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Abstract 

Atherosclerosis is a chronic inflammatory disease characterised by the 

accumulation lipid deposits within the arterial wall, leading to restricted blood flow and 

increased risk of cardiovascular events. Central to the development of atherosclerosis 

is the formation of foam cells which are derived from macrophages as a result of 

excessive accumulation of modified low-density lipoproteins (LDL). Upon oxLDL 

internalisation, macrophages transform into foam cells through the storage of lipid 

droplets that are primarily composed of cholesteryl esters which can be hydrolysed to 

generate free cholesterol. The balance between lipid uptake, storage, and degradation 

within foam cells is critical to maintain cholesterol homeostasis. Dysregulation in these 

processes contribute to foam cell persistence and plaque progression. Foam cells 

contribute significantly to the inflammatory microenvironment within plaque, causing 

perpetual local inflammation, recruitment of immune cells and plaque instability. The 

interplay between lipid metabolism and inflammatory signalling within foam cells 

exacerbates their retention and survival. 

Understanding the inflammatory role of foam cells in atherosclerosis is crucial 

for identifying novel therapeutic targets aimed specifically at reducing foam cell-driven 

inflammation. However, till today identifying and characterising foam cells within 

atherosclerotic plaques remains a challenge due to significant overlap in markers with 

other immune cells. One of the aims of this study is to characterise foam cells both at 

a protein and genomic level via flow cytometry analysis, bulk RNA-sequencing and 

whole genome spatial transcriptomics to identify potential markers specific to foam 

cells themselves.  Contradictory to the nature of a foam cell phenotype, our results 
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show that foam cells exhibit an anti-inflammatory and lipid metabolising profile genomic 

profile which coincides with existing data from recent transcriptomic studies.  

Given that plaque is a heterogenous cellular environment, investigating the role 

of foam cells in isolation may not accurately represent their realistic function. Therefore, 

in this study I also examined the functional characteristics of foam cells in co-culture 

with endothelium in vitro. This approach allowed us to identify changes in lipid mediator 

secretion due to cell-cell crosstalk where I identified an enrichment in pro-inflammatory 

prostaglandin secretion in foam cell-endothelial cell co-cultures compared to foam cells 

alone.  

In conclusion this study explores the characterisation of foam cells using 

multiple different avenues. I found that minimal differences were observed between 

macrophage and foam cell profiles and that monocyte-origin appear to have little to no 

effect on the genotype of foam cells. Additionally, I show that the foam cells potentially 

exhibit their pro-inflammatory functional phenotype through cellular crosstalk with 

endothelium via the secretion of pro-inflammatory lipid mediators.  
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Chapter 1. INTRODUCTION 

1.1. Inflammation 

1.1.1. An overview of inflammation 

Inflammation is a complex protective defence mechanism employed by our 

immune system in response noxious stimuli such as pathogens, cellular stress 

responses and tissue injury (Medzhitov, 2008). This triggers a cascade of chemical 

and signalling events that promote the recruitment of specialised immune cells, with 

the aim of restoring tissue homeostasis. Physiological changes to the microcirculation 

play an active role in facilitating an inflammatory response via endothelial activation 

and increased vascular permeability, allowing extravasation of plasma proteins and 

leukocyte trafficking from blood vessels to sites of tissue damage (Chen et al., 2018). 

These modifications are accompanied by the production of inflammatory mediators 

that are released from tissue resident cells which alter the local tissue environment. 

Whilst an acute inflammatory response typically lasts for several days or weeks, 

dysregulated or excessive inflammation can lead to persistent immune cell activation 

and recruitment that drives the pathogenesis of a spectrum of chronic inflammatory 

diseases including atherosclerosis, rheumatoid arthritis and type 2 diabetes 

(Medzhitov, 2008, Nathan and Ding, 2010). 

The nature of the initial stimulus dictates the course of the inflammatory process. 

This can be in the form of exogenous microbial structures and oxygenated lipoproteins 

recognised as pattern-associated molecular patterns (PAMPs) or endogenous signals 
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released upon cellular damage known as damage-associated molecular patterns 

(DAMPs) (Chen et al., 2018, Libby, 2007). Such structures are recognised by pattern-

recognition receptors (PRRs) such as toll-like receptors (TLRs) expressed on the 

surface of innate immune cells including tissue resident macrophages as well 

intracellular nucleotide oligomerisation domain (NOD)– like receptors (NLRs) 

(Amarante-Mendes et al., 2018) (Table 1). PRR stimulation results in downstream 

signalling and inflammasome activation (through NLR oligomerisation)  promoting the 

release of a combination of cytokines, chemokines and eicosanoids that mediate 

vascular changes and leukocyte recruitment to the local tissue in attempt to clear 

inflammatory stimuli (Mogensen, 2009, Harder et al., 2009). In the case of chronic 

inflammatory diseases, the initial inflammatory stimulus is often unidentifiable and is 

thought to be manifested in response to tissue malfunction and prolonged cellular 

stress due to ongoing inflammation. Hence why events that lead to chronic 

inflammation are partially understood (Medzhitov, 2010, Furman et al., 2019). 

1.1.2. Inflammatory resolution 

It is critical that an acute inflammatory response is actively terminated once the 

inflammatory stimulus is cleared via a process known as resolution. This entails a 

distinct set of anti-inflammatory mechanisms that begin the tissue restoration phase – 

a process driven primarily by tissue resident macrophages (Nathan and Ding, 2010, 

Maskrey et al., 2011). Clearance of apoptotic cells by macrophages promotes them to 

undergo a phenotypic switch from a pro-inflammatory to an anti-inflammatory state 

allowing them to release key cytokines, interleukin 10 (IL-10) and transforming growth 

factor beta (TGF-b) as well as matrix metalloproteases (MMPs) that suppress 

inflammation and mediate tissue remodelling (Watanabe et al., 2019, Fadok et al., 
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1998, Michlewska et al., 2009). The biosynthesis of lipid mediators also plays a crucial 

role in regulating the resolution phase in which the classical pro-inflammatory 

eicosanoids, prostaglandins and leukotrienes are switched to generate pro-resolving 

lipoxins, resolvins and protectins that are enzymatically derived from essential fatty 

acids. These pro-resolving eicosanoids actively inhibit further neutrophil infiltration and 

promote macrophage phagocytosis (Serhan et al., 2008, Schwab et al., 2007).  

Collectively, the shift in the production of pro-inflammatory cytokines, 

chemokines and lipid mediators favours a pre-resolving local environment in the tissue 

with the aim of restoring homeostatic conditions. However, dysregulated inflammatory 

resolution can be detrimental and is considered a major driver of chronic inflammatory 

diseases (Nathan and Ding, 2010). Failure to subside an acute inflammatory response 

can lead to perpetual tissue damage leading to systemic effects in all tissues and 

organs along with impaired normal immune tolerance and function (Furman et al., 

2019). 

1.1.3. Leukocyte recruitment and trans-endothelial migration 

Leukocyte trafficking from peripheral blood to tissue marks a fundamental step 

during inflammation. This occurs following haemodynamic changes and expression of 

pro-inflammatory cytokines that enable specific leukocyte and endothelial cell 

interactions to occur via a network of adhesion molecules and chemotactic agents. 

Experimental approaches, including in vitro flow based assays and intravital 

microscopy have elucidated the well-defined stages of the leukocyte trafficking 

cascade; capture and rolling of leukocytes to endothelium, followed by firm adhesion, 

intraluminal crawling and trans-endothelium migration (Ley et al., 2007, Nourshargh 

and Alon, 2014).  
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The initial capture and rolling phenomenon of leukocytes on the vascular 

endothelium is mediated by the engagement of calcium-dependent selectins (P, E and 

L selectin) (Wright and Cooper, 2014, Hayashi et al., 2000, Luscinskas et al., 1994, 

Noble et al., 1996). Whilst L-selectin is expressed constituently on all leukocytes, P 

selectin is rapidly expressed on endothelium within minutes of an inflammatory trigger 

and is released from endothelial cell secretary granules known as Weibel-Palade 

bodies (Dole et al., 2005). Activated platelets also release P-selectin from a-granules, 

mediating platelet adhesion to monocytes by stimulating tissue factor expression on 

their surface – a process which initiates the coagulation cascade and contributes to 

thrombosis (Larsen et al., 1989, Celi et al., 1994, Ivanov et al., 2019). Endothelial 

expression of E-selectin is followed shortly (within hours of an inflammatory response) 

which is transcriptionally regulated with its expression induced by pro-inflammatory 

cytokines, tumour necrosis factor a (TNF-a) and interleukin-1 beta (IL-1b) released by 

tissue resident macrophages (Ghersa et al., 1994, Sheikh et al., 2003, Ott et al., 2007). 

Collectively these selectins interact with heavily glycosylated ligands with the major 

ligand being P-selectin glycoprotein ligand 1 (PSGL-1) expressed on leukocytes as 

well as CD44 and E-selectin ligand 1 which are specific to E-selectin (Zarbock et al., 

2011, McEver and Cummings, 1997, Hidalgo et al., 2007). These low affinity, 

reversible bonds, coupled with low shear stress, facilitate slow rolling of leukocytes 

along activated endothelium (Mehta-D'souza et al., 2017). 

Firm adhesion is facilitated primarily by activated leukocyte integrins that 

interact with their cognate ligand (cellular adhesion molecules) on the endothelial 

surface (Ley et al., 2007). Structurally integrins are composed of an a and a b subunit 

where they exist in low abundance and in a low affinity state under resting conditions. 
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G-protein coupled receptor (GPCR) signalling by chemokines and lipid 

chemoattractants released from activated endothelium are imperative for integrin 

function enabling them to adopt a high affinity, active conformation that mediates 

leukocyte arrest instantaneously (Mitroulis et al., 2015, Rainger et al., 1997, Alon and 

Shulman, 2011). 

Leukocyte integrins are subdivided into b1 and b2 families, whereby very late 

antigen 4 (VLA-4) (a4b1; CD49d/CD29), lymphocyte function-associated antigen 1 

(LFA-1) (aLb2; CD11a/CD11b) and macrophage-1 antigen (Mac-1) (aMb2; 

CD11b/CD18) are the most studied in leukocyte recruitment (Mitroulis et al., 2015). 

Specificity of these integrin interactions varies on different leukocyte populations. VLA-

4 is expressed on almost all leukocyte populations. In addition to its role in adhesion it 

also contributes to leukocyte tethering and rolling through its binding on vascular cell 

adhesion protein 1 (VCAM-1) on endothelium (Alon et al., 1995). On the other hand, 

b2 integrins such as LFA-1 and Mac-1 are strictly associated with adhesion and trans-

endothelial migration via its interaction with intercellular adhesion molecule 1 (ICAM-

1) and ICAM-2 (Ostermann et al., 2002, Sumagin et al., 2010). Whilst LFA-1 

expression is restricted mainly to lymphocytes, Mac-1 is expressed abundantly on 

myeloid cells, particularly on monocytes (Fagerholm et al., 2019, Wolf et al., 2018). It 

is important to acknowledge that these integrins do not act strictly in isolation but 

crosstalk between them facilitates adhesion of leukocytes to endothelium. The 

clustering of VLA-4 on monocytes in response to VCAM-1 engagement activates LFA-

1 and Mac-1-induced adhesion to endothelium and blocking LFA-1 can inhibit VLA-4 

interactions with VCAM-1 (May et al., 2000, Gronholm et al., 2016). It has been 
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proposed that this crosstalk is mediated by changes in the phosphorylation states of 

b1 and b2 subunits  (Uotila et al., 2014). 

Firmly adhered leukocytes subsequently leave the circulation by transmigrating 

across the endothelial barrier and into inflamed tissue. This process does not occur 

randomly as leukocytes appear to crawl along the endothelium, seeking transmigration 

exit sites known as ‘hotspots’ that are facilitated by heterogenous expression of ICAM-

1 on the endothelial surface (Gronloh et al., 2022). The redistribution of junctional 

molecules including platelet endothelial cell adhesion molecule-1 (PECAM-1), CD99, 

the junctional adhesion molecule family (JAM) and their interaction with integrins (LFA-

1 and Mac-1) crucially support the final stage of the leukocyte trafficking step (Bradfield 

et al., 2007, Sumagin et al., 2010, Ley et al., 2007). Given that each step in the 

leukocyte trafficking cascade is regulated to such a high degree, defects in any stage 

of the pathway can lead to dysregulated, pathogenic recruitment of immune cells as 

seen in chronic inflammatory disease such as atherosclerosis.  
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Table 1-1: PRRs and their respective PAMPs/DAMPs     

Subtype PRR PAMP/ DAMP References 

TLRs TLR1  
TLR2 
TLR3 
TLR4 
TLR5 
TLR6  
TLR7 
TLR8 
TLR9 

Tri-acylated lipopeptide   
Di- and tri-acylated lipopeptides; Uric acid crystals  
Viral double stranded RNA  
Lipopolysaccharide (LPS)  
Flagellin  
Di-acylated lipopeptides 
Viral single stranded sRNA  
Viral single stranded sRNA  
Un-methylated CpG DNA  

(Takeuchi et al., 2002) 
(Kang et al., 2009, Liu-Bryan et al., 2005) 
(Alexopoulou et al., 2001) 
(Park et al., 2009) 
(Forstneric et al., 2016)  
(Takeuchi et al., 2001) 
(Lund et al., 2004)  
(Jurk et al., 2002)  
(Takeshita et al., 2001)  
 

 
NLRs 

NLRP3 
NOD1 
NOD2 

ATP; double stranded RNA 
Bacterial peptidoglycans  
Bacterial peptidoglycans  
 

(Zha et al., 2016, Franchi et al., 2014) 
(Girardin et al., 2003) 
(Lauro et al., 2017) 

RLRs RIG-I 
LGP2 
MDA5 

Viral double stranded sRNA  
Viral double stranded sRNA  
Viral double stranded sRNA 
 

(Saito and Gale, 2008) 
(Li et al., 2009) 
(Feng et al., 2012) 

C-type Lectins MGL 
Dectin-1 

GAlNac 
b-glucans 

(Pirro et al., 2019) 
(Brown et al., 2003) 
 

Scavenger receptors 
(SR) 

SR-B1 
CD36 
SR-A1 
 

Lipoproteins (HDL) 
Oxidised LDL 
Unmethylated CpG DNA; Proteoglycans 

(Shen et al., 2018) 
(Nicholson et al., 1995) 
(Taban et al., 2022) 

 
Toll-like receptors (TLR); Nod-like receptors, (NLR); NLR family pyrin domain containing 3 (NLRP3); Retinoic acid-inducible gene-I-like receptors 
(RLR) 



 8 

1.1.4. The vascular endothelium  

The blood vascular endothelium cells (EC) is central in the execution and 

regulation of an inflammatory response. As the primary gatekeeper of tissue, it is 

responsible for controlling vascular tone, permeability and leukocyte transmigration 

which is only permitted upon its activation in response to inflammatory stimuli (Pober 

and Sessa, 2007, Theofilis et al., 2021). The principal regulators of these processes 

are driven by endogenous nitric oxide (NO) (generated by endothelial NO synthase; 

eNOS) and prostacyclin produced by EC which promote vasodilation via smooth 

muscle relaxation and attenuated platelet activation under resting conditions (Archer 

et al., 1994, Araujo et al., 2011, Mitchell et al., 2008). The expression of flow-regulated 

transcription factors, kruppel-like factor-2 (KLF2) and nuclear factor erythroid 2-related 

factor 2 (Nrf2) are crucial in producing such vasoactive mediators which ultimately 

regulate EC inflammatory responses (SenBanerjee et al., 2004, Zakkar et al., 2009). 

Importantly, the ability to sequester endothelial-leukocyte interactions has been 

demonstrated using NO inhibitors, whereby NO production correlated with reduced 

transcriptional expression of adhesion molecules, VCAM-1 and E-selectin as well as 

membrane associated chemokines such as monocyte chemoattractant protein-1 

(MCP-1/CCL2) by inhibiting nuclear factor kappa B (NF-kB) activation (Kubles et al., 

1991, Caterina et al., 1995, Zeiher et al., 1995).   

Additionally, haemodynamic forces can regulate endothelial activation and 

function at a mechanical level. Such shear stress-induced forces are mechano-

transduced into biochemical signals that alter EC morphology and gene expression 

levels that influence the activity of leukocyte trafficking (Moazzam et al., 1997, Wragg 

et al., 2014). Laminar shear settings are associated with reduced vascular permeability 
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and expression of leukocyte adhesion molecules on the endothelial surface (Traub and 

Berk, 1998, Theofilis et al., 2021). Contrastingly, oscillatory shear stress forces 

(caused by disturbed flow), typically observed in arterial bifurcations are widely 

associated with reduced NO bioavailability, increased production of reactive oxygen 

species (ROS) and upregulated adhesion molecule expression, all of which are 

characteristic of endothelial dysfunction and predispose to increased plaque 

vulnerability (Chappell et al., 1998, Theofilis et al., 2021). Such signalling pathways 

are initiated by a combination of endothelial mechano-sensors of shear stress, 

including CD31 (PECAM-1) and Piezo1 which work in combination to remodel EC 

junctions (Fujiwara, 2006, Chuntharpursat-Bon et al., 2023).  

Specifically, Piezo1 is a newly discovered ion channel expressed on ECs which 

plays a distinct role in inflammation depending on the nature of blood flow (Harraz et 

al., 2022, Liu et al., 2022a). Under shear stress conditions, Piezo1 activation leads to 

a controlled influx of calcium ions that promotes NO production and vascular 

vasodilation (Santana Nunez et al., 2023). Endothelial specific deletion of Piezo1 

demonstrated impaired NO production, vascular function and hypertension in murine 

models highlighting the importance of Piezo1 in regulating vascular homeostasis under 

laminar flow (Wang et al., 2016, Iring et al., 2019). In contrast, in areas of disturbed 

flow, elevated and irregular expression of Piezo1 has recently been identified 

specifically at sites of plaque tissue and on ECs in Apoe-/- mice. Activation of Piezo1 in 

such models was associated with endothelial inflammation including increased 

expression of surface adhesion molecules (Lan et al., 2024). Thus, vascular shear 

stress has a profound effect on endothelial surface and junctional proteins, influencing 

their expression, distribution, and functional integrity. Dysfunctional endothelium due 
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to chronic inflammation will be discussed in more detail later in the thesis in the context 

of inflammatory cardiovascular disease (Figure 1-1). 
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Figure 1-1: The role of shear stress on vascular endothelium 

(A) Laminar shear stress is associated with reduced expression of adhesion 
molecules on the surface of vascular endothelium and secretion of chemoattractants 
such as CCL2. This is coupled with increased signalling via KLF2 and Nrf2 which 
promote vascular dilation and inhibit platelet coagulation which is considered athero-
protective. (B) Oscillatory shear stress on the other hand observed in arterial 
bifurcations causes upregulation of adhesion molecules on the surface endothelium 
surface as well as increased NF-kb signalling which is responsible for inducing 
expression of pro-inflammatory genes during inflammatory disease (Diagram self-
illustrated using Biorender) 
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1.2. Monocytes 

1.2.1. Monocyte origin and development 

Since the early introduction of the term ‘monocytes’ by Artur Pappenheim (in 

1910) and Ilya Metchnikoff’s theory of phagocytosis (in 1892), subsequent years of 

research and investigation has allowed us to appreciate monocytes today as essential 

members of the mononuclear phagocyte system that are amongst the first cells to be 

recruited in an inflammatory response (Guilliams et al., 2018, Yona and Gordon, 2015, 

Iqbal et al., 2016). With a diameter measuring up to 20µm, monocytes are the largest 

of the leukocytes and constitute up to 5-10% of the circulating leukocyte population 

(Teh et al., 2019).  

Monocytes are generated from primary lymphoid organs including the fetal liver 

during embryogenesis followed by the bone marrow during adult haematopoiesis 

where they are derived from the monocyte DC precursor and released into circulation 

upon the last cellular division (Naito et al., 1990, Fogg et al., 2006). During 

inflammatory conditions, secondary lymphoid organs such as the spleen can also 

behave as a peripheral monocyte reservoir and induce rapid monocyte recruitment as 

observed in atherosclerosis, with evidence indicating the expansion of splenic 

monocyte populations (Swirski et al., 2007, Leuschner et al., 2012, Robbins et al., 

2012). Cytokines such as macrophage-colony-stimulating factor (MCSF) are 

imperative for their survival demonstrated by reduced circulating viable monocytes in 

MCSF-deficient mice and in vitro cell culture preparations (Becker et al., 1987, Dai et 

al., 2002, Kelley et al., 1999).  
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Monocytes have the unique ability to function as both effector and precursor 

cells for macrophages and dendritic cells, where they not only contribute to protective 

immunity but also act as major players in several disease pathologies (Kratofil et al., 

2017, Teh et al., 2019). For many years it was believed that the sole purpose of 

circulating monocytes was to act as an intermediary for replenishing tissue resident 

macrophage pools (Furth and Cohn, 1968, Furth et al., 1972). However, technological 

advances have identified embryonic precursors for most (but not all) tissue resident 

macrophage populations that by-passed the monocytic stage and self-renewed in 

adulthood independently of peripheral blood monocytes. (Yona et al., 2013, Ginhoux 

et al., 2010, Guilliams et al., 2013). 

 

1.2.2. Monocyte subsets and their characterisation 

Early flow cytometry studies identified subpopulations of human monocytes 

according to their differential expression of CD14 (a PRR) and CD16 (a FCg III 

receptor) proteins (Passlick et al., 1989). They have been broadly categorised into two 

main subsets defined as classical, CD14+CD16- and non-classical, CD14+CD16+ 

monocytes, whereby the classical account for majority of the monocyte population (80-

90%) (Ziegler-Heitbrock et al., 2010, Kapellos et al., 2019). The remaining (10-20%) 

non-classical subset can be further divided to give an intermediate subpopulation 

which express higher levels of CD14 than the non-classical and exist at low 

frequencies during homeostasis (Zawada et al., 2011, Grage-Griebenow et al., 2001, 

Gren et al., 2015, Wong et al., 2011, Merah-Mourah et al., 2020). Precise dissection 

of these two classes via flow cytometry gating strategies is challenging due to the 
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gradual changes in CD14 expression and so they are often collectively defined as 

CD16+ (non-classical) cells (Ziegler-Heitbrock et al., 2010, Thomas et al., 2017). 

Although, 6-sulfo LacNAC (Slan) has been recently identified as a novel antigen 

restricted to the non-classical monocytes only which arguably enables distinction 

between the two subsets (Hofer et al., 2019). 

Monocyte subsets can be further defined by gene expression profiles and 

additional surface markers including CX3CR1 and HLA-DR (major histocompatibility 

complex II; MHC II) that are elevated on the non-classical monocytes with CCR5 being 

predominantly expressed by the intermediate subset (Wong et al., 2011, Ancuta et al., 

2003, Geissmann et al., 2003, Ziegler-Heitbrock et al., 1993). On the other hand, 

markers such as CCR2, CD11b and CD36 are more abundantly expressed on the 

classical monocytes (Wong et al., 2011, Thomas et al., 2017, Gren et al., 2015, 

Roussel et al., 2017, Kapellos et al., 2019). Generally, the classification of monocytes 

subsets is applicable to other species as well as humans (Ziegler-Heitbrock, 2014). 

Notably, their murine counterparts are defined as Ly6ChighCCR2+CX3CR1low classical 

monocytes and Ly6ClowCCR2-CX3CR1high monocytes, equivalent to the non-classical 

population (Ziegler-Heitbrock et al., 2010, Guilliams et al., 2018). Proportionally, the 

classical:non-classical subsets exist at an equal ratio in mice (1:1) as opposed to in 

humans whereby the classical monocytes are more abundant (9:1) (Iqbal et al., 2016). 

Overall, the transcriptional profile between mice and human monocytes are broadly 

conserved, although some differences in gene expression exist. For example, 

peroxisome proliferator-activated receptor g (PPARg) expression is limited to murine 

monocytes only and absent on their human equivalents and opposing differences in 

phagocytic abilities and expression of phagocytic markers are evident across the two 
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species (Ingersoll et al., 2010, Gren et al., 2015). Hence, such differences should be 

taken into consideration when modelling human disease in mice.  

1.2.3. Monocyte subsets and their function during steady state 

Functionally, monocytes subsets exhibit incredible diversity which are 

dependent upon cellular localisation, environmental cues and the epigenetic landscape 

(Kapellos et al., 2019). However, it remains difficult to decipher the precise roles of 

each subset due to overlapping functions and conflicts in existing studies (Merah-

Mourah et al., 2020).  

Generally, monocytes in circulation are short lived with classical monocytes 

having the shortest lifespan of approximately 1 day whereas the non-classical are 

longer lived with a lifespan of around 7 days (Patel et al., 2017, Yona et al., 2013). This 

is supposedly a reflection of their function in steady state and inflammation whereby 

classical monocytes are more phagocytic and migratory in nature demonstrated by 

their increased expression in scavenger receptors (CD36 and CD163) and high levels 

of CCR2 which is required for monocyte mobilisation (Grage-Griebenow et al., 2000, 

Mukherjee et al., 2015, Tsou et al., 2007). In resting tissue, these monocytes are able 

differentiate into further mononuclear phagocytic cells. Interestingly it has been 

reported that Ly6Chigh monocytes can constitutively migrate into resting tissue 

(mediated partially by L-selectin) without obligatory differentiation into macrophages 

where they can remain in a monocytic state for limited time during steady-state. The 

functional consequence of this is not entirely known, although they appear to 

demonstrate DC-like tissue surveillance properties with the ability to transport antigens 

to draining lymph nodes and increased expressed of MHC II (Jakubzick et al., 2013). 

Additionally, murine fate-mapping studies have revealed a developmental relationship 
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between monocyte subsets whereby classical monocyte (Ly6Chigh) are able to 

sequentially convert into non-classical monocytes (Ly6Clow) via the intermediate subset 

under steady state and ultimately dictate the lifespan of its progeny (Yona et al., 2013, 

Yrlid et al., 2006).  

Non-classical monocytes are notable for their role in continuously patrolling the 

luminal side of the vascular endothelium in a ‘slow crawling’ fashion with minimal 

transmigration during steady state (Auffray et al., 2007, Thomas et al., 2015b, Cros et 

al., 2010). This patrolling behaviour is dependent on both LFA-1 and CX3CR1 as rapid 

dissociation of Ly6Clow cells is observed with abrogation of either of these receptors in 

vitro (Carlin et al., 2013, Auffray et al., 2007). CX3CR1 is expressed particularly highly 

on non-classical monocytes, and it is considered to provide a pro-survival signal via its 

interaction with CX3CL1 (fractalkine), promoting their retention on the endothelium 

(Geissmann et al., 2003, Ancuta et al., 2003, White et al., 2014). Functionally, the 

patrolling mechanism appears to protect the endothelium from localised threat, as non-

classical monocytes promote neutrophil recruitment and focal endothelial cell necrosis 

in response to TLR7-mediated danger signals (Carlin et al., 2013). Whilst intermediate 

monocytes are also express high levels of CX3CR1, they appear to behave distinctly 

to the nonclassical subset as they do not actively patrol the endothelium (Cros et al., 

2010). 

1.2.4. Monocyte subsets and their function during inflammation 

During inflammation monocytes are rapidly recruited from circulation to sites of 

tissue damage and infection via the leukocyte trafficking cascade, driven by 

conditioning of localised growth factors, pro-inflammatory chemokine, and cytokine 

signals (Shi and Pamer, 2011, Ley et al., 2007). Their recruitment aids in the clearance 
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of the initial inflammatory stimuli in order to restore tissue homeostasis. However, 

aberrant monocyte recruitment due to a dysregulated immune response can contribute 

to the pathogenesis of chronic inflammatory diseases including atherosclerosis and 

COVID-19 (Robbins and Swirski, 2010, Woollard and Geissmann, 2010, Vanderbeke 

et al., 2021). 

