   +

cells    pDCs     CD11b+CD8 cDCs  C  CD11b+CD8+cDCs  D were measured. Data are shown as mean  SEM, n  10 11

mice/group .   p 0.05,    p 0.005,     p 0.0005,      p 0.0001. Statistical significance assessed by Kruskal Wallis Test .
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Figure 4.22: No change in CD36 in splenic DC subsets 

Splenic DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for CD36 and analysed by flow cytometry. Expression levels of CD36 

(measured as MFI) in APCs CD11c+ MHC-II+ cells(A), pDCs (B), CD11b+CD8-cDCs (C), 

CD11b+CD8+cDCs (D) were measured. Data are shown as mean ± SEM, n = 10-11 mice/group. * = 

p<0.05, ** = p<0.005, *** = p<0.0005, **** =p<0.0001. Statistical significance assessed by Kruskal-

Wallis Test. 
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Figure 4.23: Shows confocal microscopy imaging of mesothelioma-exposed DCs. DCs were cultured 

on glass bottom plates. Overlay of Bodipy, DAPI and phase contrast is shown in [A], DAPI (nucleus, 

blue) [B] Bodipy (lipids, green) [C] and, phase contrast [D]. 
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Figure 4.24: No change in MHC-I on LN DCs 

LN DCs from young healthy (YH), young tumour-bearing (YT), old healthy (OH) and old tumour-

bearing mice (OT) were stained for MHC-I and analysed by flow cytometry. Expression levels of MHC-

I (measured as geometric mean fluorescence intensity; MFI in different subpopulations of dendritic 

cells CD11c+ DCs (A), pDCs (B), CD11b+CD8- DCs (C), CD11b+CD8-CD4+ cDCs (D), CD11b+CD8-

CD4- cDCs (E), CD11b-CD8+ cDCs (F) were measured. Data are shown as mean ± SEM, n = 10-11 

mice/group. Statistical significance assessed by Kruskal Wallis Test. 
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Supplementary data for chapter 5 

 

 

Supplementary Figure 5.1 No changes in individual mitochondrial parameters 

Individual parameters for spare respiratory capacity (A), coupling efficiency (B), non-mitochondrial 

respiration (C), ATP production (D), maximal respiration (E), proton leak (F) were measured. Spare 

respiratory capacity is the difference between the maximum and basal respiration. Coupling efficiency 

is the ATP production rate divided by the basal respiration. Non-mitochondrial respiration is the 

minimum rate measurement after rotenone/antimycin injection. ATP production is the difference in 

OCR before and after oligomycin. Maximal respiration is the OCR after carbonyl cyanide m-

chlorophenylhydrazone (CCCP) injection and antimycin A/rotenone. Proton leak is the difference in 

oxygen consumption rate (OCR) after oligomycin injection and antimycin A/rotenone. The data are 

represented as mean SEM. 
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