Typically, classical monocytes are referred to as being ‘pro-inflammatory’ as 

they are the predominant subset recruited initially during infection (Serbina et al., 

2008). Due to high expression of CCR2, they rapidly infiltrate tissue towards 

CCL2/MCP-1, where their main function has been highly attributed to phagocytosis 

(Mukherjee et al., 2015, Tsou et al., 2007). Non-classical monocytes are often 

classified as being anti-inflammatory by contributing more to wound healing processes. 

Yet, studies have shown in fact non-classical, LY6Clow monocytes can be recruited 

even earlier than other monocyte subsets and contribute to the initial inflammatory 

response (Auffray et al., 2007). Although they account for a smaller proportion of the 

total monocyte population, activation of whole blood with LPS demonstrated that 

human non-classical monocytes were the main producers of pro-inflammatory 

cytokines TNFa and IL-1b, with minimal secretion of IL-10 compared to the classical 

subset (Mukherjee et al., 2015, Belge et al., 2002). Similar observations were seen 

following stimulation with other TLR ligands, showing increased production of IL-1, Il-

12 and IL-6 by non-classical monocytes – all of which are upregulated during 

inflammation (Hofer et al., 2019).  

Likewise, intermediates also demonstrate high phagocytic capacity as well as 

inflammatory function, with a greater ability to secrete pro-inflammatory cytokines in 

response to LPS compared to their classical counterparts. Their transcriptomic profile 
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is associated with an increased capacity for antigen presentation including high levels 

of HLA-DR, CD80 and CD86 and significantly higher expression of TLRs compared to 

the other two subsets (Passlick et al., 1989, Ziegler-Heitbrock et al., 1993, Mukherjee 

et al., 2015, Yang et al., 2014). Interestingly, several studies have reported an 

expansion of intermediate monocytes in chronic inflammatory diseases including 

rheumatoid arthritis, chronic kidney disease and atherosclerosis, whereby a greater 

proportion of intermediate monocyte was found to predict cardiovascular events in 

high-risk patients (Heine et al., 2012, Smiljanovic et al., 2018, SahBandar et al., 2020, 

Heine et al., 2008, Rogacev et al., 2012). The overlapping functional properties of 

intermediate monocytes suggests they are not a distinct endpoint of cellular 

differentiation but a transitional stage between classical and non-classical monocyte 

development. 

Upon tissue infiltration monocytes have the capacity to differentiate primarily 

into macrophages (Shi and Pamer, 2011). The traditional dogma that classical 

monocytes differentiate into inflammatory macrophages and non-classical monocytes 

into anti-inflammatory macrophages is not entirely accurate. It appears that monocyte 

subsets can differentiate into macrophages that vary in their inflammatory degree 

based on monocyte subset, localisation and cellular signalling within the tissue 

microenvironment (Richards et al., 2013, Yang et al., 2014).  
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1.3. Macrophages 

1.3.1. Macrophage origin and developments 

Macrophages form an integral part of our immune system and were initially 

discovered by Metchnikoff in the early 19th century by their highly phagocytic 

phenotype (Epelman et al., 2014, Tauber, 2003). Since their discovery, evolutionary 

and ontological studies have revolutionised our understanding of macrophage biology 

based on their origins, development, and function both during homeostasis and 

inflammation. The traditional notion proposed by Van Furth suggesting that all tissue 

macrophages originate from circulating blood monocytes has been overturned due to 

recent technological advances utilising longitudinal fate-mapping models and 

transcriptional studies (Furth and Cohn, 1968, Furth et al., 1972, Yona et al., 2013, 

Lazarov et al., 2023). It is now apparent that most tissue resident macrophages are 

present in tissue before birth and are developed in the yolk sac during embryogenesis. 

These resident macrophages then go on to persist during adulthood and self-renew 

and proliferate independently of infiltrating monocytes (Ginhoux et al., 2010, Yona et 

al., 2013, Guilliams et al., 2013, Epelman et al., 2014). There are several exceptions 

to this paradigm showing intestinal resident macrophages requiring constant 

replenishment by LY6Chi monocytes under steady state (Bain et al., 2013, Bain and 

Mowat, 2014).  

Resident macrophages are located across almost all tissues and organs in the 

body, where they carry out tissue-specific functions based on distinct cues in their 

tissue microenvironments in order to maintain homeostasis (Mass et al., 2023, Lazarov 

et al., 2023). In response to inflammation and injury, peripheral blood monocytes are 

rapidly recruited to tissue and in the presence of surrounding cytokine signals, are able 



 20 

to differentiate and acquire macrophage-like characteristics that behave distinctly to 

resident populations (Gordon and Taylor, 2005, Serbina and Pamer, 2006, Hoyer et 

al., 2019). Interestingly, upon loss of tissue resident macrophages, circulating 

monocytes are also able to replenish these populations under steady state and adopt 

a similar phenotype to resident tissue macrophages based on local gene expression 

and signals (Mosser and Edwards, 2008, Gordon and Taylor, 2005). However, it is 

informed that these repopulating monocytes fail to entirely recapitulate the 

transcriptomic profile of original resident macrophages highlighting the fact that both 

tissue-resident and monocyte derived macrophages are ultimately two distinct 

populations of dissimilar origin, development and function (Ginhoux et al., 2010, Lavin 

et al., 2014). 

1.3.2. Macrophages and their role during homeostasis 

As mentioned earlier, the fundamental attribute of macrophages is to 

phagocytose cellular debris and foreign material to perform tissue maintenance and 

surveillance (Park et al., 2022, Hirayama et al., 2017). Surface expression of 

scavenger receptors, TLRs and Tyro3/Axl/Mer (TAM) receptor tyrosine kinases allows 

binding of membrane components of pathogenic microorganisms, as well as apoptotic 

and necrotic cells, enabling macrophages to essentially ‘clean’ surrounding tissue (Li 

and Wu, 2021, Park et al., 2022). Clearance of apoptotic cells is essential to maintain 

immunological tolerance and eliminate pro-inflammatory stimuli (Zizzo et al., 2012). 

High levels of lipid phosphatidylserine found elevated on the surface of apoptotic cells 

are typically recognised by macrophages via the Mer tyrosine kinase (MerTK), a 

member of the TAM family involved in removal of early apoptotic cells. MerTK 

recognises phosphatidylserine through bridging molecule Gas6 resulting in the 
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suppression of pro-inflammatory signalling pathways (Burstyn-Cohen and Fresia, 

2023, Healy et al., 2016, Zizzo et al., 2012). This homeostatic response enables 

macrophages to clear cellular debris without mounting an inflammatory immune 

response (Dransfield et al., 2015).  

In addition to retaining their core phagocytic functions, macrophages are also 

capable of adapting to their place of tissue residence and contribute to complex 

processes such as angiogenesis, osteogenesis and neurogenesis (Park et al., 2022). 

Their integral role in preserving vascular integrity is demonstrated by impaired 

angiogenesis, cardiac function and vascular tone in murine models lacking MCSF – a 

key growth factor required for macrophage differentiation (Kubota et al., 2009, Lavine 

et al., 2014). Specifically in adventitial resident macrophages inhibition of MCSF 

resulted in increased arterial stiffness and collagen deposition correlating with 

increased susceptibility of atherosclerosis (Lim et al., 2018, van Popele et al., 2006). 

Similarly, the sentinel role of resident macrophages in bone is highlighted by 

catastrophic failure in bone repair models upon depletion of resident osteal 

macrophages (Alexander et al., 2011, Raggatt et al., 2014). Thus, one can appreciate 

the remarkable plasticity of macrophages based on their tissue microenvironment.  

1.3.3. Macrophages and their role during inflammation 

Based on their strategic localisation within tissue, resident macrophages pose 

as the first line of defence against invading pathogens, that are typically detected via 

TLRs (Varol et al., 2015, Mass et al., 2023, Gruber et al., 2018) . As opposed to the 

MerTK receptor, activation of TLR signalling triggers a cascade of signalling responses 

including activation of NF-kB and mitogen-activated protein kinase (MAPK) that drive 
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the production of pro-inflammatory cytokines such as TNF-a, IL-1b and interferon-g 

(IFN-g) required to propagate an inflammatory response (Lu et al., 2008, Swanson et 

al., 2020). Such responses activate core functional features of macrophages including 

phagocytosis, antigen presentation and secretion of immunomodulatory factors 

(cytokines and growth factors) with the aim of eradicating the initial stimuli (Mosser and 

Edwards, 2008, Park et al., 2022, Wynn et al., 2013).  

As professional antigen presenting cells activated macrophages upregulate 

expression of MHC II and co-stimulatory molecules that stimulate CD4 T cell responses 

and B cell mediated antibody production (Fong et al., 2008, Arnold et al., 2015, Touil 

et al., 2023). It appears that this phenomenon is enhanced by the uptake of necrotic 

but not apoptotic cells (Barker et al., 2002). Subsequent secretion of inflammatory 

cytokines can promote recruitment of circulating monocytes into tissue giving rise to 

non-homeostatic differentiation into monocyte-derived macrophages (MDMs) (Park et 

al., 2022, Liu et al., 2019). In the cases of chronic disease resident macrophages fail 

to successfully resolve persistent inflammation causing rapid and aberrant recruitment 

of MDMs that can destroy resident macrophage niches required during steady state 

(Lavin et al., 2014, Okabe and Medzhitov, 2014). In addition to chemokine gradients 

(predominantly CCL2), circulating monocytes can also be trafficked into injured tissue 

via additional chemotactic agents, such as oxidised cholesterol which is responsible 

for the recruitment of monocytes into atherosclerotic plaques, giving rise to 

dysfunctional MDMs (Park et al., 2022, Moore and Tabas, 2011, Staprans et al., 2000). 

These newly recruited monocytes are subject to a hierarchy of various macrophage 

activation states that will be discussed in the next section. 
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1.3.4. Macrophage polarisation 

Given the remarkable plasticity of macrophages, they can adopt and alter their 

phenotype based on environmental cues and signals from innate and adaptive immune 

responses, giving rise to macrophages of both pro- and anti-inflammatory in nature. 

Macrophages are traditionally classified into two major polarised states described as 

classical M1 and alternative M2 activated macrophages respectively (Mosser and 

Edwards, 2008, Stout et al., 2005, Martinez and Gordon, 2014).  

Classical M1 macrophages are associated with a pro-inflammatory phenotype 

and are typically generated in during an immune response through activation of TLR 

agonists such as LPS causing the release inflammatory cytokines including TNF-a and 

IL-1b . The combination of both IFN-g and TNF-a signalling is required to achieve M1 

polarisation in vitro. In vivo, such signals are provided by TLR activation for TNF-a 

cytokine production. Both innate and adaptive immune cells are also required such as 

natural killer (NK) cells and T helper 1 (Th1) cells to drive maximal anti-bactericidal 

capacity. (Mosser and Edwards, 2008, Murray and Wynn, 2011, Borden et al., 2007). 

NK cells are an important transient source of IFN-g which is then subsequently 

maintained by Th1 cells in order to sustain an M1 activated state (Dungan et al., 2014, 

Chen et al., 2023). On the other hand, alternative M2 macrophages are produced by 

resolving stimuli such as IL-4 or IL-13 that are typically known as Th2-related cytokines 

(Gordon and Martinez, 2010, Gause et al., 2013). This subset is classed as being anti-

inflammatory, producing pro-resolving cytokines such as IL-10 and TGF-b. They are 

predominantly involved in tissue reparative and wound healing responses during 

inflammatory resolution (Mosser and Edwards, 2008).  
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Characterisation of both subsets are traditionally based on relative expression 

of multiple transcription factors, cell surface markers and cytokine profiles. Although, 

most often expression of many these markers is not restricted to one subset but 

distinction between the two populations is based on the varying degrees of their 

expression (Rostam et al., 2017). M1 macrophages are typically associated with high 

levels of co-stimulatory and antigen presentation markers including CD80, CD86 and 

MHC II (Jimenez-Uribe et al., 2019, Thiel et al., 2009, Ahmed and Ismail, 2020). Whilst 

CD80 expression typically being absent on M2 macrophages, CD86 and MHC II are 

both observed but to a lesser extent (Unuvar Purcu et al., 2022). M2 macrophages 

demonstrate enhanced phagocytic capacity and are presented with upregulated 

scavenger receptor expression such as CD36 and CD204 (Zizzo et al., 2012, Gordon 

and Martinez, 2010, Pennathur et al., 2015). They are also well defined by their 

expression of mannose receptor CD206 (Porcheray et al., 2005). Although it is 

important to note that expression of these markers appear to change over time based 

on macrophage circadian rhythm and different stimulation times which can greatly 

affect their levels both in vivo and in vitro (Cunningham et al., 2023, Collins et al., 2021, 

Unuvar Purcu et al., 2022).  

Given the vast exposure of stimuli and environmental signals, it is apparent that 

macrophages can adopt multiple activation states that go beyond the traditional M1 

and M2 classification which represent two extremes of a spectrum of activation 

responses (Mosser and Edwards, 2008, Munoz-Rojas et al., 2021). Transcriptomic 

analysis on human macrophages confirmed this phenomenon, where they identified 

specific transcription factors associated with at least nine different macrophage 

activation programmes (Xue et al., 2014). Subsequent studies have gone on to identify 
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additional macrophage subsets such as M4, M2a, M2b and M2c (Wang et al., 2019b, 

Gleissner et al., 2010, Li et al., 2022). However, overlap and lack of distinct markers 

for these subsets make is difficult to decipher precise populations. It is also evident 

that macrophages are not terminally polarised in a fixed state and are constantly 

evolving and altering activation states based on their microenvironment (Okabe and 

Medzhitov, 2014, Munoz-Rojas et al., 2021). Hence one can appreciate these studies 

are likely to have captured a single snapshot of macrophages in their continual 

switching of activation states.  

Our understanding in macrophage biology during homeostasis and disease has 

enabled us to exploit macrophages as therapeutic targets for treatment (Chen et al., 

2023). Whilst M1-like macrophages are important for driving effective immune 

responses against infection, their secretory factors can cause extensive tissue damage 

and expansion of Th17 cells that may serve as inflammatory perpetrators of chronic 

inflammatory diseases (Mosser and Edwards, 2008, El-Behi et al., 2011, Zambrano-

Zaragoza et al., 2014). Whereas expansion of M2 macrophages can assist in cancer 

cell growth via immune suppression (Hao et al., 2012). Thus, regulating a balance 

between M1-mediated inflammation and M2-mediated resolution is critical to maintain 

homeostatic responses to inflammatory stimuli.  

 

1.4. Atherosclerosis 

1.4.1. Pathogenesis of atherosclerosis  

Atherosclerosis is a chronic inflammatory, fibroproliferative disease of the 

arterial wall and remains the leading cause of cardiovascular disease (CVD) 
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associated mortality. It is not merely a cholesterol driven disease as assumed for much 

of the previous century but heavily driven by an intricate network of immune cells and 

inflammatory mediators (Wolf and Ley, 2019, Zhang et al., 1992, Weber and Noels, 

2011, Soehnlein and Libby, 2021). Disease progression occurs over many years and 

is characterised by the formation of arterial plaque of great cellular and molecular 

complexity (Wolf and Ley, 2019). Prolonged build-up of atherosclerotic plaque can 

result in narrowing of the vessel lumen or complete thrombotic occlusion, which 

manifests major cardiovascular events such as acute coronary syndrome (ACS) 

(Moore and Tabas, 2011). Numerous studies have explored the relationship between 

inflammation and atherosclerosis and the first major clinical trial, known famously as 

the Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial was 

amongst the first to consolidate the idea of targeting inflammation in human 

atherosclerosis. In the CANTOS trial, the use of canakinumab (an IL-1b monoclonal 

antibody) demonstrated a significant reduction in major adverse cardiovascular events, 

although levels of low-density lipoprotein (LDL) cholesterol levels only displayed 

modest reductions (Soehnlein and Libby, 2021).  

The underlying pathophysiology of atherosclerosis is initiated by endothelial 

dysfunction, which as mentioned earlier on in the chapter in regulated by factors 

including haemodynamic forces, shears stress and key transcription factors (KLF2 and 

KLF4) that ultimately dictate the behaviour of endothelial cell structure and function 

(Cunningham and Gotlieb, 2005, Sweet et al., 2023). Plaque formation is particularly 

prone at sites of disturbed flow and areas of low shear stress since it is associated with 

reduced eNOS production, endothelial permeability, and vasodilation (Kong et al., 

2017, Shirakura et al., 2023). Increased vascular permeability results in the 
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accumulation of LDLs that trigger persistent low-grade inflammation in the intima of the 

vessel wall (Geng et al., 2016, Zhang et al., 1992). Accumulated LDL are retained 

within the intima by the extracellular matrix, primarily via proteoglycan interactions 

where they become highly susceptible to biochemical modifications by ROS secreted 

by the inflammatory milieu (Williams and Tabas, 1995). This gives rise to oxidised LDL 

(oxLDL) which can promote injury and activation of quiescent endothelium, through 

expression of surface adhesion molecules and chemokine release that aberrantly 

recruit immune cells within the intima (Chen et al., 2002, Valente et al., 2014, Dimmeler 

et al., 1997). With monocytes being one of the first cells to be recruited, they can ingest 

oxLDL through scavenger receptors forming lipid-filled foam cells that form the critical 

early steps of arterial plaque formation (Herbin et al., 2016, Kopprasch et al., 2004). 

Unresolved inflammation can lead to successive recruitment of further adaptive 

immune cells, primarily being Th2 cells. The cumulative build up of lipids, cellular debris 

and necrotic cells triggers the formation of a necrotic core which is characteristic of 

vulnerable, unstable atherosclerotic plaques with increased susceptibly to rupture 

(Ross, 1995, Kolodgie et al., 2003).  

Microscopic analysis of arteries from multiple age groups have advanced our 

understanding of atherosclerotic plaque progression and are broadly classified into 3 

main categories being, the fatty streak, intermediate lesion and advanced lesion (Stary, 

2000, Virmani et al., 2000, Bentzon et al., 2014). The formation of the early fatty streak 

marks the initial stages of plaque development defined by focal accumulations of lipid-

filled monocyte derived foam cells (Ross, 1995). Such lesions are spread throughout 

the arterial tree, particularly at arterial bifurcations and branch points and can be 

observed within individuals as young as 10 years old (Frangos et al., 1999, Stary, 
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1989). Although, one does not assume these fatty streaks are atherosclerotic due to 

the potential for these lesions to regress in early stages (Hodis, 1995, Rahman and 

Fisher, 2018).  

If left unresolved, these nascent fatty streaks can go on to develop 

fibroatheromas (intermediate lesions) consisting of layers of macrophages, foam cells, 

T cells and vascular smooth muscle cells (VSMC) that begin to form the necrotic core 

(Ross, 1995). Migration of VSMCs to the intima, promote the release of a matrix of 

collagen and elastin fibrils that form a fibrous cap varying in its thickness (Andreeva et 

al., 1997, Consuegra-Sanchez et al., 2024). Atheromas with a thin fibrous cap are 

typically identified by increased immune cell infiltration and loss of extracellular matrix 

making them increasingly prone to rupture resulting in potential cardiac death (Burke 

et al., 1997, Ross, 1995) (Figure 1-2). Both murine and human studies have shown 

that infiltrating immune cells can also invade the surrounding adventitia forming tertiary 

lymphoid structures that correlate with disease severity. These structures are 

composed predominantly of B and T cells that contribute to proatherogenic cytokine 

release and leukocyte recruitment into the intimal layer (Akhavanpoor et al., 2018, 

Houtkamp et al., 2001, Milutinovic et al., 2020).  

Continual growth of such lesions leads to more advanced plaque formation and 

calcification causing restriction of the vessel lumen (Kramer et al., 2013). The enlarged 

necrotic core is concealed by dense layers of connective tissue which serves to 

increase plaque stability (Insull, 2009). Although, VSMCs can undergo a phenotypic 

switch and adopt macrophage like characteristics which is driven by transcription factor 

KLF4, leading to plaque remodelling and thinning of the fibrous cap over time (Zhang 

et al., 2022b, Soehnlein and Libby, 2021).   Plaque remodelling is largely driven by 
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matrix metalloproteinases (MMPs) which are involved in the degradation of 

extracellular matrix proteins. Thus, higher MMPs levels, specifically MMP-7 and MMP-

9 have been identified in regions of unstable plaque and have been associated with 

advanced cardiovascular disease (Volkov et al., 2018, Abbas et al., 2014). Increased 

activity of such MMPs may pose as potential biomarkers of plaque instability.
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Figure 1-2: Leukocyte recruitment and transmigration in atherosclerosis. 

Leukocytes are recruited into the intima via the classical adhesion cascade which contribute to plaque formation and 
thrombosis. Monocytes in circulation are recruited to the endothelium by chemotactic agents predominantly via CCL2 
secretion by EC and platelets. Endothelial capture is mediated by E-selectin and its ligation to PSGL-1 on the surface of 
monocytes which promote rolling via low affinity interactions. CCR2-CCL2 chemokine signalling activates the VLA-4 
integrin allowing firm adhesion of monocytes to occur via VCAM-1 ligation on endothelium. Subsequent transmigration 
into the intima via the transcellular route enables monocytes to differentiate into macrophages and ingest ox-LDL via 
scavenger receptors to generate lipid engorged foam cells. Accumulated ox-LDL eventually leads to foam cell necrosis 
which contribute to necrotic core formation, promoting plaque instability and rupture. Increased SMC proliferation and 
migration is also often observed in atherosclerosis which contributes to the necrotic core and promotes TGF-b1 release 
via crosstalk between neighbouring EC. This promotes increased platelet recruitment by upregulating von Willebrand 
factor (VWF) expression which is often observed in atherosclerosis and thrombosis (Adapted from Steinl and Kaufmann, 
2015) 
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1.4.2. The role of endothelial activation during atherogenesis 

The vascular endothelium forms the initial barrier for leukocyte transmigration 

into the intimal layer of the arterial wall. Numerous studies have utilised both Apoe-/- 

and Ldlr-/- mice models to investigate expression of adhesion molecules that regulate 

leukocyte recruitment and transmigration during atherogenesis (Zhang et al., 1992, 

Plump et al., 1992, Ishibashi et al., 1994). Selectins are crucial for the initial tethering 

of leukocytes to endothelium, and this has been demonstrated by Johnson et al, 

showing significantly smaller fatty streak formation in P-selectin and Ldlr double 

knockout mice (Johnson et al., 1997). This effect was further enhanced with E-selectin, 

P-selectin and Ldlr triple knockout mice where fatty streaks were five times smaller 

than single Ldlr knockout control mice (Dong et al., 1998). Subsequent firm adhesion 

of leukocytes is facilitated by integrins and their binding partners expressed on 

endothelium. The direct correlation in elevated VCAM-1 expression at sites of 

atherosclerotic lesions has been reported in several studies highlighting its supporting 

role in atherosclerosis (Masseau and Bowles, 2015, Fotis et al., 2012, Mu et al., 2015). 

For example, in Apoe-/- mice levels of VCAM-1 were found higher in lesion prone sites 

including arterial bifurcations (Nakashima et al., 1998). Furthermore, Ldlr and VCAM-

1 double knockout mice presented with a greater degree of athero-resistance 

compared to Ldlr-/- alone (Cybulsky et al., 2001). Increased ICAM-1 levels have also 

been reported in Apoe-/- mice however, its role in atherogenesis appears to be inferior 

compared to VCAM-1 since deletion of VCAM-1 but not ICAM-1 significantly reduced 

nascent lesion formation (Cybulsky et al., 2001, Nakashima et al., 1998).  
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Homing of leukocytes to activated endothelium is further facilitated by secreted 

chemokines that are presented on the endothelial surface via glycosaminoglycans 

(Crola Da Silva et al., 2009). Recruitment of monocytes via the CCL2/CCL2 axis has 

received critical attention for its role in atherosclerosis (Zhang et al., 2022a). 

Importantly human aortic endothelial cells have shown to up-regulate expression of 

CCL2 following exposure to modified LDL leading to increased monocyte migration via 

CCR2 and both selective deletion and antibody blockade of CCL2 diminished lesion 

formation and macrophage accumulation in plaques in Apoe-/- mice (Schober et al., 

2004, Boring et al., 1998, Cushing et al., 1990). Thus, dysfunctional and activated 

endothelium represents an initial hallmark of atherosclerotic disease development. 
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1.4.3. Monocytes in atherosclerosis 

Monocytes are central in the development and progression of atherosclerosis 

and their recruitment into the arterial wall appears to be dependent on high levels of 

circulating LDL that are prone to oxidation (Østerud and Bjørklid, 2003). Increased 

monocyte production in the bone marrow has been reported in hypercholesterolemic 

animal models driven by growth factors MCSF and IL-3. Elevated circulating levels of 

monocytes are also found in patients with coronary artery disease (Wang et al., 2014). 

These monocytes are recruited to the earliest fatty lesions and are evident at all stages 

of plaque development (Østerud and Bjørklid, 2003). As mentioned earlier, initial 

homing and recruitment of monocytes is highly dependent on the CCL2/CCR2 axis, 

although the importance of additional chemokines including CCL5, CXCL1 and 

CX3CL1 have also been implicated in the context of atherosclerosis (Tacke et al., 2007, 

Hilgendorf et al., 2015). Soehnlein et al demonstrated that in fact CXCL1 and CCR5 

are predominantly involved in directly attracting monocytes to atherosclerotic lesions 

whilst CCL2 is more importantly involved in the mobilisation of monocytes in circulation 

(Soehnlein et al., 2013). Aside from the role of chemokines in recruitment, evidence 

for CX3CL1 as a monocyte survival signal has been indicated, whereby absence of 

CX3CL1 or its cognate receptor CX3CR1 conferred with a significant reduction in levels 

of circulating monocytes and increased apoptosis of resident plaque macrophages that 

can be rescued by antiapoptotic factor Bcl2 expression (Landsman et al., 2009).  

Following recruitment, monocytes are captured on endothelium primarily by P-

selectin expressed both on activated on endothelium and platelets (Burger and 

Wagner, 2003). As well as direct recruitment of monocyte to endothelium, secondary 
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recruitment via platelet-EC interactions can also occur whereby activated platelets 

themselves can directly adhere to inflamed endothelium enabling monocytes to bind 

via PSGL-1 on their surface (Huo et al., 2003, Massberg et al., 2002). An additional 

scenario by which platelets interact with monocytes is via the formation of heterotypic 

monocyte-platelet aggregates formed in circulation prior to EC contact (Rinder et al., 

1991). Formation of such aggregates are linked with athero-thrombotic diseases with 

increased prevalence observed in coronary artery disease (Furman et al., 1998). 

Subsequently, rolling monocytes interact with CCL2 expressed on endothelium leading 

to mainly VLA-4 integrin activation and stabilisation of adhesion on VCAM-1 (Alon et 

al., 1995). Prolonged blockade of VLA-4 demonstrated a significant reduction in 

leukocyte recruitment and neointimal growth, suggesting a critical role for its 

development of atherosclerotic lesions (Barringhaus et al., 2004). Upon transmigration 

into the intimal layer, monocytes can differentiate into macrophage and foam cells 

following assimilation of oxLDL. 

Numerous studies have attempted to classify monocyte subsets in circulation 

during atherosclerosis. Murine models of hypercholesteremia are typically associated 

with elevated levels of Ly6Chi monocytes which demonstrate an increased migratory 

phenotype and a greater propensity to infiltrate the arterial wall (Swirski et al., 2007). 

Yet, more recently, clinical human studies have reported a specific expansion of 

circulating intermediate monocytes in patients with unstable angina and in dialysis 

patients with increased cardiovascular disease risk (Justo-Junior et al., 2019, Heine et 

al., 2012). Similarly, patients with thin cap unstable atheroma, had the largest 

expansion of intermediate monocytes (Zhuang et al., 2017). A study looking at a cohort 

of healthy adults also identified a strong correlation between intermediate monocyte 
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counts and carotid intima-media thickness (a marker for atherosclerosis) suggesting 

levels of intermediate monocytes may act as a potential predictor of cardiovascular 

disease risk (SahBandar et al., 2020). 

1.4.4. Macrophages in atherosclerosis 

Macrophages are amongst the key players in the progression of atherosclerosis 

and acts as a major source of pro-inflammatory mediators in plaque (Moore et al., 

2013). Within the intima, monocytes and macrophages begin scavenging accumulated 

oxLDL via scavenger receptors (considered as PRRs) on their surface. The rapid build-

up of lipoproteins coupled with the dysfunctional clearance of stored cholesterol leads 

to the development of lipid-laden monocytes/macrophages that are classically 

described as foam cells (Ouimet et al., 2011, Flynn et al., 2019, Bobryhev et al., 2016).  

Uptake of modified LDL via has significant functional and phenotypic 

consequences on macrophages causing changes in their inflammatory profile 

(Bobryhev et al., 2016). Typically, studies have demonstrated that incubation with 

modified LDL promote a pro-inflammatory phenotype in macrophages associated with 

increased TNF-a and IL-6 release and a phenotypic switch from an M2 to an M1-like 

nature (Al-Sharea et al., 2016, van Tits et al., 2011). This may be a result of enhanced 

TLR expression and activation in macrophages that is observed with oxLDL uptake. 

TLR4 in particular is highly associated with atherosclerotic plaques and its expression 

has shown to be necessary for oxLDL-induced macrophage differentiation into foam 

cells and atherosclerosis-associated inflammation (Howell et al., 2011, Higashimori et 

al., 2011). In addition, assimilation of cholesterol crystals by macrophages within 

atherosclerotic plaque can activate the NOD- LRR and pyrin domain-containing protein 
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(NLRP) 3 inflammasome leading to secretion of pro-inflammatory cytokine IL-1b 

(Duewell et al., 2010, Freigang et al., 2011). Interestingly it has been demonstrated 

that persistent activation of innate immune cells through PAMPs and DAMPs such as 

oxLDL can in fact lead to trained immunity in macrophages with enhanced cholesterol 

accumulation and expression of MMPs being observed in oxLDL-trained macrophages 

compared to controls. Hence, the concept of immunological memory is not just 

confined to adaptive immunity but also to the innate immune system (Bekkering et al., 

2014, Zhong et al., 2020). Contrary to this, more recent studies have elucidated that 

lipid-laden macrophages (foam cells) adopt a contradictory anti-inflammatory 

transcriptional profile and ‘deactivated’ phenotype. Although, the functional relevance 

of this in the context of disease is not entirely clear and will be discussed further in 

following sections (Kim et al., 2018, Spann et al., 2012, Cochain et al., 2018). 

The ratio of M1-like to M2-like activation states is largely dependent on the 

inflammatory environment within plaque (Wu et al., 2023). Histological examinations 

have revealed pro-inflammatory M1 macrophages are predominantly located within the 

shoulder regions of plaque that are more prone to rupture due to increased immune 

infiltration and higher lipid content. Whereas M2 anti-inflammatory macrophages are 

commonly found in more stable regions of plaque and near newly formed blood vessels 

(Stoger et al., 2012, Wang et al., 2019c). Whilst M2 macrophages are typically 

associated with inflammatory resolution and clearance of apoptotic cells, their 

increased expression of scavenger receptors makes them more susceptible to 

modified LDL uptake (van Tits et al., 2011, Bisgaard et al., 2016). This can lead to 

reduced KLF2 expression shifting M2 macrophages towards an M1-like 

proinflammatory phenotype (van Tits et al., 2011). As mentioned earlier, polarisation 
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of macrophages is a dynamic process as they are constantly changing their activation 

states based on surrounding signals. M2 macrophages also express higher levels of 

MMP-9 that is elevated in rupture-prone lesions due to its role in degrading 

extracellular matrix (Jager et al., 2016, Li et al., 2020b). Thus, the traditional dogma of 

M1 macrophages being pro-atherogenic and M2-macrophages being anti-atherogenic 

may not be so clearly defined and maybe dependent on the state and complexity of 

the disease environment. 

Numerous studies have highlighted that regulating monocyte and macrophage 

emigration, proliferation and death is crucial in regressing atherosclerotic plaques. The 

number of macrophages in plaque correlates with disease progression as earlier 

lesions have a lower percentage of macrophages determined by the recruitment of 

monocytes in circulation. Particularly during the early stages of atherosclerosis, 

increased macrophage emigration is evident although this appears to diminish 

significantly with disease progression (Fisher, 2016). This process is driven by an 

intricate balance between guidance cues and chemokines that are modified upon 

cholesterol loading (Moore et al., 2013). For example, increased CCR7 expression is 

observed in macrophages within regressing plaques in conjunction with upregulated 

cell motility factors indicating a greater migratory capacity of these cells (Feig et al., 

2011, Trogan et al., 2006). Whereas deficiency in mediators such as netrin-1 showed 

reduced plaque progression and macrophage egress in Ldlr-/- mice suggesting netrin-

1 may play a role in macrophage retention in plaque (van Gils et al., 2012, Moore et 

al., 2013).  

Whilst the majority of macrophages are typically replenished by circulating 

peripheral blood monocytes, more recently studies have demonstrated in fact lesional 
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macrophages in atherosclerosis are heavily derived from local proliferation of aortic 

macrophages (Murphy and Tall, 2014). Evidence for this was demonstrated in Apoe-/- 

mice joined by parabiosis, whereby chimerism of lesional macrophages were less than 

5% and surprisingly 87% of BrdU labelling was incorporated in the host lesional 

macrophages, highlighting the idea that local proliferation is largely responsible for the 

accumulation of macrophages within plaque (Robbins et al., 2013).  

Overall macrophages represent a central role in the development of 

atherogenesis through multiple mechanistic avenues as mentioned above. Thus, 

targeting these cells is highly attractive as therapeutic targets.  

 

1.5. Foam cells 

1.5.1. Foam cell formation 

Foam cell formation is considered a hallmark of atherosclerotic disease and are 

a result unregulated internalisation and accumulation of modified lipids by 

macrophages.  The presence of foam cells is detected at the very early stages of 

disease during the development of the initial fatty streak and the proportion of foam 

cells increases with continual progression of disease. In advanced lesions, excessive 

build-up of foam cells within plaque leads to necrosis and enlargement of the lipid core. 

Macrophages in plaque have shown to express structurally distinct scavenger 

receptors that were originally described for their ability to recognise and internalise 

various forms of modified LDL. OxLDL is considered the predominant modified form of 

LDL that drives atherogenesis and its uptake is mediated primarily via the CD36 

scavenger receptor (Endemann et al., 1993, Tsukamoto et al., 2002). Numerous 
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studies in Apoe-/- mice lacking the CD36 receptor demonstrated significant reductions 

in atherosclerotic lesions (Febbraio et al., 2000, Moore et al., 2005). As a PRR, 

activation of CD36 triggers an innate immune response causing secretion of pro-

inflammatory cytokines that promote further immune cell recruitment and oxidation of 

LDL (Stewart et al., 2010). 

In addition to oxLDL, various other biochemically modified forms of LDL have 

been reported. OxLDL actually serves as an umbrella term encompassing a diverse 

range of oxidative alterations occurring within the LDL particle, such as the addition of 

a malondialdehyde group on to apolipoprotein B, forming malondialdehyde LDL (Ma-

LDL). The process of acetylation can also occur during atherosclerosis forming 

acetylated LDL (acLDL) although its detection and significance is less frequent in vivo 

compared to oxLDL. It appears that macrophage scavenger receptors have varying 

degrees of affinity for different forms of modified LDL. For example, CD36 has been 

shown to have a lower affinity binding for acLDL compared to the classical oxLDL 

particles. Instead binding of acLDL is preferentially targeted to the CD204 scavenger 

receptor that is predominantly expressed on the surface of macrophages but also 

found on endothelial cells and VSMCs (Goldstein et al., 1979a, Lougheed et al., 1999). 

On the other hand, MaLDL which is a reactive aldehyde, is considered to be highly 

atherogenic and has increased affinity for the stabilin-1 scavenger receptor, although 

studies in Ldlr-/- mice with stabilin-1 deficiency demonstrated no alterations in plaque 

development (Nahon et al., 2019, Manta et al., 2022). This suggests that whilst stabilin-

1 may play a role in lipid uptake, other mechanisms of lipid metabolism may 

compensate for its absence. 
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Although macrophages are considered the primary origin of foam cells, foam 

cells can also originate from alternate cells within the vessel wall (Aqel et al., 1985, 

Gown et al., 1986). The use of lineage-tracing studies, flow cytometry and single-cell 

RNA sequencing analyses have reported VSMCs as a major source of foam cell 

formation as they also express scavenger receptors on their surface similarly to 

macrophages, making them capable of ingesting modified LDL (Soehnlein and Libby, 

2021, Owsiany et al., 2019, Durham et al., 2018). Additionally, these VSMCs can also 

undergo trans-differentiation, losing contractile markers and gain the expression of 

macrophage markers such as CD68 (Feil et al., 2014). Evidence for this has been 

presented in numerous studies showing that a large proportion of plaque macrophages 

are of VSMC origin (Allahverdian et al., 2014). Thus, therapeutic targeting of the 

phenotypic switch of VSMCs may prove to be a beneficial avenue to limit macrophage 

numbers in plaque.  

1.5.2. Cholesterol metabolism 

A pivotal stage of foam cell formation involves the handling and metabolism of 

cholesterol which includes uptake of cholesterol-carrying lipoproteins, cholesterol 

esterification and efflux (Javadifar et al., 2021, Ghosh et al., 2010). Within blood 

cholesterol typically exists in two forms being free cholesterol and as cholesteryl esters 

(CE) which are components of circulating lipoproteins, such as LDL (the major 

cholesterol-carrying lipoprotein), very low density lipoproteins (VLDL), and high density 

lipoproteins (HDL) (Gerl et al., 2018).  Cholesterol processing is subject to rigorous 

regulation due to its importance in maintaining normal cellular function and 

homeostasis, including modulation of cellular membrane fluidity and serving as a 

primary substrate for bile acids and steroid hormones production (Brown and 
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Goldstein, 1986). However, persistent dysregulation of such pathways leads to 

excessive accumulation of cholesterol, that consequently lead to foam cell formation 

(Ghosh et al., 2010). Physiological uptake of LDL by macrophages is carried out by 

the LDL-receptor (LDLR) that is regulated by the content of cellular cholesterol. 

However modified LDL (such as oxLDL) is taken up by scavenger receptors as 

mentioned earlier in the chapter – a process that is unregulated leading to persistent 

and aberrant accumulation of cholesterol-carrying modified LDL observed typically 

during during foam cell formation (Javadifar et al., 2021).  

Modified LDL is hydrolysed in the late endosome by lysosomal acid lipase (LAL) 

and these metabolised lipids are ligands for lipid-activated transcription factors, 

peroxisome proliferator-activated receptor a (PPARa) and PPARg that induce 

expression ATP-binding cassette transporters A1 and G1 (ABCA1) and (ABCG1) that 

transport free cholesterol out of the cell (Hoeffner et al., 2023, Nagy et al., 1998, 

Westerterp and Tall, 2020). Cholesterol efflux is a critical event during cholesterol 

metabolism to unload excess cholesterol via cholesterol transporters (ABCA1 and 

ABCG1) (Westerterp and Tall, 2020). However, saturation of the efflux pathway results 

in accumulation of free cellular cholesterol that are re-esterified to form CEs by acyl 

CoA acetyl transferase 1 (ACAT1) - an enzyme found ubiquitously expressed in the 

endoplasmic reticulum (ER) (Rogers et al., 2015). CEs are stored in the form of lipid 

droplets and are hydrolysed by neutral cholesteryl ester hydrolase (nCEH) to generate 

free cholesterol required by the cell (Igarashi et al., 2010). The concerted balance of 

both enzymes (nCEH and ACAT1) is required to regulate cholesterol levels. An 

alternate mechanism for lipid droplet degradation is known as lipophagy – a selective 

form of autophagy that specifically targets lipid droplets for their catabolism. This 
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process involves engulfment of lipid droplets by autophagosomes causing release of 

free cholesterol for cellular efflux (Robichaud et al., 2022, Robichaud et al., 2021). 

However, overtime the build up of modified LDL surpasses the normal capacity of the 

cell to handle, leading to cellular stress and apoptosis (Figure 1-3).  

Several strategies have been implicated in the regulation of CE accumulation 

including inhibition of ACAT1, which demonstrated up to a 90% reduction in aortic 

atherosclerosis in cholesterol fed rabbits as well a significant reduction in the aortic 

fatty streak region in hypercholesterolemic hamsters (Matsuo et al., 1995, Nicolosi et 

al., 1998). However contradicting studies have shown no changes in the development 

of atherosclerotic lesions along with the failure to inhibit foam cell formation in ACAT1 

knockout Apoe-/- and Ldlr-/- mice models (Fazio et al., 2001, Fazio et al., 2005). In fact, 

a major consequence of ACAT1 inhibition is the accumulation of free cholesterol in the 

ER resulting in ER stress and toxicity (Ghosh et al., 2010). Similarly, targeting the 

suppression of nCEH showed a significant increase in CE accumulation and 

accelerated growth in atherosclerotic lesions in Apoe-/- and Ldlr-/- mice (Sekiya et al., 

2009, Sekiya et al., 2014). Thus, future studies should focus on targeting such 

enzymes simultaneously in order to modulate cholesterol metabolism in macrophages. 

Targeting cholesterol efflux pathways is an alternative strategy to promote the 

release of free cholesterol from the cell to extracellular acceptors such as HDL that 

transport cholesterol back to the liver for excretion (Javadifar et al., 2021, Ouimet et 

al., 2019). ABCA1 and ABCG1 are primarily involved in cholesterol efflux and 

deficiencies in these pathways have proven to increase the risk atherogenesis due to 

the accumulation of free cholesterol within the cell (Yvan-Charvet et al., 2007, 

Javadifar et al., 2021). Patients with mutations in the ABCA1 gene presented with 
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significantly low HDL levels as well an increased pro-inflammatory state within the 

arterial wall demonstrated by elevated pro-inflammatory gene expression and cytokine 

levels (Bochem et al., 2015). Interestingly it seems as though both transporters can 

compensate for the deficiency of one another since a marked increase in ABCG1 

expression was observed in Abca1-/- macrophages (Yvan-Charvet et al., 2007). 

Expression of both ABCA1 and ABCG1 are regulated at both the transcriptional and 

translational levels by PPARs, and overexpression of both have shown to protect 

against atherosclerosis (Munch et al., 2012, Singaraja et al., 2002).  
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nCEH 

Figure 1-3: Cholesterol metabolism in macrophage-derived foam cells.  

LDLR plays a critical role in regulating cholesterol homeostasis in plasma by intaking LDL particles into the cell to generate 
free cholesterol to maintain cellular function. This process is highly regulated to maintain optimum levels of cholesterol uptake. 
However, oxLDL is taken up via scavenger receptors such as CD36 expressed on the surface of macrophages. This is an 
unregulated process causing excessive accumulation of oxLDL in lysosomes that is stored in lipid droplets. Excessive lipid 
droplet formation is characteristic of a foam cell phenotype. ACAT is required to convert free cholesterol that is not required 
by the cell for storage as lipid droplets whereas nCEH is needed for lipid droplet catabolism. Free cholesterol is also 
generated by the process of lipophagy whereby lipid droplets are engulfed by autphagosomes for lysosomal breakdown to 
generate free cholesterol that is effuxed out the cell via ABC transporters such as ABCA1 and transported to HDL (Diagram 
self-illustrated using Biorender). 
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1.5.3. The cellular identity and phenotypic characteristics of foam cells 

Accumulated studies have demonstrated the concept of lipid-driven 

inflammation as the central tenet in the development of atherosclerosis. With foam 

cells being the hallmark of atherogenesis, evidence has largely focused on foam cell 

biology as the central regulator of lipid-driven inflammation. It is evident that modified 

LDL and its retention plays a major role in driving inflammation within the vessel wall 

and uptake by macrophages can alter their phenotypic and functional behaviour. 

However, till today the precise function and identify of lipid associated macrophages 

(foam cells) remains actively debated making it difficult to isolate these cells as a pure 

population from tissue. 

More recently the use of single-cell transcriptomic analysis has been used to 

dissect the cellular composition of atherosclerotic plaque both in mouse and human 

revealing a spectrum of macrophages which goes beyond the simplified M1 and M2 

polarisation states. Consistently across these studies they have identified a population 

of lipid associated macrophages associated with high levels of TREM2 gene 

expression. These cells show enrichment for gene signatures associated with lipid 

metabolism, cholesterol efflux and oxidative stress – all of which are reminiscent of a 

foam cell phenotype. (Lin et al., 2019, Kim et al., 2018, Cochain et al., 2018, Song et 

al., 2020). However, contradictory to the perceived notion of foam cell behaviours, 

these TREM2hi macrophages lack an inflammatory signature. In murine atherosclerotic 

plaque, foamy macrophages (TREM2hi) demonstrated a dramatically reduced 

expression of inflammatory genes such as IL-1b and TNF-a compared to intimal non-
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foamy macrophages (Kim et al., 2018). Parallel to these findings, foam cells derived 

from peritoneal macrophages have also shown to exhibit a so called ‘deactivated’ 

phenotype with a suppression of pro-inflammatory genes (Spann et al., 2012). An 

additional interesting observation of these intimal foam cells was the expression of 

genes associated with osteoclastogenesis suggesting a role of TREM2hi macrophages 

in atherosclerotic lesion calcification (Cochain et al., 2018). There are a number of 

studies that have highlighted the importance of TREM2 expression in driving lipid 

homeostasis in macrophages and its role in acting as a key regulator in foam cell 

formation (Jaitin et al., 2019, Damisah et al., 2020). Deletion of TREM2 was associated 

with enhanced foam cell death and reduction in plaque size, suggesting TREM2 poses 

as a potential therapeutic target in the treatment for atherosclerosis (Patterson et al., 

2023). These findings have raised the question as to whether foam cells themselves 

are actively pro-inflammatory in nature or whether they require external cross-cellular 

signalling in order contribute to inflammation during atherosclerosis disease 

progression.   

The major disadvantage of these transcriptomic studies is the fact that they 

have merely captured a single snapshot of plaque at a given point in time and have 

failed to capture the cellular composition of plaque and the genomic profile of foam 

cells at different stages of disease. Although interestingly Dib et al, recently discovered 

an additional population of lipid associated macrophages in plaque that express high 

levels of perilipin-2 (PLIN2) and TREM1 (PLIN2hi/TREM1hi). In contrast to TREM2hi 

foamy macrophages, these PLIN2hi/TREM1hi population exhibit a transcriptional 

signature that is associated with lipid accumulation and inflammation and likely 

contribute to atherogenic monocyte recruitment due to increased expression of 
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chemokines CCL2 and CCL7. They demonstrated in this study that in fact the 

commonly identified TREM2hi foam cells are not in a static transcriptional state but can 

transition towards a PLIN2hi/TREM1hi pro-inflammatory phenotype and that this 

transition is triggered by TLR2 signalling (Dib et al., 2023). Thus, it is likely that cellular 

cross talk between cells within plaque may trigger the release of intrinsic TLR2 ligands 

that facilitate switching of anti-inflammatory TREM2hi foam cells into an activated pro-

inflammatory state (PLIN2hi/TREM1hi). Such ligands may include modified lipoproteins 

that can be recognised by TLR2 and TLR4 and have been shown to contribute to foam 

cell formation (Seimon et al., 2010, Stewart et al., 2010). To conclude, it is evident that 

the characterisation and identification of foam cells is more complex than expected, 

since they exhibit multiple activation states that is driven by endogenous signals within 

plaque and this is not only dependent on plaque localisation but also the stage of 

disease progression. 

 

1.6. Polyunsaturated fatty acids (PUFAs) and their role in inflammation 

1.6.1. Omega-6 and omega-3 PUFAs 

Polyunsaturated fatty acids (PUFAs) are essential lipids that from an integral 

component of membrane phospholipids and are precursors to a pool of bioactive lipid 

mediators that modulate inflammatory processes within the body. Among the most 

studied are the omega-3 PUFAs that include eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) as well as omega 6 PUFAs including arachidonic acid 

(ARA) (Calder and Grimble, 2002, Michalak et al., 2016). Due to the body’s inability to 

synthesise these lipids in the body, they are obtained naturally from dietary sources 
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rich in linoleic acid and a-linoleic acid. Via a series of elongation and desaturation steps 

linoleic acid is converted to ARA, and a-linoleic acid to EPA and DHA (Dyall, 2017). 

PUFAs are notable for their ability to modulate immune cell function by giving 

rise to both pro-inflammatory and anti-inflammatory eicosanoids which are metabolised 

by key enzymatic pathways including cyclooxygenase (COX), lipid oxygenase (LOX) 

and cytochrome P450 (CYP450) (Dyall et al., 2022). The metabolism of omega-6 

PUFAs, like ARA predominately result in the synthesis of pro-inflammatory metabolites 

including prostaglandins (PG), thromboxanes (TX) and leukotrienes (LT) which are 

generated in a cell-specific manner. Macrophages are a major source of prostaglandins, 

prostaglandin E2 (PGE2) and prostaglandin F2 (PGF2) which are both associated with 

systemic inflammation and vascular dysfunction (Calder and Grimble, 2002). Enhanced 

PGE2 was linked with increased IL-6 production in murine models of chronic inflammation, 

and similarly PGF2 production can stimulate release of IL-1b and TNF-a, promoting 

increased leukocyte recruitment to sites of inflammation (Williams and Shacter, 1997, 

Hinson et al., 1996, Anderson et al., 1996, Pang and Knox, 1997).  Additionally, LTs such 

as LTB4 are widely known for their pro-inflammatory activities, including enhanced 

chemotaxis, cytokine production and activation of the inflammasome (Gagnon et al., 1989, 

Salina et al., 2020). Excessive amounts of omega-6 PUFA intake observed in modern 

western diets can ultimately drive low-grade inflammation and endothelial activation that 

contribute to development of chronic inflammatory diseases such as atherosclerosis 

(Dyall, 2017, DiNicolantonio and O'Keefe, 2018).  

On the other hand, omega-3 PUFAs (EPA and DHA) derived from fish oil are 

precursors to anti-inflammatory mediators including SPMs such as resolvins, protectins 

and maresins and increased intake in omega-3 PUFAs have shown to suppress pro-
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inflammatory effects and improve prognosis of numerous chronic inflammatory diseases 

(Grimble et al., 2002, Adkins and Kelley, 2010, Sethi et al., 2002, Kromhout et al., 1985, 

Mason et al., 2020). Several randomised control trials and epidemiological studies 

including the more recent Reduction of Cardiovascular Events with EPA Intervention Trial 

(REDUCE-IT) have shown evidence of a protective effect of omega-3 PUFAs in 

cardiovascular disease (He et al., 2004, Bucher et al., 2002, Yokoyama et al., 2007a, Bhatt 

et al., 2019, Sekimoto et al., 2023). Results from such studies have revealed an inverse 

relationship with coronary heart disease and overall sudden death in cardiovascular 

disease patients. However, not all studies agree with these findings and contradictions in 

results maybe be due to discrepancies in age and dosage administered to individuals 

across these studies (Jialal et al., 1999, Leng et al., 1998).  

Although structurally similar, both EPA and DHA exhibit distinct physical and 

chemical properties. EPA monotherapy demonstrated a reduced the risk of nonfatal 

cardiovascular endpoints compared to EPA and DHA in combination or DHA alone (Khan 

et al., 2021). Additionally, EPA prevented endothelial dysfunction and stabilisation of 

plaque in Apoe-/- mice (Omura et al., 2001, Matsumoto et al., 2008). The precise 

mechanism of omega-3 PUFAs in cardiovascular disease is not entirely elucidated. 

However, several in vivo and in vitro research studies provide insight into possible 

mechanisms of action. Whilst DHA may be particularly effective in decreasing endothelial 

adhesion molecule expression, EPA was shown to inhibit the transformation of 

macrophages into foam cells in high fat diet fed mice (De Caterina et al., 1995, Nagatake 

et al., 2021). In another study, EPA was able to stimulate ABCA1-mediated cholesterol 

efflux from both human and murine macrophages in vitro (Dakroub et al., 2021, Moss et 

al., 2016). These findings suggest that a potential method utilised by EPA in protecting 

against cardiovascular disease may be through the inhibition of foam cell formation. Both 
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EPA and ARA competitively bind COX and LOX enzymes as a substrate to generate lipid 

metabolites, therefore the increased availability of EPA promotes the shift towards anti-

inflammatory, pro-resolving lipid mediator generation. Hence, the overall ratio of omega-3 

to omega-6 PUFA intake in the diet can influence the susceptibility to various chronic 

inflammatory disease (Dyall, 2017, DiNicolantonio and O'Keefe, 2018).  

1.6.2. Specialised pro-resolving mediators (SPMs) 

Resolution is identified as a critical stage during inflammation for the cessation 

of an acute inflammatory response and unresolved inflammation is the underlying 

cause for the onset of many chronic inflammatory diseases. Lipid metabolites derived 

from omega-3 PUFAs play an integral role during inflammatory resolution and 

modulating leukocyte behaviours. The use of liquid chromatography tandem mass 

spectrometry (LC-MS/MS) analysis over recent years has enabled the identification of 

SPMs which are a novel class of bioactive lipid mediators that are biosynthesised 

during inflammatory resolution. They are classified into four main groups: lipoxins, 

resolvins, maresins and protectins. The precursors for resolvins, maresins and 

protectins are the omega-3 PUFAs, EPA and DHA whereas lipoxins are generated 

from omega-6 PUFA, ARA. Functionally these SPMs are not immunosuppressive but 

actively regulate inflammation by reducing neutrophil infiltration, pro-inflammatory 

cytokine production and stimulating macrophage-mediated phagocytosis for the 

clearance of apoptotic cells, all of which are key stages of resolution.  

Resolvins are generated in two structurally different forms classified as E-series 

(derived from EPA) and D-series (derived from DHA) resolvins. Resolvin E1 (RvE1) is 

associated with neutrophil transmigration and has been implicated as being athero-

protective in murine models of cardiovascular disease (Serhan et al., 2000, Keyes et 
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al., 2010).  Resolvin E2 (RvE2) is another member of the E-series resolving family, that 

decreases zymosan-induced neutrophil recruitment and is also secreted by apoptotic 

neutrophils during inflammatory resolution (Tjonahen et al., 2006, Dalli and Serhan, 

2012).  Apoptotic neutrophils also secrete RvD1, a member of the D-series of resolvins 

that demonstrates reduced pro-inflammatory cytokine production in peritoneal 

macrophages and stimulates M2 macrophage marker expression (Dalli and Serhan, 

2012, Titos et al., 2011). A study has shown that RvD1 administration was able to 

promote plaque stabilisation by increasing the fibrous cap in Ldlr-/- mice. They also 

showed that a dysfunctional balance in pro-inflammatory and pro-resolving lipid 

mediators greatly impacts the stability in atherosclerotic lesions (Fredman et al., 2016).  

The protectin family is predominantly biosynthesised from DHA and produced 

by macrophages and eosinophils. Neuroprotection D1 (NPD1) for example is 

associated with increased brain cell survival by promoting neuro-protective gene 

expression programs (Bazan, 2009). A recently discovered member of the protectin 

family, protectin-conjugates in tissue regeneration 1 (PTCR1), is implicated in 

ameliorating LPS-induced inflammation and multiple organ damage in a model of acute 

inflammation (Liu et al., 2020). Its expression is enhanced during inflammatory 

resolution, particularly in M2 macrophages where its expression is elevated compared 

to the M1 phenotype (Ramon et al., 2016). Maresins are also found to be enriched in 

macrophages and MaR1 in particular is found enriched in M2 macrophages where it 

contributes to macrophage efferocytosis and its tissue regeneration capabilities (Liu et 

al., 2022c). The role MaR1 in atherosclerosis has also been explored showing reduced 

TNF-a mediated monocyte adhesion and production of ROS (Chatterjee et al., 2014).  



 52 

Whilst resolvins, protectins and maresins are derived from omega-3 PUFAs, 

lipoxins are biosynthesised from omega-6 PUFA, AA (Spite et al., 2014). In resolving 

inflammatory exudates, there is a switch in the production of pro-inflammatory 

leukotrienes and prostaglandins to that of lipoxins and other SPMs (Serhan et al., 

2008). Inflammatory eicosanoids PGD2 and PGE2 initiate production of lipoxins such 

as lipoxin A4 (LXA4) during the resolution phase which signals to halt neutrophil 

infiltration to the site of inflammation (Serhan, 2005, Levy et al., 2001). Collectively, 

SPMs are potent lipid mediators that are active in the low picomolar and nanomolar 

range which open up novel avenues for the development of treatment strategies for 

chronic inflammatory diseases such as atherosclerosis where macrophages and lipid 

metabolism play a dominant role in disease manifestation. 
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1.7. Project aim 

Macrophages and foam cells play an integral role in the pathogenesis of 

atherosclerosis, where they exist as a spectrum of different inflammatory and activation 

states.  However, till today the characterisation of foam cells remains an active debate 

due to overlapping markers with other immune cells. Their functional properties are 

also uncertain due to conflicting evidence shown in recent transcriptomic studies as 

well as the technical difficulties associated with carrying out functional assays with 

foam cells in vitro.  Whilst extensive studies have looked at the role of monocytes and 

macrophages in atherosclerosis, no studies to date have looked specifically at 

monocyte subsets and their impact on foam cell phenotypes during differentiation.  

It was hypothesised that the distinct inflammatory characteristics which 

monocyte subsets exhibit would result in various foam cell phenotypes following 

differentiation of each monocyte subtype.  

Therefore, the main aims of this study involved the following:  

1. To investigate the phenotypic characteristics of foam cells by utilising flow 

cytometry since limited studies have been used looking at extensive multi-colour 

flow panels for human monocyte-derived foam cells.  

2. Utilise transcriptomic analysis using bulk RNA sequencing and spatial 

transcriptomics in order to identify differences in the genetic profile of foam cells 

derived from different monocyte subsets and how their gene profile varies with 

disease severity and localisation.  
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3. To identify potential mediators that may drive the functional pro-inflammatory 

characteristics of foam cells via cellular crosstalk with vascular endothelium 

using in vitro co-culture based assays. 
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Chapter 2. MATERIALS AND METHODS 

2.1. Ethical approval 

All blood samples were obtained from healthy donors only which were required 

to be over the age of 18. Informed written consent was provided by all participants 

before collection of samples which was approved by the University of Birmingham local 

ethics committee (ERN_12-0079C).  

2.2. Isolation of peripheral blood mononuclear (PBMCs) cells and 

neutrophils from whole blood 

Human blood was collected in 9ml EDTA coated Vacuette® tubes (Greiner Bio-

one) using the vacutainer blood collection set (BD Biosciences) via venepuncture. 

Peripheral blood mononuclear cells (PBMCs) and neutrophils were isolated from whole 

blood via density gradient separation. In a round bottom polypropylene tubes (Appleton 

woods), 2.5ml of Histopaque 1077 (Sigma Aldrich) was gently layered over 2.5ml of 

Histopaque 1119 (Sigma Aldrich) using a mixing needle (Henleys) and syringe. Whole 

blood (5ml) was then layered on top of the Histopaque 1077 and centrifuged at 800 g 

for 45 minutes at room temperature (RT) with no brake or acceleration. 

The PBMC buffy coat located between the plasma layer and neutrophil layer 

was collected using pasture pipettes and diluted up to 15ml with ice cold MACS buffer 

(phosphate buffer solution without Ca2+ and Mg2+ (PBS -/-, Sigma Aldrich), 2mM (v/v) 

ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich) and 0.5% (v/v) bovine serum 

albumin (BSA, Gibco). PBMCs were centrifuged at 300 g for 5 minutes to wash out the 
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density gradient before being resuspended in 1ml MACS buffer for cell counts which 

were performed using the Cellometer Auto T4 (Nexcelcom Bioscience). 

Neutrophils were collected at the interface between Histopaque 1077 and 

Histopaque 1119 using a pasture pipette and transferred to a 15ml centrifugation tube. 

Neutrophils were topped up to 10ml with RT PBS with Ca2+ and Mg2+ (PBS +/+) for 

washing and centrifuged 300 g for 5 minutes. Cell pellets from each tube were pooled 

into a single 15ml tube using gentle pipetting to avoid activation and washed again in 

10ml PBS (+/+) by centrifugation. PBS was aspirated and the cell pellet was 

resuspended in 1ml Ack lysing buffer (Gibco) for 2 minutes at RT to lyse red blood 

cells. Lysis buffer was then diluted with PBS (+/+) to 15ml and centrifuged at 300 g for 

5 minutes. Following centrifugation, cells were resuspended in 1ml PBS (+/+) to 

perform cell counts. Neutrophils were observed under the microscope to ensure cells 

were not activated which was indicative by a circular morphology.  

2.3. Monocyte isolation 

CD14+ (mixed monocytes), CD14+CD16- (classical), and CD14+CD16+ (non-

classical/intermediate) monocyte subsets were separated from PBMCs extracted from 

whole blood (see section 2.2) from healthy human donors (consented). Purification of 

monocyte subset isolation were all determined using flow cytometry analysis using 

CD14 and CD16 fluorescently conjugated antibodies as well as Zombie aqua fixable 

viability dye (Biolegend) to exclude dead cells (Table 2.1). 

2.3.1. CD14+ mixed monocyte isolation 

For mixed monocyte isolation PBMCs were counted and resuspended in MACS 

buffer at a volume of 80ul per 107 cells followed by the addition of CD14 human 
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microbeads (Miltenyi) at 20ul per 107. Suspended cells were incubated at 4°C for 20 

minutes before being positively selected using magnetic LS columns (Miltenyi) 

according to manufacturer’s instructions. Briefly, LS columns were washed first with 

2ml MACS buffer and cells were added directly to the column followed by three 

consecutive 1ml wash steps with MACS buffer. The negative fraction was discarded 

and positively selected CD14+ monocytes were eluted from the column using 5ml 

MACS buffer and plunger. Monocytes were centrifuged and resuspended in 1ml MACS 

buffer to carry out cell counts.  

2.3.2. CD14+ CD16- monocyte isolation 

CD14+CD16- monocytes were isolated from PBMCs by first labelling PBMCs 

with CD16 human microbeads (Miltenyi) in MACS buffer at a concentration of 50µl per 

50 x106 cells for 20 minutes at 4°C to deplete CD16+ cells by passing them through a 

magnetic LD column (Miltenyi). LD columns were initially washed with 2ml MACS 

buffer before adding the cell suspension directly to the column. This was followed by 

two consecutive 1ml wash steps collecting all eluted CD16- cells (negative fraction). 

The CD16- cell population was then resuspended in CD14 human microbeads 

(Miltenyi) at 20µl per 107 at 4°C for 20 minutes. The cell suspension was positively 

selected using magnetic LS columns (Miltenyi) (as mentioned in section 2.3.1). The 

resulting CD14+CD16- monocyte population were centrifuged and counted.  

2.3.3. CD14+CD16+ monocyte isolation 

CD14+CD16+ monocytes were isolated using the CD16+ monocyte isolation kit 

(Miltenyi) according to instructions provided. Briefly, PBMCs were resuspended in 

100µl of FCR block and 100µl of non-monocyte depletion cocktail (provided in kit) and 
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incubated at 4°C for 20 minutes. Non-monocytic cells were depleted by passing cells 

through an LD column as mentioned in section 2.3.2. The resulting flow through of cells 

were resuspended in 400µl MACS buffer and incubated with CD16 human microbeads 

(included in kit) at 4°C for 20 minutes. CD16+ monocytes were then positively selected 

using as LS column (Miltenyi) (as mentioned in section 2.3.1) and eluted using 5ml 

MACS buffer, followed by cell counting.  

2.4. Monocyte cell culture and differentiation into macrophages and foam 

cells 

2.4.1. Culture of monocyte-derived macrophages 

Isolated and counted monocytes were resuspended in pre-warmed 0.15% (v/v) 

BSA (Gibco) in RPMI (Gibco) at a concentration of 3.5 x105 cells per 500µl for a 24 

well tissue culture plate (Falcon) or 1.5 x105 cells per 200µl in 8 well µ-slide chambers 

(Ibidi). Cells were seeded per well and left to adhere to plastic for 1 hr at 37 °C and 5% 

CO2. Wells were then aspirated and replaced with fresh macrophage differentiation 

media constituting of RPMI 1640 (Gibco), 50ng/ml MCSF (Peprotech) and 10% fetal 

bovine serum (v/v) (FBS) (Sigma Aldrich) or 10% pooled human serum (v/v) (Sigma 

Aldrich) where specified. Alternatively, cells differentiated in human autologous serum 

(v/v) were cultured in M199 (Gibco), 10ng/ml epidermal growth factor (EGF) (Sigma 

Aldrich) and 10% autologous serum (v/v) from the corresponding donor which was 

heat-inactivated at 56°C for 20 minutes. Media was filter sterilised through 0.22µm 

filters. Cells were cultured 6 days with fresh media replacements every 2 days.  
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2.4.2. Polarisation of macrophages 

Following 6 days of differentiation, monocyte-derived macrophages were 

polarised in macrophage differentiation media (see section 2.4.1) with low serum (5% 

FBS) stimulated with 100ng/ml lipopolysaccharide (LPS) (Sigma Aldrich) and 20ng/ml 

IFNg (Peprotech) to induce an M1-like phenotype and with 20ng/ml interleukin-4 (IL-4) 

(Peprotech) for an M2-like phenotype. Cells cultured in unstimulated macrophage 

media were assumed to be in a resting, unpolarised macrophage state (M0).  

2.4.3. Culture and treatment of monocyte-derived foam cells 

Isolated monocytes were seeded for 1hr in 0.15% (v/v) BSA (Gibco) in RPMI 

(Gibco) at the appropriate densities in tissue culture plates as mentioned in section 

2.4.1. Media was replaced with macrophage differentiation media (see section 2.4.1) 

supplemented with oxLDL (Generon) (unlabelled or fluorescent dil-labelled), acLDL 

(Generon) or maLDL (Generon) for foam cell formation. Cells were left to differentiate 

for 6 days at 37 °C and 5% CO2 with fresh media changes every 2 days along with 

supplementation of modified LDL. Foam cell formation was determined by LDL uptake. 

Unlabelled LDL was detected via oil red o staining (see section 2.4.5) whereas 

fluorescent dil-labelled LDL was detected via flow cytometry analysis or confocal 

imaging via the PE laser.  

For treatment conditions, (in addition to modified LDL), monocytes in culture 

were treated with EPA (5-25µg/ml) (Sigma Aldrich). Treatment conditions were also 

supplemented every 2 days with LDL for each media change. All lipids were handled 

using ultra-low retention pipette tips (Fisher scientific) and glass vials (Thermofisher) 

to avoid adhesion to plastic.  
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2.4.4. Reconstitution and storage of Eicosapentaenoic acid 

Stock EPA (Sigma Aldrich) vials (10mg) were reconstituted in 330 µl of 100% 

ice-cold ethanol and vortexed thoroughly to give a final stock concentration of 100mM 

. The solution was then aliquoted into clear 300µl fixed insert glass vials 

(Thermoscientific) in 20 µl aliquots and stored under nitrogen gas to prevent oxidation. 

Briefly, a very gentle stream of nitrogen gas was flowed into each vial before 

immediately closing the vial and storing at -80°C for no longer than a month.  

2.4.5. Oil red O staining 

Oil red O stock solution was prepared from 3% (1.5g) (w/v) Oil Red O powder (Sigma 

Aldrich) dissolved in 100% isopropanol (50ml) and left to incubate overnight. The next 

day the Oil Red o stock solution was filtered through Whatman paper using a funnel. 

Stock solutions were kept at room temperature in the dark for up to 1 year.  

Before staining a working solution of Oil Red o was prepared by diluting the 

required volume of Oil Red o stock solution 2:5 in ddH2O which was filtered through a 

0.22µm filter. Cultured macrophage and foam cells (in 24 well tissue-culture plates) 

(see section 1.3 for macrophage and foam cell culture) were initially washed with PBS 

(+/+) followed by fixation in 300 µl 2% (v/v/) formaldehyde solution for 20 minutes at 

RT. Fixative was aspirated and wells were washed twice with ddH2O before adding 

300 µl of 60% isopropanol solution (prepared using 100% (v/v) isopropanol diluted in 

ddH2O) for 30 secs. The isopropanol solution was discarded and replaced with 300 µl 

of Oil Red O working solution. The plate was gently rotated for even distribution and 

incubated in the dark at RT for 20 minutes. The Oil Red O solution was aspirated, and 

wells were washed for an additional 30 secs with 60% (v/v/) isopropanol, followed by 
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rinsing of wells with 300 µl ddH2O three times to remove excess staining. Finally, cells 

were kept in 500 µl PBS in the dark at 4 °C until ready for imaging. Oil Red O staining 

was detected using the fluorescent Cy5 l laser on the EVOS (Thermofisher) 

microscope.  

2.4.6. Analysis of uptake of oxLDL (dil-oxLDL) 

Analysis of fluorescently labelled dil-oxLDL was performed using ImageJ 

software whereby channels were split into single colours and the raw integrated density 

was measured for each confocal microscopy image in the red channel. Then the raw 

integrated density was divided by the number of cells per field of view in each image 

determined using DAPI stain in the blue channel to obtain a reading for ‘integrated 

density per cell’. The integrated density per cell was then averaged over 5 images to 

obtain a final reading per well.  

2.4.7. Macrophage dissociation 

Macrophages in each well were initially washed with PBS (-/-). Adherent 

macrophages were detached using either Accutase (10 minutes at 37°C; Gibco), 

Trypsin (10 minutes at 37 °C; Gibco), Cell dissociation buffer (20 minutes at 37°C; 

Gibco), 0.05mM (v/v) EDTA (20 minutes at 37 °C, Sigma Aldrich), MACS buffer (20 

minutes at 37°C) or  RT MACS buffer (20 minutes), followed by gentle scraping using 

mini cell scrapers (Cambridge Bioscience) to fully detach cells. Cells were then washed 

in MACS buffer and resuspended in 100µl PBS (-/-) for extracellular flow cytometry 

staining of fluorescently conjugated CD206 and CD86 cell surface markers (antibodies 

listed in Table 2.2) including Zombie aqua viability dye (see section 1.4.1 for 

extracellular flow cytometry staining).  
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2.5. Flow cytometry staining and analysis 

All flow cytometry staining was performed in polypropylene FACS tubes (BD 

Biosciences) specifically designed for LSR Fortessa X-20 (BD Biosciences) 

2.5.1. Extracellular antibody cell surface staining 

Monocytes, detached macrophages and enzymatically harvested endothelial 

cells (using Accutase, see section 2.4.6) were initially resuspended in 100µl of MACS 

buffer and incubated for 10 minutes in FCR block (1:50; Miltenyi) at 4°C to prevent 

non-specific binding. Samples were topped up to 1ml with PBS (-/-) and centrifuged 

300 g for 5 minutes (with break and acceleration) for washing. Cells were then 

resuspended in 100µl PBS (-/-) along with the addition of relevant antibodies and 

viability dye at the appropriate concentrations (Table 2.1-2.3) which were incubated at 

4°C for 20 minutes in the dark. Following two further wash steps in 1ml PBS, cells were 

resuspended in 2% (v/v) formaldehyde for fixation for 15 minutes at 4°C in the dark. 

Finally, samples were washed and resuspended in 400µl PBS and were analysed 

using the 5-laser LSR Fortessa X-20 flow cytometer (BD Biosciences).  

2.5.2. Intracellular CD68 antibody staining 

For detection of intracellular markers, cells were washed twice with 1x 

permeabilisation buffer (BD Biosciences) diluted in dH2O (1:10) after fixation to 

permeabilise cells. Wash steps after fixation were performed at 400g for 5 minutes. 

Cells were then resuspended in 1ml permeabilisation buffer for 15 minutes at RT 

followed by a further wash (in permeabilisation buffer). Fixed and permeabilised cells 

were incubated with CD68 antibody (1:100) (Biolegend) (see Table 2.2) diluted in 100µl 

of permeabilisation buffer at 4°C for 20 minutes in the dark. Staining was followed by 
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two wash steps (in 1ml permeabilisation buffer) before being resuspended in 400µl 

PBS (-/-) for flow cytometry analysis.  

2.5.3. Flow cytometry staining procedure for macrophage characterisation 

Adherent macrophages were initially harvested non-enzymatically by incubating 

cells in RT MACS buffer for 20 minutes followed by gentle scraping as detailed in 

section 2.4.6. Cells were initially blocked in FCR block (Miltenyi) followed by incubation 

with primary unconjugated Clever-1/Stabilin-1 antibody (1:100) (developed in-house) 

for 20 minutes at 4°C. Following two wash steps with MACS buffer, secondary anti-

mouse Alexa-fluor 700 IgG1 (Biolegend) was added for a further 20 minutes at 4°C. 

After two additional washing steps, the cells were incubated in PBS (-/-) with the rest 

of the extracellular conjugated antibodies or relevant isotype controls, along with a 

viability dye listed in Table 2.2 for 20 minutes at 4°C in the dark. This was followed by 

cell fixation as mentioned in section 2.5.1. Finally, cells were permeabilised and 

stained for intracellular marker CD68 as detailed in section 2.5.2. 

2.5.4. Flow cytometry analysis 

Samples for flow cytometry analysis were acquired on the 5-laser LSR Fortessa 

X-20 flow cytometer (BD Biosciences) using FACSDiva (BD Biosciences) software to 

set up gating strategies. Data was exported from FACSDiva and imported into FlowJo 

(Version 10.8.1) software for analysis. Cells were detected based on size and 

granularity based on forward scatter (FSC) and side scatter (SSC) plots followed by 

doublet exclusion. Dead cells were excluded via positive staining for viability dye 

Zombie aqua. Subsequently, median fluorescence intensity (MFI) values and 
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percentage frequency of markers detected on each fluorescent channel was exported 

into a table and plotted on graph pad prism software.  
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Table 2-1 Flow cytometry antibody panel 

Target Fluorophore Clone Manufacturer Dilution Cat no: 
CD68 (intracellular) APC Y1/82A Biolegend 1:100 333810 
CD80 BV786 L307.4 BD Biosciences 1:50 564159 
CD86 BV605 IT2.2 Biolegend 1:50 305429 
CD11c PerCP-efluor 710 3.9 Thermofisher  1:100 46011642 
CD36 BUV395 CB38 BD Biosciences 1:100 565422 
Mertk PE 590H11G1E3 Biolegend 1:100 367607 
MHC II FITC L243 Biolegend 1:100 307604 
CD204 BV421 U23-56 BD Biosciences 1:100 742438 
CD206 PE-cyanine 7 15-2 Biolegend 1:100 321123 
Zombie aqua dye BV510 - Biolegend 1:400 423101 
StabilIn-1 (Primary) Unconjugated - In-house 1:100 - 

-  AF700 (Secondary) RMG1-1 Biolegend 1:100 406631 
CD14 PE-Texas Red TuK4 Life technologies 1:50 MHCD1417 
CD16 FITC 3G8 Biolegend 1:50 302006 
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Table 2-2 Isotype controls for flow cytometry panel 

Isotype Fluorophore Clone Manufacturer Dilution Cat no: 
IgG2b k APC MPC-11 Biolegend 1:400 400321 

IgGk k BV786 X-40 BD Biosciences 1:50 563330 

IgG2b k BV605 MPC-11 Biolegend 1:50 400349 
IgG1 k PerCP-efluor 710 P3.6.2.8.1 Thermofisher  1:100 46471482 

IgM k BUV395 G155-228 BD Biosciences 1:100 563866 

IgG1 k PE P3.6.2.8.1 Thermofisher  1:100 12471441 
MHC II FITC MOP3-173 Biolegend 1:250 400208 

IgG1 k BV421 X40 BD Biosciences 1:100 562438 

IgG1 k PE-cyanine 7 MOPC-21 Biolegend 1:100 400125 
IgG1  AF700 (Secondary) RMG1-1 Biolegend 1:100 406631 
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2.6. Detection of protein in culture supernatants 

2.6.1. Enzyme-linked immunoassay (ELISA) 

To detect TNFa and IL-10 levels in macrophage and foam cell culture 

supernatants, the human TNFa and IL-10 DuoSet ELISA kits (Biotechne) was used 

according to manufacturer’s instructions. The Ancillary reagent kit 2 (Biotechne) was 

used for supplemental supplies to perform the ELISAs. Supernatants were clarified by 

centrifuging at 1000g for 10 minutes to remove cellular debris before use. In brief, 96 

well microplates were coated with capture antibody overnight. The next day wells were 

blocked with reagent diluent for 1 hour followed by three wash steps in wash buffer. 

Standards and supernatant samples were then incubated in coated plate for 2 hours 

at RT. Wells were washed and incubated with detection antibody for 2 hours at RT 

followed by further wash steps and addition of Streptavidin-HRP solution for 20 

minutes in the dark. The wells were washed a final time, and this was followed by a 

further 20 minutes incubation in substrate solution at RT in the dark before stop solution 

was added and the plate was analysed using the Synergy HT plate reader (BioTek) at 

450nm.   

2.6.2. Cytokine array 

Monocyte, macrophage and foam cell supernatants were screened for 

cytokines using a cytokine array analysis according to manufacturer’s instructions 

(Abcam). Briefly, cytokine membranes were blocked for 30 minutes followed by 

incubation with pooled supernatant samples (pooled from 6-8 experiments) overnight 

at 4 °C with gentle rotation. The next day, membranes were washed with wash buffer 
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and incubated with biotin-conjugated anti-cytokine cocktail (1:2000 dilution) for 2 hrs 

at RT under gentle rotation. Membranes were washed once again and Streptavidin-

HRP (1:1000) solution was added to the membranes for 2 hrs under gentle rotation. 

Following, final wash steps, detection buffer was added to the membranes for 2 

minutes at RT. Excess detection buffer was removed and membranes were exposed 

using the Odyssey Fc imaging system (Li-Cor Biosciences). Densitometry analysis 

was performed using ImageJ to quantify cytokine intensity.  

2.7. In vitro static transmigration assay 

2.7.1. Expansion and cryopreservation of endothelial cell  

Human dermal blood endothelial cells (HDBEC; Promocell) stock vials were 

initially thawed at 37°C in a water bath and transferred to a T25 tissue culture flask 

(Falcon) containing prewarmed Endothelial Cell Basal Medium MV (Promocell) 

supplemented with Foetal calf Serum (FCS; 5%, v/v), Endothelial Cell Growth 

Supplement (ECGF; 0.4%, v/v), Epidermal Growth Factor (EGF; 10ng/ml) and 

Hydrocortisone (1µg/ml) (provided in media supplement pack; Promocell). Cells were 

allowed to reach 90% confluency before expanding through 4 passages followed by 

freeze down in Cryo-SFM freezing media (Promocell) and storage in liquid nitrogen. 

2.7.2. Endothelial cell culture 

Cryopreserved HDBEC (Promocell) stored at passage 4 were defrosted at 37 

°C in a water bath and transferred to a T25 tissue culture flask containing prewarmed 

complete HDBEC media consisting of Endothelial Cell Basal Medium MV (Promocell) 

supplemented with FCS (5%, v/v), ECGF (0.4%, v/v) and Epidermal Growth Factor 

(EGF; 10 ng/ml) (provided in media supplement pack; Promocell) without 
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Hydrocortisone. Cells were left to culture at 37 °C with 5% CO2 for 48 hrs to reach 90% 

confluency before seeding. 

For seeding in 12 well tissue culture plates, HDBEC (in T25 flask) were washed 

with warm 0.5 mM (v/v) EDTA followed by enzymatic detachment using 0.05 % (v/v) 

Trypsin (Gibco) for 1 min at 37 °C. Cells were allowed to full detach by gently tapping 

the flask. Neutralisation media composed of Medium-199 (M199; Gibco) and 20% (v/v) 

FBS was quickly added to neutralise the Trypsin. Cells were transferred to a 15 ml 

centrifuge tube and centrifuged 300g for 5 minutes. Media was aspirated and cells 

were resuspended in 1ml complete HDBEC media (Promocell) for cell counting. 

Volume of media was adjusted to give a final concentration of 2 x105 cells/ml which 

was added per well of a 12 well tissue culture plate. HDBEC were allowed to form a 

monolayer for 24 hrs prior to stimulation the next day incubated at 37 °C with 5% CO2.  

2.7.3. Preparation of macrophage and foam culture supernatants of 

endothelial cells stimulation 

Macrophage and foam cells were generated in 24 well tissue culture plates as 

mentioned previously in section 2.3. After 6 days of differentiation wells were washed 

three times with warm RPMI 1640 (Gibco) to remove excess modified LDL and 

replaced with fresh macrophage differentiation media (see section 2.3.2). Cells were 

left to culture for a further 24 hrs at 37 °C with 5% CO2. 

2.7.4. Endothelial cell stimulation 

For HDBEC stimulation, existing media was aspirated from each well (cultured 

for 24 hrs) and replaced with cell supernatants generated from macrophage and foam 

cell cultures in section 1.8.3. Macrophage differentiation media only was used as a 
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negative control whereas TNF-a (100U/ml; Biotechne) was used as a positive control. 

HDBEC was stimulated for 4 hrs at 37 °C with 5% CO2. before performing static 

transmigration assays.  

2.7.5. Static transmigration assay 

During HDBEC stimulation, neutrophils were isolated from whole blood from 

healthy donors as previously described (see section 2.2) and resuspended in warm 

0.15% (v/v) BSA in M199 at a concentration of 1x106 cells/ml. Following the 4 hr 

timepoint for stimulation, each well of HDBEC was washed twice with warm 0.15% 

(v/v) BSA in M199 followed by the addition of 1x106 neutrophils per well. Immediately, 

cells were left to incubate undisturbed at 37 °C with 5% CO2 for 7 minutes to allow for 

cell adhesion and transmigration. For imaging, wells were then washed twice to 

remove unbound neutrophils and fixed in 2% (v/v) glutaraldehyde (Sigma Aldrich) 

solution prepared in ddH2O for 10 minutes at room temperature. The glutaraldehyde 

was aspirated, and each well was washed twice before imaging in PBS (+/+). Images 

were taken at five different fields of view using a phase contrast Olympus IX70 

microscope (Olympus) at x20 magnification. Images were analysed based on cell 

adherence and transmigration. Total adhered cells were calculated and expressed as 

cells per mm2 and transmigrated cells as a percentage of total adhered neutrophils 

(Figure 2-1).  

2.7.6. Dissociation of endothelial cells for staining 

For flow cytometry staining of HDBEC prior to detachment from plastic, wells 

were washed with warm PBS (+/+) (after the 7 minutes transmigration incubation 

period) and incubated with 200µl FCR block (1:5) diluted in PBS (+/+) for 10 minutes 
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for blocking. Fluorescently conjugated antibodies for VCAM-1, ICAM-1, E-selectin and 

viability dye Zombie aqua (Table 2.1) was then added directly to the wells containing 

FCR block solution and were left to incubate at 4°C for 20 minutes in the dark. Contents 

of the well was then transferred to labelled FACS tubes (Falcon) and immediately 

Accuatase (Gibco) solution was added to each well and left to incubate at 37 °C for 2 

minutes. Accutase was neutralised with PBS (-/-) and pipetted up and down gently to 

detach stained HDBEC from plastic. Detached cells were transferred to corresponding 

FACS tubes and centrifuged 300g for 5 minutes. Cells pellets were aspirated and 

washed twice in PBS (-/-) before fixing in 2% (v/v) formaldehyde solution for 15 

minutes. Following additional wash steps, cells were resuspended in 400µl PBS (-/-) 

before analysis was performed on the LSR Fortessa X-20 (BD Biosciences).  

 

 

 

 

 

 

 

 

 

 

  

Figure 2-1: Analysis of adhered and transmigrated neutrophils in static migration 
assays.  

In each well five random fields of interest were imaged using a phase contrast 
microscope and cells were quantified based on their appearance being phase bright 
considered (circled in blue) as adhered of phase dark being transmigrated cells (circled 
in yellow).  
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2.8. Co-culture assays 

2.8.1. Monocyte culture and differentiation in transwell inserts 

CD14+CD16- monocytes were isolated from PBMCs (as mentioned in section 

1.2 and 1.3) and seeded on the inside of 24 well, 0.4µm pore, high density transwell 

inserts (Falcon) placed into each well of a 24 well tissue culture plate. Cells were 

seeded at 1.5 x 105 cells per 200µl in macrophage differentiation media supplemented 

with unlabelled oxLDL (Generon) for foam cell formation. A further 400µl of media was 

placed at the bottom of the transwell insert. Monocytes were left to differentiate for 6 

days at 37°C in 5% CO2 with media changes every two days on both top and bottom 

of the transwell.  

2.8.2. Seeding endothelial cells on transwell insets to establish co-cultures 

HDBEC was trypsinised from T25 flasks and counted as described previously 

(see section 1.9.2). Cells were resuspended in complete HDBEC media without phenol 

red (Promocell). Following 6 days of monocyte differentiation, transwell inserts were 

washed in warm PBS (+/+) three times (both top and bottom) before inverting and 

seeding 0.6 x 105 HDBEC on the top of each transwell insert for 45 minutes in a sterile 

humidified chamber at 37°C in 5% CO2. Following HDBEC adhesion, transwell inserts 

with co-cultured cells were placed into fresh 24 well tissue culture plates (Falcon) 

containing complete HDBEC media without phenol red (Promocell) both top and 

bottom of the inserts and were left to culture for 24 hours at 37°C in 5% CO2. 

2.8.3. Sample collection of lipidomic analysis 

Following 24-hour co-culture of macrophage/foam cell and endothelial cells, 

supernatants were collected and centrifuged at 1000g for 10 minutes to remove cellular 
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debris. Supernatants were then transferred to cryovials and snap frozen in liquid 

nitrogen along with individual transwell inserts. Vials and transwells were stored at -

80°C for storage until analysis.  

2.8.4. Immunofluorescence staining of transwell filters 

To detect HDEBC monolayer formation, transwells were washed in PBS (+/+) 

and fixed with 2% (v/v) formaldehyde for 15 minutes at RT. Using a disposable scalpel 

(Swann-Morton, transwell filters were gently cut out and placed on a glass microslide 

(HDEBC facing up) and blocked with 1% (v/v) BSA (Gibco) in PBS solution (PBSA) for 

30 minutes. The filter was then incubated for 30 minutes with anti-human CD31 

antibody (1:100) conjugated to PE (Biolegend) diluted in PBSA. Slides were washed 

three times and mounted with Vectorshield Antifade Mounting Media with DAPI (Vector 

Laboratories) with a glass coverslip sealed with clear nail varnish, ready for imaging 

using the LSM 780 Confocal microscope (Zeiss).  

 

2.9. Lipidomics 

LC-MS/MS analysis was performed at Queen Mary University of London in 

Professor Jesmond Dalli’s lab. All samples for LC-MS/MS analysis were extracted 

using solid phase extraction (SPE) columns. Initially frozen co-culture supernatants 

were thawed on ice followed by the addition of 2ml methanol to 1ml of each sample in 

a falcon tube.  Deuterium- labelled internal standards were also added to each sample 

which were placed at -20°C for 45 mins to allow them to precipitate. Samples were 

then centrifuged at 3000g for 5 mins and supernatants were collected in glass vials 

and transferred to the TurboVap Evaporator to evaporate methanol to less than 1ml 
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using nitrogen gas in order to limit oxidation of lipid mediators. Evaporation was 

performed in a 37°C water bath with a nitrogen gas flow rate set to no more than 15 

psi. Supernatants were centrifuged again at 3000g for 5 mins at 4°C to be ready for 

extraction. Samples were then diluted with acidified ddH2O and loaded onto C18 SPE 

columns which were washed with neutral ddH2O and hexane. Methyl formate was 

added to each column to elute the samples which were dried with a stream of nitrogen 

gas followed by resuspension in 50ul of methanol and ddH2O at a 1:1 ratio. Samples 

were centrifuged 3000g for 5 mins and supernatants were collected and transferred to 

1.5ml Eppendorf tubes. Tubes were centrifuged again at 17, 000g for 5 mis and 

supernatants transferred to glass vials ready for LC-MS-MS profiling.  

For lipid mediator profiling the QTrap 5500 (Sciex) LC-UV-MS/MS system was 

used equipped with the Agilent HP1100 binary pump and diode-array detector. 

Calibration curves were obtained using authentic lipid mediator mixtures. 

Quantification was carried out based on peak area of the multiple reaction monitoring 

(MRM) transition and calibration curve for each compound. All data analysis was 

carried out using Analyst Quantitative tool.  

 

2.10. Real-time quantitative polymerase chain reaction (RT-qPCR) 

2.10.1. RNA extraction 

RNA extraction from monocytes and cultured macrophages and foam cells were 

performed using the RNeasy kit (Qiagen) according to manufacturer’s instructions. 

RLT lysis buffer was added to cell pellets or directly to cultured cells in wells before 

scraping and transferring to RNAase free eppendorf tubes. Cell pellets were thoroughly 
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vortexed before adding 70% (v/v) ethanol to each sample. Samples were then 

transferred to RNA easy spin columns and centrifuged at 8000g for 1 minute. All 

centrifuge steps were performed at this speed unless indicated. Flow through was 

disposed and RW1 buffer was added to each column and centrifuged again. Each 

sample was then incubated with DNase solution (1 part DNase and & parts RDD buffer; 

Qiagen) for 15 minutes at RT. RW1 solution was added again and samples were 

centrifuged followed by addition of buffer RPE and an additional spin step with flow 

through being disposed of each time. The addition of RPE was repeated and spun 

down but for 2 minutes this time. RNA easy spin columns were transferred to new 

collections tubes and spun dry for 5 minutes to dry the membrane. RNase free water 

was finally added to each column (34 µl) and ran through twice with spin steps lasting 

for 1 minutes each to elute the RNA. Quantity of was RNA was measured using the 

Nanodrop 2000. Samples were stored at -80°C until cDNA conversion.  

2.10.2. cDNA conversion 

RNA was converted to cDNA using a High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) according to manufacturer’s instructions. A 

mastermix was made up consisting of 2 µl 10x RT buffer, 2 µl 10x Random Primers, 

0.8µl of 25x dNTP mix, 3.2 µl of RNase free water and 1 µl of MultiscribeTM Reverse 

Transcriptase (Applied Biosystems) per 10 µl of RNA sample. RNAseOUT inhibitor (1 

µl) (Thermofisher) was also added to the mastermix to prevent RNA degradation. The 

reverse transcription process was performed using a thermocycler, whereby samples 

were heated 25°C for 10 minutes, 37°C for 120 minutes and 85°C for 5 minutes, before 

being held at 4°C. cDNA samples were stored -20°C until required for real-time 

polymerase chain reaction (RT-qPCR) analysis.  
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2.10.3. Quantitative RT-qPCR 

RT-qPCR for quantifying gene expression was performed in MicroAmp® Optical 

384-Well Reaction Plates (Applied Biosystems). Each reaction comprised of 5.5µl 

TaqManTM Gene Expression Master Mix, 3.9 µl of RNase free water, 0.6µl of gene 

specific TaqManTM Gene Expression Assay (FAM) primers and 0.5µl of cDNA sample 

(see section 1.13.2). Plates were sealed using MicroAmp™ Optical Adhesive Film 

(Applied Biosystems) and centrifuged 300g for 3 minutes. Quantification was 

performed using the Quant StudioTM 5 384-well Block (Thermofisher) at 50°C for 2 

minutes, followed by 95°C for 10 minutes, 95°C for 15 seconds and finally 60°C for 1 

minute for a total of 40 cycles.  

An average CT value was obtained by calculating the mean of three technical 

replicates with readings > 35 cycles being omitted from analysis. To plot relative 

expression (2- ΔCT) the ΔCt values were obtained by subtracting Ct values for 

housekeeping genes from Ct values of gene of interest. Fold change (2- ΔΔCT) was 

calculated by comparing ΔCt from experimental samples with ΔCt values from 

experimental controls.  

 

2.11. Bulk RNA-sequencing 

2.11.1. Preparation of sequencing libraries 

Following RNA isolation, RIN (RNA integrity values) were measured using the 

High Sensitivity RNA ScreenTape® (Agilent) prior to performing sequencing. RIN 

scores ranged from 1-10 with 10 being 10 being the highest integrity and 7 being the 

threshold score to carry samples forward for sequencing. All samples had RIN scores 
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>7 and were processed by University of Birmingham Genomics service. Library prep 

was performed using the Lexogen QuantSeq 3‘ mRNA-Seq Library Prep Kit FWD 

(Illumina) followed by quality checks carried out using the Agilent TapeStation DNA 

1000 tape (Aligent) and DNA HS Qubit™ (Fisher Scientific). The final RNA sequencing 

libraries were sequencing using the NovaSeq 6000 (Illumina).  

2.11.2. RNA sequencing analysis 

All sequenced data files were generated in .fastq format and quality of reads 

were checked using FASTQC packages in Rstudio. Trimming was performed using 

BBDuk to remove adapter sequences, poly A tails and low quality bases. FASTQC 

analysis was performed again post trimming to assess improvement in read quality. 

STAR aligner was used to map sequenced reads to the human genome. Prior to this, 

the genome index was generated using from the ‘Homo_sapiens.GRCh38.dna 

Subread.primary_assembly’ human genome file and corresponding annotation file, 

‘Homo_sapiens.GRCh38.101’ obtained from the ensemble website. FeatureCounts 

was then used to generate a matrix of row counts of each of the genes across all 

samples. Genes that had 5 reads or less in the analysis were eliminated.  

2.11.3. Analysis of differentially expressed genes  

Differential gene expression (DEG) and pathway analysis was all performed 

using the iDEP integrated web application for bulk RNAseq analysis. The gene counts 

table generated with featureCounts was uploaded to iDEP and subsequent 

normalisation and analysis was performed. Data was normalised using variable 

stabilising transformation (VST) and the default filter of 0.5 counts per million (CPM) 

was used to filter out genes with low read counts. DEG analysis was performed using 
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the DESeq2 package. Enrichment analysis of DEGs was performed based on Gene 

Ontology (GO) databases. All heatmaps, PCA and MA plots were generated with the 

iDEP online application. iDEP is freely accessible at: 

http://bioinformatics.sdstate.edu/idep/ 

 

2.12. Spatial transcriptomics 

2.12.1. GeoMX Whole Transcriptome Atlas (WTA) assay 

Formalin-fixed paraffin-embedded (FFPE) Human coronary artery tissue 

sections were provided by Claudio Mauro’s group, University of Birmingham. Staining 

and GeoMX WTA assay was performed at Propath UK. FFPE tissue sections were 

processed following GeoMX Digital Spatial Profiler (DSP) slide preparation user 

manual. Briefly, prior to deparaffinisation, slides were baked at 60°C for 30 mins then 

cooled to RT. Deparaffinisation and antigen retrieval was performed using the Leica 

Biosystems BOND RX system using the BOND RX version 6.0 software. In site 

hybridisation was carried out for WTA designed to target 19,505 RNA targets. For this 

200ul of hybridisation solution was added to each slide followed by the addition of a 

Grace Bio-labs HybriSlip. Slides were inserted into a hybridisation chamber and 

incubated at 37°C overnight. Stringent washes were performed in 4x SSC and 100% 

formamide. This was followed by staining for morphology markers for visualisation 

which are fluorescent antibodies against: CD31, CD45, CD4 and nuclear marker 

(SYTO83-AF532). Once stained and probed with WTA reagents, slides were loaded 

into the GeoMX DSP machine to be scanned and ROIs were selected. Slides were 

scanned at 20x magnification and ROIs were selected based on T cell positive areas 
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for both adventitia layer and the plaque regions as well as control non-T cell areas. 

The sequencing library was constructed by photocleavage of DNA oligos which were 

collected into 96-well plates for each area of interest (AOI) and quantified with 

Nanostring nCounter technology. PCR was performed on the collected aspirates from 

individual AOIs and purified using AMPure XP beads (Beckman Coulter). Libraries 

were sequenced using the Illumina platform and Fastq files were generated for 

analysis.  

2.12.2. GeoMX RNA data quality control (QC) 

Data analysis was performed using the GeoMX Data Analysis Suite. Initially two 

rounds of QC were performed to remove data of low quality and low reads. First, 

technical QC was carried out to flag segments with less than 1000 raw reads and less 

than 80% raw reads aligned. Additionally, segments were flagged if the negative probe 

(used to measure technical background noise in WTA panel) count geomean was less 

than 10, suggesting if the background signal is too low, it may indicate that signal of 

targeted RNA probes are also too low. Segments with nuclei counts of less than 200 

were also excluded. Next, biological probe QC was performed that excluded probes 

from target count calculation in all segments if it failed the Grubbs test in >=20% of 

segments. Finally, data was filtered to keep targets with expression >=10% segments 

above threshold value which was set as being higher than the limit of quantification. If 

the value is greater than the limit of quantification, then I are confident it is expressed 

above background levels. Data was normalised using quartile 3 (Q3) normalisation 

which divides counts in a segment by the 3rd quartile value for that segment and 

subsequently multiplies that value by the geometric mean of the 3rd quartile values 

across all segments.  
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2.12.3. GeoMX DSP data analysis 

Each segment was annotated based on localisation, disease severity and 

immune infiltration. All data visualisations including heatmaps, PCA plots, box plots 

and volcano plots were generated using the GemoMX DSP data analysis suite 

software which were further modified using custom R scripts. Data was selected filtered 

based on annotated factors and further segmented based on level of CD68 and CD11c 

expression. For pathway analysis the gene set enrichment analysis (GSEA) package 

from Bioconductor was implemented using pathway groups from the Reactome 

database. Statistical analysis was performed using the linear mixed model test. 

 

2.13. Statistical analysis 

All data was plotted, and statistical analyses performed using Graphpad Prism 

software (version 8.4.2). Data are presented as ± standard error mean (SEM) unless 

otherwise stated. Differences between two groups were analysed using t-test and 

differences between more than one group using one-way anova or two way anova if 

more comparing multiple parameters. Post-hoc tests were applied to the data sets 

where appropriate and normality tests were initally performed to determine whether 

to carry out parametric or non-parametric statistical tests. In all cases a p value of 

≤0.05 was considered as statistically significant. 
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Chapter 3. IN VITRO CHARACTERISATION OF 

HUMAN MONOCYTE-DERIVED MACROPHAGES 

 

3.1. Introduction 

The generation of MDM in culture is widely used as an in vitro model for human 

macrophages. The addition of specific polarising agents can be used to model the 

various phenotypic states of macrophages which exhibit distinct characteristics based 

on surface molecule expression, gene expression and secretory profiles. More recent 

studies have demonstrated the complexity of macrophage polarisation by revealing 

additional phenotyic states that go beyond the simplified M1-M2 paradigm, which in 

fact represent two extremes of a continuous spectrum of macrophage activation states 

that are constantly changing in accordance to their environmental signals (Mosser and 

Edwards, 2008, Munoz-Rojas et al., 2021, Xue et al., 2014, Martinez and Gordon, 

2014). Thus, one can refer to the phenotypic profile to be more ‘M1-like’ or ‘M2-like’ 

depending on their functional properties at a specific point in time. It is important to 

note that these macrophage subsets often have overlapping properties and expression 

of markers, although their levels of expression may vary. 

Defining macrophage subsets can be achieved using different techniques. 

Multi-coloured flow cytometry is a particularly powerful technique that enables the  

definition and study of immune cells by detecting relative expression of multiple surface 

proteins on an individual cell at the same time (Maecker and McCoy, 2010). However, 

the characterisation of adherent cells via flow cytometry analysis is especially 
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challenging due to compromised cell membranes and poor cell yields when attempting 

to obtain single cell suspensions (Malheiro et al., 2017). Macrophages being highly 

adherent cells, in addition to being auto-fluorescent, are particularly difficult to harvest 

and assay. Hence the use of extensive poly-chromatic panels for macrophage flow 

cytometry analysis is challenging (Bourdely et al., 2022).  

In this chapter, I designed an 11-colour flow cytometry panel for the 

characterisation of human MDMs in culture. When designing multi-colour panels, it is 

important to consider the biological expression of cell surface markers for appropriate 

selection of fluorochrome conjugates and to ensure appropriate compensation 

matrices can be applied. I observed macrophage polarisation over selected time 

periods and applied our macrophage flow panel to these cells in order define the 

various macrophage subsets and verify our panel design.  
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3.2. Results 

3.2.1. Isolation and purification of monocyte subsets 

Methodological advances have enabled multiple techniques for cell purification 

from whole blood. The isolation of monocytes can be typically achieved by plastic 

adherence or more commonly, magnetic bead separation for the isolation of specific 

subsets. To isolate CD14+CD16- (classical) and CD14+CD16+ (non-classical and 

intermediate) monocyte subsets from whole blood PBMCs I used positive magnetic 

selection by using anti-CD14 and anti-CD16 microbeads which bind to cells of interest. 

Bead bearing cells are then passed through a column in a magnetic field where they 

are retained. After removal of the magnetic field, cells can be eluted form the column 

with wash buffer.  

To test eluted cells for purity, isolated monocyte subsets were stained for anti-

CD14 and anti-CD16 with fluorescently conjugated antibodies for flow cytometry 

analysis, and dead cells were excluded using zombie aqua fixable viability dye 

(Biolegend). Significant lymphocyte contamination was observed following magnetic 

bead isolation (as shown in the FSC and SSC plots in Figure 3.1A), so monocytes 

were further enriched by adherence to tissue-culture plastic, whereby non-adherent 

and non-monocytic cells were removed by washing after 1 hour of seeding prior to 

further differentiation (Figure 3.1B). Flow cytometry gating strategies confirmed higher 

levels of CD14 on the classical monocytes compared to the non-classical/intermediate 

subset. CD16 expression showed a reciprocal pattern of expression, with enrichment 

on the non-classical/intermediate population and negative expression on the classical 

monocytes as expected (Figure 3.1A and C). Generally, percentage purity levels were 

greater with classical monocyte isolation (greater than 90%) presenting with the least 
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contamination (Figure 3.1D/F). Overall, surface expression of both markers confirmed 

the identity of isolated monocyte subsets prior to further differentiation and use in in 

vitro culture assays (Figure 3.1E).  
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Figure 3-1 Purification of CD14+CD16- and CD14+CD16+ monocyte subsets 

CD14+CD16- and CD14+CD16+ monocytes were isolated via magnetic bead separation. 
(A, C) Purity of subsets were determined by flow cytometry analysis by staining with 
anti-CD14 and anti-CD16 antibodies. (B, D) For additional purification, monocytes were 
cultured on tissue culture-treated plates for 1hr to allow adhesion to plastic, followed by 
removal of non-adhesive, non-monocytic (lymphocytes) cells E) Median fluorescence 
intensity (MFI) of CD14 and CD16 antibody expression and F) frequency (%) of subsets 
was determined. Data are mean ± SEM (n=3, biological replicate). Statistical analysis 
performed using unpaired t-test, *=p<0.05. Scale bars = 200µm. 
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3.2.2. Monocyte-derived macrophage differentiation in autologous serum vs 

MCSF 

Several methods can be applied for the differentiation of monocytes to 

macrophages in vitro and these can result in various morphological differences in 

mature macrophages. Here I compared the morphology of MDMs derived using two 

commonly used methods, culture in autologous serum with recombinant human EGF 

or culture in foetal calf serum containing recombinant human MCSF and FBS, the aim 

being  to select an appropriate in vitro model for further assays that presented with 

reduced inter-donor variability in morphology.  

For in vitro monocyte differentiation, CD14+CD16- monocytes were isolated and 

differentiated to macrophages in culture for 6 days with either 10% autologous serum 

and EGF or recombinant MCSF and 10% FBS, with media replenishment and phase 

contrast images taken every 2 days (Figure 3.2). Differentiated macrophages on day 

6 were analysed for morphological differences including measurement of area (µm2) 

and circularity. I found that MCSF-differentiated macrophages had a greater surface 

area on average than those cultured in autologous serum and EGF (Figure 3.3A and 

C). The circularity index for MCSF-differentiated macrophages was also greater 

indicating that macrophages cultured in autologous serum were more elongated and 

demonstrated greater heterogeneity and irregularity in cell shape (Figure 3.3B and D). 

I also found that monocytes grown in autologous serum did not survive in culture for 

the majority of our healthy donors with significant cell death observed by day 2 and the 

cells that did survive had greater morphological variation between donors. Thus, I 

selected recombinant MCSF as our method for macrophage differentiation for all 
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subsequent work as this technique proved to be more robust in the context of cell 

survival and morphological uniformity. 
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Figure 3-2 Macrophage differentiation in autologous serum vs MCSF 

(A) Timeline of monocyte derived macrophage differentiation over the course of 6 days. 
(B) Phase contrast images showing morphology of macrophage differentiation at days 2, 
4 and 6 cultured with recombinant human EGF (10ng/ml) + 10% autologous serum or 
recombinant human MCSF (50 ng/ml) + 10% FBS (n=2). Scale bars = 200µm 
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Figure 3-3 Size and circularity index of day 6 macrophages differentiated with 
autologous serum vs MCSF 

CD14+CD16- monocytes were isolated from whole blood PBMCs and differentiated into 
macrophages for 6 days either with recombinant human EGF (10ng/ml) + 10% 
autologous serum or recombinant human MCSF (50 ng/ml) + 10% FBS. Average (A) 
Size (µm2) and (B) circularity index of macrophages at day 6 was measured from phase 
contrast images using image J for a total of 100 cells per sample from 5 different fields 
of view. (C) Frequency of distribution for size and (D) circularity index shown between 
the different culture conditions. Data are mean ± SEM (n=2, biological replicate).  
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3.2.3. Target selection for macrophage flow cytometry panel design 

To investigate the phenotype of macrophages based on their surface marker 

expression, an extended flow cytometry panel was designed targeting various markers 

with the aim of defining macrophages and their subtypes as well as measuring 

scavenger receptor expression (listed and defined in Table 3.1.) A total of 10 targets 

were selected with the addition of a viability dye to exclude dead cells to enable us to 

characterise macrophage based on their phenotypic state. The rationale for selection 

with appropriate citations are also listed in Table 3.1. 
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Table 3-1 List of targets for flow cytometry panel and functional relevance 

 

Group Target Function References 

Macrophage 
marker 

CD68 
 

A glycoprotein that is expressed highly by macrophages and functionally 
plays a role in various inflammatory and auto-immune responses 

(Chistiakov et al., 
2017) 

CD11c 
 

An integrin that promotes recruitment and migration of 
monocytes/macrophages with evidence of increased expression on 
macrophage-derived foam cells 

(Sadhu et al., 
2007) 

Scavenger 
receptors 

CD36 
 

A scavenger receptor expressed on monocyte/macrophages and is 
known to specifically bind Ox-LDL  

(Nicholson et al., 
1995) 

CD204/MSR1 
 

A scavenger receptor expressed monocytes/macrophages that is 
primarily known to mediated Ac-LDL uptake 

(Goldstein et al., 
1979b) 

CLEVER-
1/Stabilin-1 
 

A scavenger receptor shown to bind Ox-LDL and MA-LDL in hepatic 
macrophages 

(Rantakari et al., 
2016) 

M1-like marker 

CD80 
 
 

A key co-stimulatory marker expressed transiently on macrophages and 
binds to CD28 on the surface of T cells to promote or downregulate their 
activation (acts in conjunction with CD86) 

(Jimenez-Uribe et 
al., 2019, Thiel et 
al., 2009) 

CD86 
 
 

A key co-stimulatory marker expressed constitutively on macrophages 
and binds to CD28 on the surface of T cells to promote or downregulate 
their activation (acts in conjunction with CD80) 

(Thiel et al., 
2009) 

HLA-DR/MHC II 
 

A surface receptor responsible for antigen presentation. Down regulation 
of HLA-DR has been shown to contribute to M2-like macrophage 
polarisation 

(Unuvar Purcu et 
al., 2022) 

M2-like marker CD206 
 

A C-type lectin expressed primarily on M2-like but not on M1-like 
macrophages and plays a role in phagocytosis during inflammatory 
resolution 

(Porcheray et al., 
2005) 

Phagocytosis 
marker 

MerTK 
 

A tyrosine kinase that is key for macrophage phagocytosis during an 
inflammatory response 

(Scott et al., 
2001) 
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3.2.4. Fluorophore selection for selected targets in flow panel 

Fluorophores were specifically selected to minimise spectral overlap using 

Thermofisher’s spectral viewer. This enabled visualisation of emission spectra of 

fluorophores in combination or separated according to specific excitation lasers (Figure 

3.4). It is recommended to avoid the selection of fluorophores with high spectral overlap 

on antigen targets that are co-expressed on a single cell based on the gating strategy 

(Figure 3.5). However, due to majority of the markers in our panel being co-expressed 

on macrophages, I selected a combination of fluorophores that were well separated 

with the aim of having little spectral overlap. 

Depending on fluorophore brightness and predicted target abundance, 

individual fluorophores were paired with selected targets accordingly, with 

consideration for commercial availably of antibody conjugates. Ideally, targets with 

higher predicted expression were paired with fluorophores that were less bright 

whereas brighter fluorophores were paired with targets of low abundance on 

macrophages to avoid saturation and enable better detection upon analysis (Table 

3.2).  

3.2.5. Indirect labelling of stabilin-1 antibody with fluorescently labelled 

antibody 

Since the Stabilin-1 antibody (generated in house) in our flow cytometry panel 

was unconjugated I selected an appropriate fluorescently labelled secondary antibody 

(anti-mouse Alexa-fluor 700) to confirm binding to Stabilin-1.and subsequent use in 

our macrophage panel. Staining of CD14+CD16- MDMs with secondary only or both 
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primary and secondary antibodies was carried out to detect binding. Flow cytometry 

analysis confirmed the detection of Stabilin-1 via indirect staining with our selected 

secondary anti-mouse Alexa-fluor 700 antibody as I observed a two-fold increase in 

MFI compared to the secondary only control (Figure 3.6)
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Figure 3-4 Emission spectra of fluorochrome for 11-colour macrophage flow 
cytometry panel 

Relative intensity of each fluorochrome A) combined and separated by excitation laser: 
B) 355, C) 642, D) 488, E) 561, F) 405 
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Table 3-2 Relative fluorochrome brightness and predicted target abundance 

Laser Fluorophore Relative fluorochrome 
brightness Target  

Predicted target abundance 
on macrophages 

UV (355) BUV395 Moderate CD36 Moderate 

Violet (405) 

BV421 Very bright CD204/MSR1 Low 

BV786 Bright CD80 Low 

BV605 Bright CD86 Moderate 

BV510  Moderate Zombie aqua Permeant in dead cells 

Blue (488) 

FITC Moderate HLA-DR/MHC II Moderate 

efluor-710 Very bright CD11c Moderate 

PE-Cy7 Very Bright CD206 Low 

Yellow (561) PE Bright MerTK Moderate 

Red (642) 
APC Bright CD68 High 

Alexa fluor 700 Dim Stabilin-1/CLEVER-1 Moderate  
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Figure 3-5 Gating strategy for macrophage flow cytometry panel 

Macrophages were detached from tissue culture plate and cells were stained with our 11-colour flow cytometry panel. Firstly, 
macrophages were identified based on the forward and side scatter plots followed by doublet exclusion. Live cells were selected 
to exclude false artefacts imposed by dead cells. CD68 positive macrophages were then selected from the live population 
followed by gating on the rest of our panel markers (CD86, CD80, CD206, CD11c, MHC II, CD204, CD36, MerTK and Stabilin-
1) to determine MFI values. 
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Figure 3-6 Gating strategy to confirm binding of primary unconjugated Stabilin-1 
antibody to Alexa-fluor 700 fluorescently labelled secondary antibody.  

Monocyte-derived macrophages cultured till day 6 were harvested using MACS buffer 
and were stained with either secondary antibody only (anti-mouse conjugated to Alexa-
fluor 700) or primary unconjugated Stabilin-1 antibody (10 µg/ml) followed by secondary 
antibody to confirm binding. Flow cytometry plots for (A) unstained, (B) secondary 
control and (C) Stabilin-1 antibody stained cells are shown. (D) Percentage frequency 
and (E) median fluorescence intensity (MFI) was assessed, (n=1). 
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3.2.6. Single antibody stain analysis 

The avoidance of reduced data resolution in multi-colour flow cytometry panels 

due to spectral overlap can be a challenge. To determine whether spectral overlap had 

an impact on our entire macrophage panel I stained detached CD14+CD16- MDMs 

individually with each antibody as well as the entire panel of antibodies combined. I 

compared changes in fluorescence intensity between individual antibodies and the 

combined panel to determine whether the selected antibody signal was being 

compromised by the fluorescent emission of other antibodies in the panel. 

For anti-CD86, anti-CD204, anti-CD206 and anti-CD68 minimal to no change in 

MFI expression was observed in single stained vs whole panel staining, suggesting 

negligible reduction in sensitivity for antibodies on these channels (Figure 3.7). 

However, for anti-CD11c, anti-CD36, anti-CD80, anti-Stabilin-1, anti-MerTK and anti-

HLA-DR, a decrease in MFI was clear, signifying a reduction in sensitivity in these 

channels as a result of spectral overlap (Figure 3.8).  
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Figure 3-7 Median fluorescence intensity of macrophages stained individually 
with anti-CD86, anti-CD204, anti-CD206, anti-CD86 or in combination with all 
antibodies in the panel  

CD14+CD16- monocytes (from healthy donors) (n=2) were isolated from whole blood 
PBMCs and differentiated into macrophages for 6 days. Macrophages were harvested 
and stained individually with (A) anti-CD86, (B) anti-CD204, (C) anti-CD206, (D) anti-
CD68 or with all relevant antibodies described in Table 2.1. Staining was performed 
alongside their corresponding isotype controls to determine correct gating via flow 
cytometry analysis. Median fluorescence intensity (MFI) plotted, n=2, biological 
replicate. 
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Figure 3-8 Median fluorescence intensity of macrophages stained individually 
with anti-CD11c, anti-CD36, anti-CD80, anti-Stabilin-1, anti-MerTK, anti-HLA-DR 
or in combination with all antibodies in the panel 

CD14+CD16- monocytes (from healthy donors) (n=2) were isolated from whole blood 
PBMCs and differentiated into macrophages for 6 days. Macrophages were harvested 
and stained individually with (A) anti-CD11c, (B) anti-CD36, (C) anti-CD80, (D) anti-
Stabilin-1 (E) MerTK, (F) HLA-DR or with all relevant antibodies described in Table 2.1. 
Staining was performed alongside their corresponding isotype controls to determine 
correct gating via flow cytometry analysis. Median fluorescence intensity (MFI) plotted, 
n=2, biological replicate. 
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3.2.7. The effects of macrophage detachment methods on surface protein 

expression 

Due to the highly adherent nature of human macrophages in cell culture, 

harvesting these cells from tissue culture treated polystyrene plates has the 

disadvantage of significant cell death or impaired surface protein expression (Malheiro 

et al., 2017, Glazer et al., 2010). I looked to identify a suitable method for macrophage 

detachment for flow cytometry analysis with minimal loss of protein expression by 

comparing both enzymatic (Trypsin and Accutase) and non-enzymatic techniques (cell 

dissociation buffer, EDTA and MACS buffer). I looked at the expression and frequency 

of CD86 and CD206 (a marker that is readily cleaved) macrophage markers on 

CD14+CD16- MDMs. 

The expression (MFI) and frequency of CD86 was unaffected by the various 

detachment methods (Figure 3.9 A-B), however both CD206 expression (MFI) and 

frequency was significantly reduced with Trypsin treatment, suggesting cleavage of the 

surface protein which has been reported by previous studies (Figure 3.9 C-D). Other 

methods did not show dramatic differences in signal. Ultimately, I selected MACS 

buffer at room temperature for our preferred method of detachment., although the 

differences observed were marginal compared to the other methods, the use of MACS 

buffer at RT demonstrated superior performance in maintaining CD86 and CD206 

surface marker expression.  
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Figure 3-9 Frequency and median fluorescence intensity of CD86 and CD206 
surface markers following detachment from plastic using various dissociation 
methods 

CD14+CD16- monocytes were isolated from whole blood PBMCs and differentiated into 
macrophages for 6 days in 24-well tissue-cultured treated plates. Macrophages in 
corresponding wells were treated with various dissociation methods: Accutase (10 mins 
at 37 °C), Trypsin (10 mins at 37 °C), Cell dissociation buffer (20 mins at 37 °C) 0.05 
mM EDTA (20 mins at 37 °C), MACS buffer (20 mins at 37 °C) or RT MACS buffer (20 
mins) followed by gentle cell scraping. Macrophages were stained for anti-CD86 and 
anti-CD206 antibodies or flow cytometry analysis. Percentage frequency and median 
fluorescence intensity (MFI) was plotted for both (A-B) CD86 and (B) CD206. Data are 
mean ± SEM (n=3, biological replicate). Statistical analysis performed using non-
parametric Friedmans test with Dunn’s post-hoc test for comparisons between each 
condition, *=p<0.05. 
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3.2.8. Time course for macrophage polarisation to macrophage subtypes 

Macrophages can assume differential characteristics due their plasticity and 

their phenotypic outcome is highly dependent on the microenvironment including tissue 

of origin (Raggi et al., 2017, Zhang et al., 2021, Stout et al., 2005). Distinguishing 

between the different macrophage subsets is typically achieved by analysing 

differences in surface marker expression and inflammatory mediator secretion (Tabas 

and Bornfeldt, 2016, Zhang et al., 2021).  

In order to validate our flow panel, I carried out flow cytometry staining using 

our full panel of antibodies (see table 3.2) to distinguish and define M0 (naïve), M1 and 

M2-like macrophage phenotypes derived from CD14+CD16- monocytes. Classically 

M1 macrophage express high levels of CD80 and CD86 (co-stimulatory markers) 

whilst M2 macrophages are more enriched for CD206 and MerTk expression. Since 

the length of stimulation can greatly affect protein expression, I performed a time 

course for macrophage polarisation to establish an appropriate stimulation time for the 

characterisation of macrophage subtypes for utilisation in further assays. 

After 6 days in culture, MDMs were polarised for 24, 48 and 72 hours using LPS 

and IFNg for M1 macrophages and IL-4 for M2 macrophages and supernatants were 

collected for TNF-a ELISA analysis to confirm the different polarisation states. As 

expected, pro-inflammatory M1 macrophages demonstrated a drastic increase in 

secreted levels of TNF-a compared to both M0 and M2 macrophages and this 

appeared to peak at 24hrs and decrease slightly over the extended time period for 

stimulation (Figure 3.10). Additionally, flow cytometry analysis confirmed a higher 

expression of CD80 on M1 macrophages and CD206 (M2-like marker) on the M2 
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macrophages which was visually demonstrated in the gating strategy (Figure 3.11). 

These differences were evident at 24-hour stimulation but were significant at both 48- 

and 72-hour stimulations. Additional co-stimulatory markers such as such CD86 were 

elevated on M1 macrophages as expected, whereas expression of M1 markers such 

as HLA-DR started to diminish post 24-hour polarisation (fFigure 3.12). 

The expression of pan macrophage markers CD68 and CD11c showed minimal 

differences between macrophage subtypes although I observed a slight increase in 

CD11c in M2 macrophages post 24-hour stimulation. On the other hand, the 

phagocytic marker, MerTK was expressed significantly higher in M0 and M2 

macrophages compared to the M1 macrophages as anticipated based on existing 

studies and these changes were consistent over the stimulation time course (Figure 

3.13). 

I also looked at the expression of several scavenger receptors as part of our 

panel and observed greater CD36 expression on M2 macrophages compared to the 

M1 subset as predicted, which increased with time. CD204 and Stabilin-1 expression 

however remained consistent across the different macrophage subsets with no 

differences observed over the time course (Figure 3.14). Collectively, our analysis 

demonstrates successful polarisation of macrophages into the different subsets that 

can be distinguished using specific markers in our flow cytometry panel, with 

differences being present at 24-hour macrophage stimulation. 
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Figure 3-10 TNF-a secretion from macrophages polarised towards an M1 and M2 
phenotype 

CD14+CD16- monocyte-derived macrophages (on day 6) were left untreated (M0 
macrophage) or were polarised to M1 macrophages with 100 ng/ml LPS and 20 ng/ml 
IFN- g or M2 macrophages with 20 ng/ml IL-4 for 24 hrs. Cell-culture supernatants were 
collected after each timepoint. Phase contrast images were taken displaying 
macrophage morphology (shown for 24 hr polarisation) (A-C) and TNF-a ELISA 
concentrations (pg/ml) were measured via ELISA (D). Data are mean ± SEM (n=3, 
biological replicate). Statistical analysis performed using two-way repeated measures 
ANOVA with Dunnetts post-hoc test compared to the M0 group, ****=p<0.0001, 
##=p<0.01. Scale bars = 200µm. 
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Figure 3-11 Flow cytometry analysis of macrophages for anti-CD206 and anti-
CD80 antibodies on M0, M1 and M2 macrophage phenotypes. 

CD14+CD16- monocytes were isolated from whole blood PBMCs and differentiated into 
macrophages for 6 days. On day 6, macrophage were left untreated (M0) or were 
polarised to M1 macrophages with 100 ng/ml LPS and 20 ng/ml IFN- g or M2 
macrophages with 20 ng/ml IL-4 for 24, 48 or 72 hrs. Cells were dissociated and stained 
for all antibodies in the flow cytometry panel described in Table 2.1. (A) Gating strategy 
for M1 and M2 macrophage polarisation demonstrated by visualising expression of 
CD80 (M1 marker) and CD206 (M2 marker) across the different timepoints. Median 
fluorescence intensity (MFI) was plotted for (B) CD206 and (C) CD80. Data are mean 
± SEM (n=3, biological replicate). Statistical analysis performed using two-way repeated 
measures ANOVA test with Tukey post-hoc test, *=p<0.05, **=p<0.01. 
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Figure 3-12 Flow cytometry analysis of M1-like macrophage markers on M0, M1 
and M2 macrophage phenotypes.  

CD14+CD16- monocytes were isolated from whole blood PBMCs and differentiated into 
macrophages for 6 days. On day 6, macrophage were left untreated (M0 macrophage) 
or were polarised to M1 macrophages with 100 ng/ml LPS and 20 ng/ml IFN- g or M2 
macrophages with 20 ng/ml IL-4 for 24, 48 or 72 hrs. Cells were dissociated and stained 
for all antibodies in the flow cytometry panel described in Table 2.1. Median 
fluorescence intensity (MFI) was plotted for (A) CD86 and (B) HLA-DR. Data are mean 
± SEM (n=3, biological replicate). Statistical analysis performed using two-way repeated 
measures  ANOVA test with Tukey post-hoc test. 
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Figure 3-13 Flow cytometry analysis of anti-CD68, anti-CD11c and anti-MerTK 
macrophage markers on M0, M1 and M2 macrophage phenotypes.  

CD14+CD16- monocytes were isolated from whole blood PBMCs and differentiated into 
macrophages for 6 days. On day 6, macrophage were left untreated (M0 macrophage) 
or were polarised to M1 macrophages with 100 ng/ml LPS and 20 ng/ml IFN- g or M2 
macrophages with 20 ng/ml IL-4 for 24, 48 or 72 hrs. Cells were dissociated and stained 
for all antibodies in the flow cytometry panel described in Table 2.1. Median 
fluorescence intensity was plotted for (A) CD68, (B) CD11c and (C) MerTK. Data are 
mean ± SEM (n=3, biological replicate). Statistical analysis performed using two-way 
repeated measures ANOVA test with Tukey post-hoc test, *=p<0.05, **=p<0.01, 
***=p<0.001. 
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Figure 3-14 Flow cytometry analysis of scavenger receptors on M0, M1 and M2 
macrophage phenotypes.  

CD14+CD16- monocytes were isolated from whole blood PBMCs and differentiated into 
macrophages for 6 days. On day 6, macrophage were left untreated (M0 macrophage) 
or were polarised to M1 macrophages with 100 ng/ml LPS and 20 ng/ml IFN- g or M2 
macrophages with 20 ng/ml IL-4 for 24, 48 or 72 hrs. Cells were dissociated and stained 
for all antibodies in the flow cytometry panel described in Table 2.1. Median 
fluorescence intensity was plotted for (A) CD36, (B) CD204 and (C) Stabilin-1. Data are 
mean ± SEM (n=3, biological replicate). Statistical analysis performed using two-way 
repeated measures ANOVA test with Tukey post-hoc test, *=p<0.05, **=p<0.01, 
#=p<0.05, ##=p<0.01. 
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3.3. Discussion 

Macrophages and their various phenotypes (M0, M1 and M2) can be 

characterised based on their extracellular and intracellular marker expression, which 

is typically defined using two or three markers. Technological advancements in flow 

cytometry, coupled with the expanding knowledge of our immune system has enabled 

the design of larger more complex flow cytometry panels providing a powerful platform 

for more in-depth characterisation of immune cells on a single-cell basis. Flow 

cytometry analysis of macrophages in particular is complicated due to their highly 

adherent nature making it difficult to obtain viable, single-cell suspensions. Here I have 

designed and optimised an extensive 11-colour flow cytometry panel for the 

characterisation of cultured human MDMs that have been polarised over various time 

points with the aim of detecting phenotypic changes in macrophages exposed to 

various biological stimulants. I have optimised our protocol for the differentiation of 

macrophages in culture using recombinant MCSF and selected a suitable non-

enzymatic method for cell detachment whilst maintaining surface protein expression 

for flow cytometry analysis. 

3.3.1. Optimisation of MDM culture 

Primary human macrophages are difficult to obtain from tissue due to poor 

yields and low viability, hence the use of primary peripheral monocytes as precursors 

for macrophage differentiation in culture is widely used to model tissue macrophages. 

Several studies have investigated different methods of monocyte isolation that can 

have an impact on their functional behaviour (Elkord et al., 2005, Lyons et al., 2007). 

By using positive magnetic bead separation, I demonstrated that I was able to isolate 
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highly purified populations of CD14+CD16- and CD14+CD16+ monocytes subsets, 

confirmed via flow cytometry. Compared to negative selection, positive selection 

methods have been shown to yield greater MDM purity levels with low platelet 

contamination, whilst also maintaining their phagocytic abilities (Nielsen et al., 2020, 

Zhou et al., 2012). However, there are also studies reporting that positive selection of 

monocytes may lead to impaired cellular functionality in the context of cytokine 

production, adhesion as well as reduced sensitivity to LPS stimulation, which have 

been shown to be preserved with negative sorting. Hence, it is important to take these 

factors into consideration when performing downstream functional assays with these 

cells (Bhattacharjee et al., 2017, Hornschuh et al., 2022). 

Further differentiation of isolated monocytes into macrophages can be achieved 

by exposing monocytes to different culture conditions resulting in macrophages with 

varying morphological differences that can have on impact on their functional 

behaviour. Maturation of monocytes in autologous serum is routinely used in some 

studies to preserve the individual traits of the blood donor (Musson, 1983, W.D., 1977, 

Krautter et al., 2020). However, I observed unacceptable levels of donor variability in 

cell viability in culture, with approximately 1 in 3 donors showing substantial adhesion 

and differentiation over the duration of the experiment. However, the addition of 

recombinant MCSF in cultures has been deemed superior for monocyte differentiation, 

due to increased cell survival, proliferation, and maturation as demonstrated (Tushinski 

et al., 1982, Brugger et al., 1991, Safi et al., 2016, Jin and Kruth, 2016). I found that 

macrophages from all donors survived and differentiated in the presence of MCSF with 

10% FBS. Interestingly, these cells  were on average, greater in size which is typically 

an indication of macrophage maturation, whereas autologous serum differentiated 
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macrophages were smaller in size, potentially indicating a lesser effect in monocyte to 

macrophage trans-differentiation, as previously reported similarly by Safi et al, who 

observed lower CD68 expression on mature macrophages cultured in autologous 

serum compared with MCSF (Safi et al., 2016).  

Two main morphotypes are typically observed in macrophage cell culture, that 

is rounded egg-shaped cells or an elongated spindle-like morphology, both of which 

have been reported to have distinct phenotypic characteristics. It is suggested that 

rounded cells have higher lipid content and have superior efferocytosis abilities 

compared to those of an elongated phenotype (Eligini et al., 2013, Franzoni et al., 

2017). Whilst I observed a mixture of morphotypes in both macrophage cultures, I 

found recombinant MCSF (with 10% FBS) differentiated macrophages to have a higher 

circularity index. For this study, functional characteristics of macrophages in our 

cultures were not compared, which was mainly due to the poor viability observed with 

monocytes cultured in autologous serum and EGF for the majority of our donors, which 

I assume to be due to the inter-donor variation in serum constituents. Thus, it would 

be ideal to measure levels of MCSF within autologous serum, prior to culture in the 

future to determine variation in monocyte survival. Although the use of autologous 

serum is more physiologically relevant to the donor, I found the use of recombinant 

MCSF with 10% FBS provided a robust and consistent method for MDM differentiation, 

as the presence of MCSF is essential for the survival and differentiation of monocytes 

in culture (Becker et al., 1987, Brugger et al., 1991). 

3.3.2. The design and validation of a flow cytometry panel for macrophages 

For the characterisation of macrophages in our experiments, I established an 

extensive eleven-colour flow cytometry panel that enabled the detection of multiple 
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markers simultaneously on a single cell both intracellularly and extracellularly. 

Currently there are limited studies published on human macrophage flow cytometry 

analysis using large polychromatic panels, due to the inherent adherent and 

autofluorescent nature of these cells.  

The first step in designing our flow cytometry panel required the selection of 

appropriate fluorophores that presented with minimal spectral overlap. This is to avoid 

issues with excessive compensation which can ultimately lead to loss of data 

resolution, particularly with dimly expressed antigens (Bhowmick et al., 2021, 

Holmberg-Thyden et al., 2021). However, compensation is almost unavoidable 

especially with large multicolour panels, hence careful selection of fluorophores with 

best spectral separation was required to increase the accuracy of detecting our 

markers. Assigning fluorophores to each marker was based on expected antigen 

density on macrophages determined from data in the existing literature and fluorophore 

brightness index published online by antibody manufacturers. To exclude non-specific 

binding the corresponding isotype-matched controls were also used. It was important 

that the correct matching isotype controls were used to define an accurate level of 

background staining to the test antibody (Maecker and Trotter, 2006). 

Investigating the compatibility of antibodies in the panel as a collective was 

assessed by comparing whole panel staining to single stains. Loss in the sensitivity of 

some channels was detected compared to single stains which is a consequence of 

extensive flow cytometry panels. This means that the greater the number of fluorescent 

markers, the greater the probability of compromising the resolution of target antigens 

(Ferrer-Font et al., 2021, Nguyen et al., 2013). Resolution can also be affected by 

autofluorescence which macrophages are notoriously known for (Njoroge et al., 2001). 
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In an attempt to minimise autofluorescence, dead cells were excluded using a viability 

marker as well as the use of unstained controls to determine levels of autofluorescence 

and avoid selection of false positive populations (Zamai et al., 1993, Li et al., 2012). 

Compared to conventional flow cytometry, advanced spectral flow cytometry 

technology now has the ability to define autofluorescence as its own individual 

parameter and improve the accuracy of fluorescence detection. It can be utilised for 

future applications for macrophage flow cytometry (Ferrer-Font et al., 2021). 

3.3.3. Characterisation of macrophage phenotypes 

Distinct M1 and M2 macrophage subsets can be generated in vitro by 

polarisation using specific activating agents. Pro-inflammatory M1-like macrophages 

are generated by treating macrophages with LPS and IFNg. Pro-resolving, anti-

inflammatory M2-like macrophages are typically generated with IL-4 treatment 

(Krautter et al., 2020, Cao et al., 2019). Data from our flow cytometry panel was in 

strong agreement with data from existing literature.  

Since all macrophages are innately positive for the markers in our panel (at 

varying levels), it was irrational to plot percentage positive cells and instead I measured 

fluorescence intensity. TNF-a levels in cell-culture supernatants were determined via 

ELISA to confirm polarisation. I also found that polarising macrophages in vitro over a 

specific time course can affect their level of expression of some markers, and this 

varied across the different markers as reported similarly by Purcu et al in human 

MDMs.  

As expected, LPS and IFNy stimulated macrophages displayed an M1 

phenotype with an increase in prototypical M1 markers, CD80 and CD86. Both are 
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costimulatory molecules that drive T cell activation via their engagement with the CD28 

T cell receptor and their expression levels are shown to correlate with increased 

atherosclerotic plaque vulnerability (Meletta et al., 2016, Buono et al., 2004). Whilst 

CD86 levels varied little over the polarisation time course, CD80 expression increased 

significantly after 24 hr and peaked at 48 hrs compared to both M2 and unstimulated 

macrophages, after which, levels of CD80 diminished indicating a possible shift to an 

M2 like phenotype. Levels of pro-inflammatory TNF-a secretion in culture followed a 

similar trend, demonstrating decreased levels with prolonged M1 macrophage 

stimulation as reported previously (Unuvar Purcu et al., 2022). These observations 

maybe a reflection of the dynamic changes in macrophage activation states, 

highlighting that polarised macrophages are not confined to a fixed phenotypic state 

throughout their evolution as they are not terminally differentiated (Little et al., 2014, 

Khallou-Laschet et al., 2010, Munoz-Rojas et al., 2021).   

Purcu et al (Unuvar Purcu et al., 2022) have indicated that 12 hr stimulation is 

the optimal stimulation time for CD86 expression on M1 macrophages, suggesting that 

perhaps after this time frame CD86 expression levels plateau as I observed with our 

data. The expression of MHC II is also required for T cell activation via presentation of 

peptide antigens that bind surface T cell receptors. M1 macrophages are typically 

associated with higher expression of MHC II compared to the M2 phenotype as 

demonstrated in both human MDMs and murine macrophages (Ahmed and Ismail, 

2020, Wang et al., 2020, Buchacher et al., 2015). I observed no differences in its 

expression between the different macrophage subsets and in fact, I saw a decrease in 

the intensity of MHC II expression in M1 macrophages after 24 hrs which was similarly 

observed by Liu et al in murine macrophages (Liu et al., 2022b). This suggests that a 
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lesser stimulation time may be optimal for its expression as shown by Purcu et al 

(Unuvar Purcu et al., 2022).  

Impaired efferocytosis in M1 macrophages is widely documented in the 

literature - a process involving the phagocytosis of apoptotic cells driven by surface 

MerTK expression (Wanke et al., 2021, Rahman et al., 2010, Pastore et al., 2019). It 

is noted that MerTK is consistently expressed more abundantly on M2 macrophages, 

specifically the M2c subtype, thus making them more efficient in apoptotic cell 

clearance during inflammatory resolution (Zizzo et al., 2012, Bi et al., 2019). In 

atherosclerotic plaque, the build of necrotic cellular debris is a clear representation of 

this phenomenon due to the enrichment of M1 macrophages in advanced lesions in 

areas considered most unstable (de Gaetano et al., 2016, Mohd Idrus et al., 2021). 

The CD36 scavenger receptor also plays a role in phagocytosis through is affinity for 

apoptotic cells, and its expression is downregulated in response to M1 macrophage 

activation (Pennathur et al., 2015). I mirrored these observations in our results 

demonstrating suppressed expression of both phagocytosis markers on M1 

macrophages using our flow cytometry panel. Since CD36 is also a scavenger receptor 

for Ox-LDL, M2 macrophages are shown to be more susceptible to foam cell formation 

than their pro-inflammatory counterparts (van Tits et al., 2011). Additional scavenger 

receptors such as CD204 and Stabilin-1 and pan-macrophage markers CD68 and 

CD11c however showed minimal change between macrophage subsets.  

CD206 mannose receptor expression and its mRNA levels are upregulated in 

response to IL-4 treatment and is considered a marker for alternatively activated M2-

like macrophages, in particular the M2a subtype which is believed to express the 

highest level of the receptor compared to other M2-like phenotypic categories in both 
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murine and human macrophages (Porcheray et al., 2005, Stein et al., 1992, Unuvar 

Purcu et al., 2022, Li et al., 2022). Similarly, to Purcu et al I observed increasing levels 

of CD206 expression with extended stimulation times, although for the purpose of our 

study I did not subcategorise these M2 macrophages further into M2a, M2b, M2c and 

M2d subsets.  

Based on our observations, it is evident that optimal expression of individual 

markers is highly dependent upon stimulation times, and this varies between each 

antigen. Overall, I found that 24hr stimulation time was sufficient to clearly distinguish 

between the different macrophage subsets and this time frame is typically used in 

polarised macrophage studies in vitro (Malheiro et al., 2017, Li et al., 2022). In 

summary, in this chapter I have demonstrated a clear strategy for MDM culture and 

characterisation via flow cytometry analysis using an extensive polychromatic panel 

which may be utilised to provide a comprehensive assessment of inflammatory and 

pro-resolution macrophage phenotypes.  

3.3.4. Summary of results 

• The differentiation of monocyte to macrophages in culture was more robust and 

consistent in terms of survival and cellular morphology between donors when 

cultured with recombinant MCSF and 10% FBS 

• I designed and validated a 11-colour flow cytometry panel to distinguish 

between M1 and M2-like human macrophage subtypes 

• The expression level of extracellular markers on human MDMs was highly 

dependent on the length of time for stimulation using M1 and M2 macrophage 

stimulants. 
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Chapter 4. HUMAN MONOCYTE-

DERIVED FOAM CELL FORMATION AND 

CHARACTERISATION 

 

4.1. Introduction 

Foam cells being one of the major drivers of atherosclerosis are evident at all 

stages of plaque development, starting with the very early stages of fatty streak 

initiation. The current paradigm for foam cell formation proposes that monocytes 

recruited into the subintimal space undergo a period of differentiation into 

macrophages, during which scavenger receptors, predominantly CD36, are 

upregulated to facilitate the gradual assimilation of oxLDL (Javadifar et al., 2021, Seo 

et al., 2015, Bobryshev, 2006, Moore et al., 2013). However, monocytes also express 

scavenger receptors for oxLDL on their surface which induce transcriptional changes 

during receptor activation thus, making it possible that the diseased arterial 

environment may polarise these monocytes towards a foam cell phenotype, directly 

upon recruitment (Piechota et al., 2012).  

In additional to oxidation, LDL can undergo alternative modifications such as 

acetylation and malondialdehyde modification, although oxLDL is known to be the most 

prominent stimuli for foam cell formation as modifications such as acLDL are rarely 

found in vivo (Goldstein et al., 1979b, Lougheed et al., 1999, Holvoet et al., 1998, 



 119 

Schrijvers et al., 2007). This leads to reduced affinity of LDL for its complementary LDL 

receptor and greater affinity for scavenger receptors (Holvoet et al., 1995). The exact 

identity and characterisation of foam cells remains a challenge due to almost identical 

expression profiles with macrophages, making it difficult to decipher between the two 

cell types amongst the heterogenous cellular landscape within plaque  (Lavine, 2023, 

Bonacina et al., 2023). More recently genomic and proteomic analyses, performed in 

both human and murine atherosclerotic regions, have associated foam cells with an 

anti-inflammatory and lipid metabolising transcriptional profile (Spann et al., 2012, Kim 

et al., 2018, Fernandez et al., 2019). Yet this novel phenotype associated with foam 

cells remains a subject of debate due to these cells being so poorly defined both in in 

vitro and in vivo studies. Whether these foam cell characteristics are also monocyte 

subset dependent has not been studied and will be explored in this chapter by 

investigating both protein and gene expression profiles of foam cells and macrophages 

derived from human CD14+CD16- and CD14+CD16+ monocytes. Monocytes exist in 

circulation as three main subsets; classical monocytes which I refer here as 

CD14+CD16- (C) cells, as well as non-classical and intermediate monocytes that I 

collectively refer to as CD14+CD16+ (NC) non-classical cells throughout this chapter. 

Both non-classical and intermediate populations were pooled due to very low numbers 

of intermediate monocytes being present in circulation, in addition to the ambiguity and 

technical difficulties in separating the two subsets. 
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4.2. CD14+CD16- (classical) monocytes assimilate oxLDL more readily than 

CD14+CD16+ (non-classical) monocytes 

To investigate monocyte specific differences in oxLDL uptake I isolated both 

CD14+CD16- and CD14+CD16+ monocyte subsets and cultured them in the presence 

of fluorescent Dil-labelled oxLDL for 6 days followed by flow cytometry analysis for the 

detection of stored oxidised lipid. Uptake of Dil-oxLDL was evident with both subsets 

although to a significantly greater extent with CD14+CD16- (classical) monocytes 

(Figure 4.1A). CD14+CD16- monocytes were also accompanied by greater expression 

levels of CD36 scavenger receptor on their surface compared to their CD14+CD16+ 

(non-classical) counterpart (Figure 4.1B). Levels of oxLDL accumulation also appeared 

to gradually increase over the course of 6 days of culture, with CD14+CD16- monocytes 

(Figure 4.1C-D), which may reflect the steady increase in CD36 receptor expression 

during monocyte-to-macrophage differentiation (Huh et al., 1996). 
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Figure 4-1: Dil-OxLDL uptake in CD14+CD16- vs CD14+CD16+ monocyte-derived 
macrophages. 

CD14+CD16- and CD14+CD16+ monocytes were isolated via magnetic bead separation 
and differentiated into macrophages in culture for 6 days with or without Dil-labelled 
oxLDL. Monocytes were treated with dil-oxLDL on day 0 of culture and on day 6 cells 
were harvested from tissue culture plates and stained for CD36 antibody. (A) Dil-oxLDL 
and (B) CD36 expression was detected via flow cytometry analysis. (C-D) A time course 
for dil-oxLDL uptake by CD14+CD16- (classical) monocytes over the course of 2,4 and 
6 days was determined via flow cytometry analysis. Data are mean ± SEM (n=3-5, 
biological replicate). Statistical analysis performed using unpaired t-test, *=p<0.05.  
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4.3. Monocytes have an increased pro-inflammatory cytokine profile 

compared to macrophages and foam cells 

Since foam cells strongly support inflammation during atherosclerosis (Javadifar 

et al., 2021), I investigated the cytokine profile of foam cells compared with 

macrophages and monocytes to determine potential foam cell specific cytokines that 

may drive such inflammatory events. Here I compared foam cells and macrophages 

derived from both CD14+CD16- and CD14+CD16+ monocyte subsets. Initially, 

concentrations of pro-inflammatory TNF-a secretion were measured in culture 

supernatants revealing a significant increase in TNF-a levels with CD14+CD16+ 

monocytes (with monocytes being referred to as day 2 post culture). Although these 

differences were gradually lost upon differentiation into macrophages and foam cells 

over the course of 6 days with minimal differences observed upon addition of oxLDL 

(Figure 4.2A-C).  

I investigated further by comparing a wide range of cytokines using a semi-

quantitative cytokine array on cell culture supernatants taken from monocytes, 

macrophages, and foam cells. In this case only CD14+CD16- monocytes were used to 

generate the different cell types as they have the ability to generate foam cells more 

readily as demonstrated earlier. The heatmap shows the relative expression levels of 

cytokines released by each cell population. Expression profiles were almost identical 

between macrophages and foam cells with a down regulation in pro-inflammatory 

genes such as IL-1b and IL-6 compared to monocytes (Figure 4.3). Thus, I recurrently 

observe a concomitant loss in the pro-inflammatory cytokine profile of monocytes upon 

differentiation into foam cells. 
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Figure 4-2: TNF secretion from untreated and oxLDL treated monocyte subsets 
upon differentiation 

CD14+CD16- and CD14+CD16+ monocytes were isolated via magnetic bead separation 
and cultured in the absence (for macrophage differentiation) or presence of oxLDL (for 
foam cell formation). Cell culture supernatants were collected every 2 days for TNFa 
ELISA analysis with cells being replaced with fresh media (with or without oxLDL 
supplementation) TNFa (pg/ml) levels were measured for cells cultured at (A) day 2, 
(B) 4 and (C) 6 throughout the course of monocyte differentiation. Data are mean ± 
SEM (n=3, biological replicate). Statistical analysis performed using unpaired t-test, 
*=p<0.05.  
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Figure 4-3: Upregulation of pro-inflammatory cytokines in culture supernatants 
from monocytes compared to macrophages and foam cells 

CD14+CD16- monocytes were isolated via magnetic bead isolation. Monocytes were 
either cultured in the absence (for macrophage differentiation) or presence of oxLDL 
(for foam cell formation) for 6 days. Cell culture supernatants were collected at day 2 of 
cell culture for monocytes and collected at day 6 for macrophages and foam cells 
(treated with oxLDL) following complete differentiation. Cell culture supernatants pooled 
from 4 donors were subjected to a cytokine array for analysis of secreted cytokines in 
culture. Relative expression is presented as a heatmap. 
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4.4. Bulk RNA sequencing (RNA-seq) analysis of monocytes, macrophages 

and foam cells derived from CD14+CD16- (classical) and CD14+CD16+ 

(non-classical) monocyte subsets 

Recent genome-wide transcriptomic studies have investigated the genetic 

variations in macrophages and lipid-associated macrophages in plaque; however, no 

studies to-date have looked at macrophage and foam cell characteristics derived from 

specific monocyte subsets. Here I directly compared differential gene expression 

profiles of monocytes, macrophages and foam cells derived from human CD14+CD16- 

(classical) and CD14+CD16+ (non-classical) monocyte subsets via bulk RNA-

sequencing (RNAseq). The aim was to explore any monocyte subset-specific 

differences in the gene expression atlas of foam cells that may ultimately indicate 

differences in their functional behaviour. 

4.4.1. Bulk RNAseq experimental design and data transformation 

For the bulk RNAseq experimental set up (Figure 4.4), human CD14+CD16- and 

CD14+CD16+ monocyte subsets were isolated from healthy whole blood donors using 

magnetic bead isolation and cultured on tissue culture plastic for an additional level of 

purification to remove contaminating lymphocytes which was followed by RNA 

extraction. The same monocyte subsets were also cultured for 6 days for macrophage 

differentiation and foam cell formation with the addition of 25 µg/ml oxLDL. This was 

followed by RNA extraction on day 6 which was processed for bulk-RNA sequencing 

(Figure 4.4).  
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Following library preparation and sequencing, raw FASTA files were processed for 

quality control analysis using FASTQC and MultiQC software and sequences were 

aligned to the human genome using STAR aligner to generate a gene expression 

counts table using Subreads Featurecounts. Data was normalised using variable 

stabilising transformation (VST) and total read counts per million for each sample was 

plotted. The distribution of the transformed data was plotted, displaying minimal 

differences between sample mean and sample median (Figure 4.5A-B).  
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 Figure 4-4: Schematic diagram of monocyte, macrophage and foam cell mRNA sample collection for bulk-RNAseq. 

CD14+CD16- classical and CD14+CD16+ non-classical monocytes were isolated via magnetic bead separation and purity 
was determine via flow cytometry analysis for CD14 and CD16 expression. Monocytes were further purified via adhesion 
to tissue-culture plastic (TC) for 1 hr for peripheral blood lymphocyte (PBL) removal, followed by mRNA extraction for bulk-
RNAseq analysis. Monocyte subsets were also cultured for differentiation into macrophage or foam cells with the addition of 
25 µg/ml oxLDL for 6 days. On day 6 mRNA was collected for bulk-RNAseq analysis as shown in schematic diagram. 
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Figure 4-5: Total read counts and distribution of transformed bulk-RNAseq data 
for monocytes, macrophages and foam cells.  

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam cells 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Sequences were 
aligned to the human genome using STAR aligner followed by the generation of a gene 
expression counts table using Subread FeatureCounts which was used for analysis 
using iDEP software. Data was subject to variable stabilising transformation (VST) for 
normalisation. (A) Total counts per million and (B) distribution of transformed data was 
plotted. C_Mono = classical monocytes, NC_Mono = non-classical/intermediate 
monocytes, C_FC = classical monocyte-derived foam cells, C_Mac = classical 
monocyte-derived macrophage, NC_FC = non-classical/intermediate monocyte-
derived foam cells, NC_Mac = non-classical/intermediate monocyte-derived 
macrophage. Sample size per group is n=4, biological replicate. 
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4.4.2. Differential gene expression between CD14+CD16- and CD14+CD16+ 

monocyte subsets 

I initially looked at only comparing the genomic profile of both classical 

(CD14+CD16-) and non-classical (CD14+CD16+) monocyte subsets. Principal 

component analysis (PCA) showed that both monocyte subsets formed distinct 

clusters as expected (Figure 4.6). Differential gene expression analysis revealed 430 

genes being upregulated in non-classical monocytes (NC_Mono) compared to 

classical (C_Mono) monocytes and a downregulation of 677 genes displayed in an MA 

plot (Figure 4.7A-B). The list of the top 30 upregulated and downregulated genes were 

plotted showing a higher expression of genes such as CCR2 in classical monocytes 

as expected (Table 4.1-4.2). K means clustering analysis revealed that genes 

associated with the non-classical monocytes were highly enriched in pathways 

associated with regulating and promoting immune responses whereas in classical 

monocytes this included enrichment of pathways such as immune cell activation and 

cellular responses to metabolic processes (Figure 4.8A-B). These results agree with 

earlier studies showing similar trends, which demonstrates that our data has captured 

the known biological functions of monocyte subsets (Vallania et al., 2021).  
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Figure 4-6: Classical, CD14+CD16- (C) and Non-classical CD14+CD16+ (NC) 
monocytes cluster distinctly 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam cells 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts were 
subject to variance stabilisation transformation (VST) on monocyte samples only with 
foam cell and macrophage samples removed from data set. (A) Principle component 
analysis (PCA) 1 and 2 were plotted and (B) C_Mono = classical monocytes, NC_Mono 
= non-classical/intermediate monocytes Sample size per group is n=4, biological 
replicate.   
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Figure 4-7: Differentially expressed gene (DEGs) between classical and non-
classical monocyte subsets 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam cells 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts were 
subject to variance stabilisation transformation (VST) on monocyte samples only with 
foam cell and macrophage samples removed from data set. (A) Number of 
differentially expressed genes (DEGs) that were up-regulated and down-regulated 
between classical CD14+CD16- (C) and non-classical CD14+CD16+ (NC) monocyte 
subsets were plotted. (B) MA plots showing log2 fold change vs average gene 
expression between classical CD14+CD16- non-classical CD14+CD16+ monocyte 
subsets. Genes upregulated depicted in red whilst genes downregulated depicted in 
blue. C_Mono = classical monocytes, NC_Mono = non-classical/intermediate 
monocytes. Sample size per group is n=4, biological replicate.  
 



 132 

Table 4-1: Top 30 downregulated genes in non-classical monocytes compared 
to classical monocytes 

 
Symbol                                                                       log2 Fold Change Adj.Pval Ensembl gene ID 

 

PADI2 -9.3851295 2.81E-11 ENSG00000117115 

CCR2 -8.3296945 8.56E-08 ENSG00000121807 

SYN2 -7.9575516 5.17E-06 ENSG00000157152 

KCNJ15 -7.9560608 2.08E-08 ENSG00000157551 

MTARC1 -7.7271528 2.65E-07 ENSG00000186205 

MTUS2 -7.6818542 4.59E-04 ENSG00000132938 

TMEM121B -7.3705759 4.79E-04 ENSG00000183307 

FKBP1B -7.2988647 1.07E-04 ENSG00000119782 

NIPAL4 -7.2412823 7.59E-06 ENSG00000172548 

STEAP3 -7.0776224 9.82E-03 ENSG00000115107 

STX16-NPEPL1 -7.0154228 2.56E-03 ENSG00000254995 

CATIP -6.9817578 1.91E-03 ENSG00000158428 

SLC22A4 -6.9606745 1.27E-04 ENSG00000197208 

GJB6 -6.9413893 1.19E-03 ENSG00000121742 

CRLF2 -6.9019972 2.78E-03 ENSG00000205755 

RD3L -6.8672125 1.57E-03 ENSG00000227729 

BPI -6.8665101 5.16E-03 ENSG00000101425 

SERPINB10 -6.8071507 5.79E-03 ENSG00000242550 

TEX14 -6.763144 1.64E-02 ENSG00000121101 

TRIM16 -6.6957681 8.41E-03 ENSG00000221926 

GCSAML -6.6537841 2.26E-02 ENSG00000169224 

IL31RA -6.6509475 3.68E-02 ENSG00000164509 

ZBTB32 -6.629647 2.10E-02 ENSG00000011590 

SPRY1 -6.6038148 6.47E-02 ENSG00000164056 

CFAP99 -6.5774942 6.80E-02 ENSG00000206113 

PTGFRN -6.5626305 8.10E-04 ENSG00000134247 

IL20RB -6.555769 7.01E-02 ENSG00000174564 

LGALS12 -6.528997 7.63E-02 ENSG00000133317 

SERPINI2 -6.5287337 3.11E-02 ENSG00000114204 

BMP8B -6.526502 2.64E-02 ENSG00000116985 
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Table 4-2: Top 30 upregulated genes in non-classical monocytes compared to 
classical monocytes 

 
Symbol                                                                       log2 Fold Change Adj.Pval Ensembl gene ID 

 

CABP4 8.29658053 1.99E-09 ENSG00000175544 

C1QB 7.98002923 1.08E-07 ENSG00000173369 

KLRD1 7.95531381 7.29E-06 ENSG00000134539 

GPR174 7.92392132 1.02E-06 ENSG00000147138 

ADD2 7.83981982 2.14E-06 ENSG00000075340 

PPM1N 7.75927924 3.71E-09 ENSG00000213889 

KNDC1 7.73236749 1.02E-06 ENSG00000171798 

GUCY1B1 7.56235012 1.95E-07 ENSG00000061918 

CCNE1 7.53493619 1.83E-05 ENSG00000105173 

PPP1R16B 7.45806694 6.89E-06 ENSG00000101445 

KIF5C 6.80044644 2.35E-03 ENSG00000168280 

PDGFRB 6.78596782 8.07E-03 ENSG00000113721 

TNFSF18 6.75180283 4.43E-04 ENSG00000120337 

HYLS1 6.72289132 6.17E-04 ENSG00000198331 

DCP1B 6.67772706 6.39E-03 ENSG00000151065 

CYP4F22 6.63939998 1.26E-02 ENSG00000171954 

ERCC5 6.62969669 1.06E-03 ENSG00000134899 

IL2RB 6.62065126 2.21E-03 ENSG00000100385 

GSTA4 6.48493412 1.23E-02 ENSG00000170899 

ACY3 6.4559166 4.62E-02 ENSG00000132744 

CD3E 6.43419152 5.12E-02 ENSG00000198851 

TMEM53 6.35239274 8.50E-03 ENSG00000126106 

SFTPD 6.33226762 4.04E-03 ENSG00000133661 

CDKN1C 6.25415615 3.97E-14 ENSG00000129757 

MYZAP 6.21671684 1.05E-02 ENSG00000263155 

ENHO 6.19596213 7.01E-03 ENSG00000168913 

FCGR3A 6.19429969 7.63E-68 ENSG00000203747 

RHOBTB2 6.16135445 2.23E-06 ENSG00000008853 

TTC34 6.15838527 3.36E-02 ENSG00000215912 

PARP15 6.15180584 7.93E-03 ENSG00000173200 
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Figure 4-8: K means clustering of top 1000 genes in CD14+CD16- and CD14+CD16+ 
monocytes subsets 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam cells 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts were 
subject to variance stabilisation transformation (VST) on monocyte samples only with 
foam cell and macrophage samples removed from data set. (A) K-means unsupervised 
clustering was plotted in a heatmap for the clustering of top 1000 genes into (B) 4 
groups (coloured a-d) based on the expression pattern across monocyte subsets 
including classical CD14+CD16- (C_Mono) and non-classical/intermediate 
CD14+CD16+ (NC_Mono) monocyte subsets. Normalised relative expression levels are 
expressed on the heatmap as a gradient with highly expressed genes in red and lowly 
expressed genes in green. C_Mono = classical monocytes, NC_Mono = non-classical 
monocytes. Sample size per group is n=4, biological replicate. 
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4.4.3. Monocyte subsets cluster distinctly from foam cells and macrophages 

To explore changes in gene expression between monocytes, macrophages and 

foam cells, principal component analysis (PCA) was performed revealing monocytes 

being distinctly clustered to macrophages and foam cells. The monocytes themselves 

also clustered individually based on the subset origin being either CD14+CD16-, 

classical (C) and CD14+CD16+, non-classical (NC). However, foam cells and 

macrophages did not cluster independently of one another, regardless of monocyte 

subset origin, demonstrating very similar expression transcriptomic signatures (Figure 

4.9A). This was confirmed by performing unsupervised hierarchical clustering which 

was visualised using an enrichment tree (Figure 4.9B).  
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Figure 4-9: Foam cells and macrophages cluster together, distinctly from 
monocytes 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam 
cells derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts 
were subject to variance stabilisation transformation (VST). (A) Principle component 
analysis (PCA) 1 and 2 were plotted and coloured by monocytes (Mono), macrophage 
and foam cells derived from CD14+CD16- (C) and CD14+CD16+ (NC) monocyte 
subsets as shown in the key. (B) Hierarchical clustering tree depicts the correlation 
between the different cell types. C_Mono = classical monocytes, NC_Mono = non-
classical monocytes, C_FC = Classical monocyte-derived foam cells, C_Mac = 
classical monocyte-derived macrophage, NC_FC = Non-classical monocyte-derived 
foam cells, NC_Mac = non-classical monocyte-derived macrophage. Sample size per 
group is n=4, biological replicate.  
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4.4.4. Monocytes display a pro-inflammatory transcriptomic signature 

compared to macrophages and foam cells 

Differential gene expression between monocytes, macrophages and foam cells 

was also observed by plotting the top 50 variably expressed gene in a heatmap (Figure 

4.10). Notably, monocytes displayed an increased expression of pro-inflammatory 

genes compared to macrophages and foam cells including S100A12, S100A8, CXCL8, 

TREM1 and IL-1b. Whereas macrophages and foam cells expressed high levels of 

genes associated with lipid metabolism such as APOE and APOC1 as well as matrix 

metalloproteinases MMP1 and MMP9. Interestingly TREM2 expression was also 

greater on macrophage and foam cells – a gene typically associated with inflammatory 

resolution (Han et al., 2023).  

Furthermore, K-means clustering analysis revealed that genes upregulated on 

monocytes were associated with inflammatory responses, leukocyte, and cell 

activation as well as response to cytokine. On the other hand, foam cells and 

macrophages particularly demonstrated upregulation of genes associated with tissue 

remodelling - a characteristic feature of macrophages as well as lipid metabolising 

pathways identified in the heatmap as plasma lipoprotein particle clearance and 

triglyceride metabolic processes (Figure 4.11A-B).  

Overall, these outcomes corroborate our earlier findings from our cytokine array 

analysis, highlighting the fact that monocytes have a greater pro-inflammatory 

signature compared to macrophages and foam cells, suggesting a shift towards a more 

anti-inflammatory signature upon monocyte differentiation.  
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Figure 4-10: Top 50 variably expressed genes of monocytes, macrophages and 
foam cells. 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam cells 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts were 
subject to variance stabilisation transformation (VST). Top 50 most variably expressed 
genes were plotted as a heatmap for monocytes, macrophages, and foam cells derived 
from CD14+CD16- (C) and CD14+CD16+ (NC) monocyte subsets. C_Mono = classical 
monocytes, NC_Mono = non-classical monocytes, C_FC = Classical monocyte-derived 
foam cells, C_Mac = classical monocyte-derived macrophage, NC_FC = Non-classical 
monocyte-derived foam cells, NC_Mac = non-classical monocyte-derived macrophage. 
Sample size per group is n=4, biological replicate.  
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Figure 4-11: K means clustering of top 1000 genes in of monocytes, macrophages 
and foam cells. 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam cells 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts were 
subject to variance stabilisation transformation (VST). (A) K-means unsupervised 
clustering was plotted in a heatmap for the clustering of top 1000 genes into (B) 4 
groups (coloured a-d) based on the expression pattern across samples labelled as 
monocytes (Mono), macrophage (Mac) and foam cells (FC) derived from CD14+CD16- 

(C) and CD14+CD16+ (NC) monocyte subsets. Normalised relative expression levels 
are expressed on the heatmap as a gradient with highly expressed genes in red and 
lowly expressed genes in green. C_Mono = classical monocytes, NC_Mono = non-
classical monocytes, C_FC = Classical monocyte-derived foam cells, C_Mac = 
classical monocyte-derived macrophage, NC_FC = Non-classical monocyte-derived 
foam cells, NC_Mac = non-classical monocyte-derived macrophage. Sample size per 
group is n=4, biological replicate.  
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4.4.5. Foam cells and macrophages generated from classical and non-

classical monocytes show very similar transcriptomic expression 

profiles 

I then looked at comparing foam cells and macrophages exclusively by omitting 

the monocytes from the dataset to identify any subtle changes between both groups. 

By performing PCA analysis I observed no defined clustering between foam cells and 

macrophages regardless of their origin being from the classical or non-classical 

monocyte subset (Figure 4.12). According to the heatmap, minimal differences in gene 

expression was observed between macrophages and foam cells and it appeared they 

clustered according to donor and not cell type (Figure 4.13). 

Differential gene expression analysis revealed minimal number of genes up- or 

down- regulated, particularly with classical monocyte derived macrophages and foam 

cells where only 4 genes were down-regulated in foam cells (Figure 4.14A-C). Genes 

upregulated in foam cells derived from non-classical monocytes were particularly 

associated with lipid metabolism including higher expression of ATP-binding cassette 

(ABC) transporter genes, ABCA1 and ACGG1 that promote cholesterol efflux, 

carboxylesterase 1 (CES1) which regulates cholesterol esterification, as well as PLIN2 

which promotes lipid droplet formation and accumulation. Of interest, HMGCS1 was 

upregulated in foam cells derived from classical monocytes – a gene involved in the 

pathway for cholesterol biosynthesis, similarly demonstrating a lipid processing 

signature in foam cells. (Lists of genes listed in table 4.3-4.5). Gene enrichment 

analysis confirmed these findings whereby non-classical monocyte-derived foam cells 

displayed enhanced expression of genes associated with reverse cholesterol transport 

and lipid storage, which are reminiscent of a foam cell phenotype (Figure 4.15A-B). 
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This was accompanied by the downregulation of genes such as IL1R2 related to IL-1b 

receptor signalling as well as genes associated with cell cycle and proliferation 

indicating the reduced proliferative capacity of macrophages upon oxLDL 

accumulation.  
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Figure 4-12: Foam cells and macrophages do not cluster distinctly based on 
cell type or cell origin. 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam 
cells derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene 
counts were subject to variance stabilisation transformation (VST) and principle 
components analysis (PCA) plots were performed on foam cells and macrophages 
only with monocyte samples removed from data set. Principle component analysis 
(PCA) was performed and (B) pairsplots of top 5 PCs were generated with 
populations being coloured according to macrophages (Mac) and foam cells (FC) 
derived from CD14+CD16- (C) and CD14+CD16+ (NC) monocyte subsets. C_FC = 
Classical monocyte-derived foam cells, C_Mac = classical monocyte-derived 
macrophage, NC_FC = Non-classical monocyte-derived foam cells, NC_Mac = 
non-classical monocyte-derived macrophage. Sample size per group is n=4, 
biological replicate.  
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Figure 4-13: Top 50 variably expressed genes of foam cells and macrophages 
derived from CD14+CD16- and CD14+CD16+ monocytes subsets 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam 
cells derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts 
were subject to variance stabilisation transformation (VST). Top 50 most variably 
expressed genes were plotted as a heatmap for CD14+CD16- (C) and CD14+CD16+ 
(NC) monocyte-derived macrophages (Mac) and foam cells (FC). C_FC = Classical 
monocyte-derived foam cells, C_Mac = classical monocyte-derived macrophage, 
NC_FC = Non-classical monocyte-derived foam cells, NC_Mac = non-classical 
monocyte-derived macrophage. Sample size per group is n=4, biological replicate.  
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Figure 4-14: Differentially expressed gene (DEGs) between foam cells and 
macrophages derived from monocyte subsets 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam 
cells derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts 
were subject to variance stabilisation transformation (VST) on foam cells and 
macrophages only with monocyte samples removed from data set. (A) Number of 
differentially expressed genes (DEGs) that were up-regulated and down-regulated 
between CD14+CD16- (C) and CD14+CD16+ (NC) monocyte-derived foam cells and 
macrophages. MA plots showing log2 fold change vs average gene expression 
between (B) classical CD14+CD16- monocyte-derived foam cells and macrophages 
as well as (C) non-classical CD14+CD16+ (NC) monocyte-derived foam cells and 
macrophages. Genes upregulated depicted in red whilst genes downregulated 
depicted in blue. C_FC = Classical monocyte-derived foam cells, C_Mac = classical 
monocyte-derived macrophage, NC_FC = Non-classical monocyte-derived foam 
cells, NC_Mac = non-classical monocyte-derived macrophage. Sample size per 
group is n=4, biological replicate.  
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Table 4-3: Top 30 down-regulated genes in CD14+CD16+ monocyte-derived 
foam cells compared to CD14+CD16+ monocyte derived macrophages 

 
Symbol                                                                       log2 Fold Change Adj.Pval Ensembl gene ID 

 

SKA3 -7.3679683 1.23E-04 ENSG00000165480 

IL1R2 -7.2513228 4.44E-04 ENSG00000115590 

PDPN -7.1260711 4.40E-04 ENSG00000162493 

DEPTOR -6.7443446 2.33E-02 ENSG00000155792 

CDC25A -6.6240652 4.07E-02 ENSG00000164045 

C21orf91 -6.4859115 1.23E-02 ENSG00000154642 

CHAC2 -6.4316917 8.06E-02 ENSG00000143942 

TMEM236 -6.415611 4.07E-02 ENSG00000148483 

OXCT1 -6.2958349 6.15E-02 ENSG00000083720 

TRIP13 -6.134775 1.13E-03 ENSG00000071539 

MARS2 -6.0725765 2.37E-02 ENSG00000247626 

CSPG4 -5.9227683 6.93E-02 ENSG00000173546 

TUFT1 -5.7501734 8.06E-02 ENSG00000143367 

NEK2 -5.7091979 4.41E-02 ENSG00000117650 

MBOAT2 -5.6674479 6.74E-02 ENSG00000143797 

ZNF671 -5.6645343 8.06E-02 ENSG00000083814 

FOSL1 -5.6097935 8.06E-02 ENSG00000175592 

ZNF775 -5.550222 4.41E-02 ENSG00000196456 

KBTBD6 -5.5332942 3.42E-02 ENSG00000165572 

BDH2 -5.4907401 1.72E-02 ENSG00000164039 

PCYOX1L -5.3288445 1.23E-02 ENSG00000145882 

MT1G -4.4776543 8.06E-02 ENSG00000125144 

ZNF783 -4.4420146 8.87E-02 ENSG00000204946 

DTL -4.0882118 8.06E-02 ENSG00000143476 

DLGAP5 -4.0863176 4.41E-02 ENSG00000126787 

C17orf75 -3.9673647 8.06E-02 ENSG00000108666 

CDC20 -3.942106 8.87E-02 ENSG00000117399 

NUF2 -3.8304504 6.74E-02 ENSG00000143228 

INO80E -3.7936319 5.74E-03 ENSG00000169592 

CDKN3 -3.6165508 8.06E-02 ENSG00000100526 

D
ow

nr
eg

ul
at

ed
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Table 4-4: Top 8 up-regulated genes in CD14+CD16+ monocyte-derived foam 
cells compared to CD14+CD16+ monocyte derived macrophages 

 
Symbol                                                                       log2 Fold Change Adj.Pval Ensembl gene ID 

 

CES1 8.05526127 2.00E-02 ENSG00000198848 

ABCG1 7.87804522 3.15E-07 ENSG00000160179 

ZNF19 7.51953333 4.22E-02 ENSG00000157429 

MCC 7.22998902 4.67E-02 ENSG00000171444 

CCHCR1 5.62196262 4.35E-02 ENSG00000204536 

ABCA1 1.7771793 3.84E-03 ENSG00000165029 

KNSTRN 1.49232072 5.23E-02 ENSG00000128944 

PLIN2 1.10358514 8.06E-02 ENSG00000147872 

 

 

 

Table 4-5: Top 4 down-regulated genes in CD14+CD16- monocyte-derived foam 
cells compared to CD14+CD16- monocyte derived macrophages 

 
Symbol                                                                       log2 Fold Change Adj.Pval Ensembl gene ID 

 

MT1H -7.7773096 1.61E-03 ENSG00000205358 

MT1G -6.1278953 3.46E-03 ENSG00000125144 

HMGCS1 -1.6995401 1.72E-02 ENSG00000112972 

FASN -1.3996311 1.47E-03 ENSG00000169710 
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Figure 4-15 Enrichment analysis of differentially expressed genes based on 

Gene ontology (GO) biological processes gene sets 

Bulk-RNAseq was performed on mRNA from monocytes, macrophages and foam 
cells derived from CD14+CD16- and CD14+CD16+ monocytes subsets. Gene counts 
were subject to variance stabilisation transformation (VST) on foam cells and 
macrophages only with monocyte samples removed from data set. Enrichment tree 
of GO biological processes that were up or down regulated between (A) Classical, 
CD14+CD16- (C) monocyte-derived foam cells relative to macrophages as well as 
(B) Non-classical CD14+CD16+ (NC) monocyte-derived foam cells relative 
macrophages. Sample size per group is n=4, biological replicate.  
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4.5. Foam cells are enriched for genes regulating cholesterol transport 

Based on findings from our RNAseq data I observed a gradual loss in the 

inflammatory profile of monocytes upon differentiation into foam cells and these foam 

cells appeared to upregulate genes associated with lipid metabolism specifically in 

non-classical monocyte-derived foam cells. To validate this, I performed qPCR 

analysis on fundamental genes involved in cholesterol transport and lipid metabolism 

on foam cells derived from CD14+ monocytes collectively. Notably, I looked at essential 

reverse cholesterol transporter genes, ABCA1 and ABCG1 that were also observed in 

our RNAseq dataset. I also investigated anti-inflammatory lipid-activated transcription 

factors, PPARa and PPARg that regulate expression of lipid metabolism genes. 

Both ABCA1 and ABCG1 were upregulated on foam cells relative to 

macrophages although the latter was not statistically significant (Figure 4.16A-B). This 

was similarly observed with PPARa and PPARg showing significantly higher 

expression on foam cells with both transcription factors (Figure 4.16C-D). Collectively, 

our data indicate that foam cells adopt an anti-inflammatory, lipid metabolising 

phenotype which based on recent genome-wide studies is reminiscent of a foam cell 

phenotype.  
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Figure 4-16: An increase in lipid metabolism genes in human monocyte-derived 
monocytes macrophages and foam cells 

CD14+ monocytes were isolated via magnetic bead separation. Monocytes were 
either cultured in the absence (for macrophage differentiation) or presence of oxLDL 
(for foam cell formation) for 6 days. RNA was extracted on day 2 for monocytes and 
on day 6 for macrophages and foam cells following complete differentiation. RNA was 
converted to cDNA followed by qPCR analysis for the following lipid processing 
genes: (A) ABCA1, (B) ABCG1, (C) PPARa and (D) PPARg. Data are mean ± SEM 
(n=3, biological replicate). Statistical analysis performed using ordinary one-way 
ANOVA with Dunnetts multiple comparisons post-hoc test, *=p<0.05, **=p<0.01. 
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4.6. Characterisation of monocyte-derived foam cells via flow cytometry 

analysis 

Having looked at the genomic profile of foam cells I then sought to identify 

potential differences at a protein level on foam cells both intracellularly and 

extracellularly. Up until this point I had only looked at characterising foam cells derived 

from oxLDL treatment. However, it is widely acknowledged the LDL can undergo 

several biochemical modifications in the subintimal space leading to the formation of 

additional forms of modified LDL including acLDL and maLDL that drive atherogenesis.  

Hence, I investigated the effects that such modifications can have on protein 

expression of human monocyte-derived foam cells and whether these foam cell 

subtypes can be characterised via flow cytometry. 

4.6.1. Generation of foam cells derived from various forms of modified LDL 

Earlier on in this chapter it had been shown that classical (CD14+CD16-) 

monocytes assimilate oxLDL to a greater extent than the non-classical (CD14+CD16+) 

subset and that this correlated with higher CD36 scavenger receptor expression. Thus, 

I used CD14+CD16- monocytes in culture treated with oxLDL, acLDL or maLDL for 

foam cell formation (6 days) for the following set of experiments. 

Compared to native LDL, modified LDL is endocytosed via the non-classical 

scavenger receptor pathway. To initially confirm uptake of each modified LDL I 

performed Oil Red O staining which demonstrated uptake of modified LDL across the 

three subtypes illustrated by accumulation of cholesterol stored in the form of lipid 

droplets detected by fluorescent microscopy (Figure 4.17A-D). Cell culture 

supernatants were then measured for TNFa and IL-10 cytokine levels. In line with our 
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data so far, all three foam cell subtypes appeared to have very similar inflammatory 

profiles to macrophages as levels of TNFa showed no significant change (Figure 

4.17E). Interestingly however, I did observe a trend towards a decrease in IL-10 levels 

which was only significant with foam cells treated with acLDL (Figure 4.17F), although 

the levels detected in pg/ml were very low overall making it difficult to draw any 

conclusions.   
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Figure 4-17: Cytokine profile of foam cells generated from ox-LDL, ac-LDL and 
ma-LDL.  

CD14+CD16- (classical) monocytes were cultured and differentiated with various 
modified forms of LDL including oxLDL, acLDL and maLDL for 6 days in 24 well tissue 
culture plates for foam cell formation. (A-D) On day 6, cell culture supernatants were 
collected and cells were stained with Oil-red o staining which was visualised using 
fluorescence microscopy. (E, F) TNF and IL-10 cytokine levels were detected in 
culture supernatants via sandwich ELISA. Data are mean ± SEM (n=3, biological 
replicate). Statistical analysis performed using one repeated measures ANOVA with 
Dunnetts post-hoc test compared to the untreated group, Scale bars = 200µm. 
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4.6.2. Characterisation of foam cell subtypes via flow cytometry 

To characterise the various foam cell subtypes, I harvested the cells after 6 days 

in culture and stained them for flow cytometry analysis using our 11-colour 

macrophage panel design described in chapter 3. I looked to identify any differences 

in macrophage-specific markers including scavenger receptors and targets associated 

with M1-like and M2-like macrophages that may possibly be an indicator of foam cell 

subtypes being shifted towards a specific polarised macrophage phenotype.  

Overall, I observed highly similar protein expression profiles between 

macrophages and foam cells, and this was consistent amongst foam cells derived from 

various modified forms of LDL. Classical macrophage-associated markers including 

CD68 and MerTk showed no significant changes (Figure 4.18A-B). Interestingly CD11c 

levels were significantly higher in foam cells generated from oxLDL and acLDL 

reported similarly in murine foamy macrophage within plaque (Figure 4.18C) (Kim et 

al., 2018). Based on our findings there appeared to be no indication of foam cells being 

skewed towards an M1 or M2-like phenotype with minimal differences in M1 

macrophage markers, CD80, CD86 and HLA-DR and M2 marker CD206, although 

maLDL derived foam cells did present with reduced CD86 expression compared to 

macrophages (Figure 4.18D-G). Whilst the scavenger receptor CD204 is notable for 

its preferential uptake of acLDL and Stabilin-1 being a receptor for maLDL uptake, both 

receptors displayed no significant changes between macrophages and the various 

foam cell subtypes (Figure 4.18H-I). However, expression of the major scavenger 

receptor CD36 was increased on all foam cells, with it being significantly higher on 

acLDL and maLDL-treated foam cells (Figure 4.18J). 

 



 154 

Broadly speaking, our analysis revealed that there was very limited difference 

in surface protein expression between macrophages and foam cells across the panel 

which is reflective of the historic data demonstrating the challenge in distinguishing 

foam cells from macrophages in vivo. 
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Figure 4-18: Flow cytometry analysis on foam cell phenotypes 

CD14+CD16- (classical) monocytes were cultured and differentiated with various 
modified forms of unlabelled LDL including oxLDL, acLDL and maLDL for 6 days in 
24 well tissue culture plates for foam cell formation. On day 6 cells were harvested 
from tissue culture plastic and stained for flow cytometry analysis for all antibodies in 
the flow cytometry panel described in Table 2.1; chapter 3. Median fluorescence 
intensity (MFI) was plotted for (A) CD68, (B) CD11c, (C) MerTk (D) CD80, (E) CD86,  
(F)  HLA-DR, (G) CD206, (H) CD36, (I) CD204 and (J) Stabilin-1. Data are mean ± 
SEM (n=3, biological replicate). Statistical analysis performed using one-way 
repeated measures ANOVA test with Dunnetts post-hoc test. 
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4.6.3. Foam cells generated from polarised macrophages demonstrate 

minimal differences in their phenotypic and secretory profile 

Macrophages within in plaque are exposed to many stimuli, with oxLDL being 

one of them. This causes a dynamic shift in M1 and M2 macrophage polarisation with 

M1 macrophages dominating during plaque progression and typically corresponds to 

regions of plaque instability whereas M2 macrophages are concentrated in more stable 

regions (Barrett, 2020, Cho et al., 2013). Here, I investigated the effects of modified 

LDL on macrophage polarisation and how this may alter their inflammatory phenotype.  

CD14+CD16- MDMs were polarised on day 6 to an M1-like and M2-like 

phenotype as mentioned previously in chapter 3. The following day two sets of 

experiments were performed whereby for experiment one, polarising agents were 

removed and replaced with fresh complete macrophage culture media along with 

modified LDL (oxLDL, acLDL or maLDL) for 24 hrs (Figure 4.19A and C). The caveat 

to this experiment is that the removal of polarising stimulants has been reported to 

revert macrophage activation states back to resting state (M0-like stimulants) (Malheiro 

et al., 2017). Hence, for experiment two, macrophages were re-polarised by giving a 

second round of polarising stimulants in addition to modified LDL in attempt to maintain 

their M1- and M2-like phenotype (for 24 hrs) (Figure 4.19B and C). Naïve macrophages 

were treated with media without any stimulants. On day 8 cell culture supernatants 

were collected to assess their cytokine profiles and cells were harvested for flow 

cytometry analysis using our macrophage panel (see chapter 3). 

Previously, from our in vitro experiments, human monocyte derived M1 

macrophages secreted TNF-a at levels greater than 5000 pg/ml after 24hrs stimulation 



 157 

with LPS and IFNy. However, relatively low levels of TNF-a  secretion were observed 

on day 8 from both M1 and M2 macrophages after having polarising stimulants 

removed and being treated with modified LDL alone suggesting that macrophages tend 

to revert back to their original activation state upon removal of the original polarising 

stimuli. When cells were re-challenged with polarising agents, TNF-a levels remained 

relatively low, with minor insignificant increases detected. The addition of various forms 

of modified LDL appeared to have minimal effects on the pro-inflammatory TNF-a 

cytokine profile of M0, M1 and M2 macrophages (Figure 4.20A-C). 

Additionally, flow cytometry analysis revealed no significant differences in target 

antigen expression (CD68, CD11c, MerTK, CD80, CD86, MHC II, CD206, CD35, 

CD204 and Stabilin-1) across M0, M1 and M2 macrophages treated with either 

modified LDL alone or with the addition of a second round of polarising agents (re-

polarisation) compared to untreated macrophages (Figure 4.20-23) (Table 4.6). 

Collectively, this data reiterates that fact that foam cells and macrophages have very 

similar expression profiles, suggesting the addition of modified LDL has minimal effects 

on altering the protein and cytokine profile of macrophage subtypes in vitro.    
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Figure 4-19: Experimental design for macrophage polarisation and treatment 
with modified forms of LDL 

Timelines showing experimental design for polarisation of macrophages whereby on 
day 6 M1 macrophages were polarised with 100 ng/ml LPS and 20 ng/ml IFN- g, M2 
macrophages with 20 ng/ml IL-4 and M0 macrophages with complete culture media 
only for 24 hrs. This was followed by (A) 24hr treatment with modified forms of LDL 
(experiment 1) or (B) a second dose of polarising agents in conjunction with LDL 
treatment (experiment 2). (C) Phase contrast images showing morphology of foam 
cells treated with oxLDL derived from M0, M1 and M2 macrophages. Images taken 
at the experimental endpoint. Scale bars = 200µm. 
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Figure 4-20: TNF secretion profile of foam cells derived from polarised 
macrophages. 

CD14+CD16- (classical) monocytes were cultured and differentiated for 6 days 
followed by polarisation to M0, M1 and M2 macrophages. On day 7 cells were treated 
for 24hrs with oxLDL (24hr LDL) or a second dose of polarising agents in conjunction 
with oxLDL treatment (24hr LDL + re-polarisation). On day 8 cell culture supernatants 
were collected and subject to TNF ELISA analysis (pg/ml) for (A) M0, (B) M1 and (C) 
M2 macrophage-derived foam cells. Data are mean ± SEM (n=3, biological replicate). 
Statistical analysis performed using the non-parametric Mann-Whitney test to 
compare 24hr LDL vs 24hr LDL + re-polarisation as well as two-way repeated 
measures ANOVA with Sidak’s multiple comparisons post-hoc test for comparison 
between LDL treatments.  
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Figure 4-21: Flow cytometry analysis of anti-CD68, anti-CD11c and anti-MerTK 
macrophage markers on foam cells derived from polarised macrophages.  

CD14+CD16- (classical) monocytes were cultured and differentiated for 6 days 
followed by polarisation to M0, M1 and M2 macrophages. On day 7 cells were treated 
for 24hrs with second dose of polarising agents in conjunction with oxLDL treatment 
(24hr LDL + re-polarisation). On day 8 cells were harvested and were stained for flow 
cytometry analysis for all antibodies in the flow cytometry panel described in Table 
2.1; chapter 3. Median fluorescence intensity (MFI) was plotted for (A) CD68, (B) 
CD11c and (C) MerTk. Data are mean ± SEM (n=3, biological replicate). Statistical 
analysis performed using the non-parametric Mann-Whitney test to compare 24hr 
LDL vs 24hr LDL + re-polarisation. 
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Figure 4-22: Flow cytometry analysis of anti-CD80, anti-CD86, anti-MHC II and 
anti-CD206 macrophage markers on foam cells derived from polarised 
macrophages. 

CD14+CD16- (classical) monocytes were cultured and differentiated for 6 days 
followed by polarisation to M0, M1 and M2 macrophages. On day 7 cells were treated 
for 24hrs with second dose of polarising agents in conjunction with oxLDL treatment 
(24hr LDL + re-polarisation). On day 8 cells were harvested and were stained for flow 
cytometry analysis for all antibodies in the flow cytometry panel described in Table 
2.1; chapter 3. Median fluorescence intensity (MFI) was plotted for (A) CD80, (B) 
CD86, (C) HLA-DR and (D) Cd206. Data are mean ± SEM (n=3, biological replicate). 
Statistical analysis performed using the non-parametric Mann-Whitney test to 
compare 24hr LDL vs 24hr LDL + re-polarisation. 
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Figure 4-23: Flow cytometry analysis of anti-CD36, anti-CD204, and anti-
Stabilin-1 macrophage markers on foam cells derived from polarised 
macrophages. 

CD14+CD16- (classical) monocytes were cultured and differentiated for 6 days 
followed by polarisation to M0, M1 and M2 macrophages. On day 7 cells were treated 
for 24hrs with second dose of polarising agents in conjunction with oxLDL treatment 
(24hr LDL + re-polarisation). On day 8 cells were harvested and were stained for flow 
cytometry analysis for all antibodies in the flow cytometry panel described in Table 
2.1; chapter 3. Median fluorescence intensity (MFI) was plotted for (A) CD36 and (B) 
CD204 and (C) Stabilin-1. Data are mean ± SEM (n=3, biological replicate). Statistical 
analysis performed using the non-parametric Mann-Whitney test to compare 24hr 
LDL vs 24hr LDL + re-polarisation. 
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4.7. Discussion 

Recent studies looking at immune cell composition in both human and murine 

atherosclerotic plaque have identified a heterogenous population of cells that has 

enabled greater resolution of the cellular landscape during atherosclerotic disease 

progression (Lavine, 2023). The precise identity of foam cells remains actively debated 

as their expression profiles are very similar to macrophages, thus making it difficult to 

isolate these cells exclusively from tissue without cross-contamination. The use of 

novel transcriptomic technologies has benefited our understanding of these lipid-

associated macrophages (Bonacina et al., 2023). The aim of this chapter was to gain 

a comprehensive insight into the characterisation of foam cells by focusing also on the 

impact of monocyte origin in attempt to gain a better understanding of foam cell biology. 

I did this by utilising both flow cytometry analysis and bulk RNAseq in order to observe 

changes both at protein and gene level. Our findings were very similar to existing 

studies demonstrating very similar profiles based on protein expression and 

transcriptomic signatures with foam cells being presented with a down-regulated 

inflammatory profile and the upregulation of genes involved with lipid processing.  

4.7.1. Monocytes display a pro-inflammatory signature that is gradually lost 

upon differentiation 

Plaque macrophages are largely derived from a heterogenous population of 

recruited monocytes into the subintimal layer of the inflamed vessel wall. Whilst the 

current paradigm suggests monocytes undergo differentiation before assimilating 

oxLDL, I demonstrated that in fact human monocytes are capable of scavenging oxLDL 

before fully differentiating into macrophages at day 2 and that uptake is greater with 

CD14+CD16- classical monocytes compared to their CD14+CD16+ non-classical 
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counterpart. This is likely due to increased surface expression of primary scavenger 

receptor, CD36 on CD14+CD16- monocytes, - a distinguishing feature reported in 

numerous studies both at gene and protein level (Gren et al., 2015, Mukherjee et al., 

2015, Wong et al., 2011, Tallone et al., 2011) . However, this did not reach statistical 

difference in our findings which most likely is a result of our CD14+CD16+ population 

being combination of non-classical and intermediate monocytes. Intermediate 

monocytes typically express much higher CD36 expression than the non-classical 

monocytes, thus contributing to an unexpectedly higher MFI as opposed to that 

observed with non-classical monocytes alone (Mukherjee et al., 2015).  Together, with 

the enhanced migratory nature of classical monocytes, this subset serves as prime 

candidate for increased susceptibly to foam cell formation. In contrast, Marcovecchio 

et al revealed the opposite trend, with murine Ly6C- (non-classical) monocytes 

demonstrating a preferential uptake of oxLDL in comparison to Ly6C+ (classical) 

monocytes in western-diet fed mice. It has been reported here that CD36 in non-

classical monocyte not only plays a role in scavenging oxLDL but also facilitates in 

patrolling the endothelium, suggesting an atheroprotective role for CD36 in this subset 

in mice (Marcovecchio et al., 2017). Whether these opposing observations are species 

specific requires further investigation.  

Due to overlapping evidence being reported on the roles of CD14+CD16- and 

CD14+CD16+ in atherosclerosis, the precise role of these subsets is not yet clearly 

defined (Idzkowska et al., 2015). There are also existing conflicts in studies regarding 

the inflammatory nature of these monocyte subsets with some studies reporting 

classical monocytes to be more pro-inflammatory (Swirski et al., 2007, Tacke et al., 

2007, Gautier et al., 2009). However, in response to inflammatory stimuli, non-classical 
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monocytes clearly show greater secretion of pro-inflammatory cytokines including 

TNF-a, IL-6 and IL-1 and have been shown to expand in inflammatory disease (Hofer 

et al., 2019). I found that CD14+CD16+ (non-classical/intermediate) monocytes trended 

towards a more pro-inflammatory phenotype in steady state based on an increases in 

TNF-a levels as well as increased expression of genes associated with cell activation, 

cellular responses to cytokine stimulus and leukocyte activation.  

Whilst both monocyte subsets showed distinct transcriptomic profiles from one 

another via clear separation in PCA plots, I observed a gradual loss of distinction 

between the two subsets upon differentiation into macrophage and foam cells shown 

via bulk RNAseq analysis, indicating that CD14+CD16- and CD14+CD16+ monocytes 

develop similar characteristics when differentiated into macrophages.  It is generally 

believed that classical monocytes give rise to ‘inflammatory’ macrophages and non-

classical monocytes differentiate into macrophages of a less inflammatory phenotype 

(Nahrendorf et al., 2007, Woollard and Geissmann, 2010, Iqbal et al., 2016). However, 

M2-like non-inflammatory macrophages can also be derived from classical monocytes 

in the context of allergic inflammation, highlighting the fact that the microenvironment 

ultimately determines the phenotypic polarisation of monocytes which cannot be 

recapitulated in our in vitro studies using cells in isolation (Egawa et al., 2013, Yang et 

al., 2014, Richards et al., 2013). For the purpose of this study, no functional assays 

were performed to clarify potential behavioural differences between the different 

macrophage and foam cell populations.  

Preliminary data in our lab have shown that functionally monocytes have a 

greater capacity to activate endothelium compared to macrophages due to increased 

secondary leukocyte capture under flow conditions, thus considering them more pro-
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inflammatory in nature. Likewise, I observed that monocytes overall had a greater 

enrichment of genes associated with leukocyte activation and inflammatory responses 

compared to both macrophages and foam cells based on transcriptomic data which 

reflect such functional behaviours. Among the list of upregulated pro-inflammatory 

genes included S100A8 and S100A9, which both contribute to increased leukocyte 

recruitment and cytokine production and are widely known to be differentially 

expressed in peripheral blood monocytes and MDMs (Beitnes et al., 2012, Rugtveit et 

al., 1996). Yet this pro-inflammatory phenotype appeared to dissipate upon 

differentiation confirming a reduction in pro-inflammatory gene signature in 

macrophages and foam cells. These observations were mirrored in our cytokine array 

analysis demonstrating a diminished pro-inflammatory cytokine profile with monocyte 

differentiation. Similar conclusions have been derived from studies within the gut 

reporting a gradual loss in the pro-inflammatory capacity of monocytes with 

differentiation into resident and MDMs (Bujko et al., 2018, Bernardo et al., 2018). 

Collectively I have shown that monocytes in their inflammatory state can scavenge 

oxLDL and that this pro-inflammatory response is down-regulated upon differentiation 

into foam cells and macrophages.  

4.7.2. Foam cells display an anti-inflammatory and lipid metabolising profile 

Transcriptomic studies have primarily utilised single-cell RNA sequencing 

(scRNAseq), bulk RNAseq analysis and mass cytometry to identify several myeloid 

specific clusters corresponding to macrophages at various activation states 

(Fernandez et al., 2019, Winkels et al., 2018, Kim et al., 2018, Lin et al., 2019, Cochain 

et al., 2018, Depuydt et al., 2020). Uniformly, they have identified a population of 

resident-like aortic macrophages, inflammatory macrophages and lipid-accumulated 
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foamy macrophages that exhibit differential gene expression profiles. The 

distinguishing feature on foam cell-like populations was the elevated expression levels 

of the TREM2 gene reflected in both murine and human plaque (Cochain et al., 2018, 

Lin et al., 2019, Depuydt et al., 2020). In this study I similarly observed a gradual 

increase in TREM2 expression on foam cells with monocyte differentiation. In addition 

to its role in cell survival and its involvement in neuroinflammation, TREM2 has recently 

emerged as a significant player in lipid metabolism, whereby TREM2-deficient mice 

presented with fewer lipid droplets in myeloid cells upon exposure to cholesterol 

(Gouna et al., 2021, Khantakova et al., 2022). Thus, enrichment of TREM2 in foam 

cells may contribute to the characteristic accumulation of cholesterol-filled lipid droplets 

observed in macrophages. 

These studies also reported an increase in lipid processing genes that regulate 

cholesterol uptake and efflux in TREM2hi foamy macrophages. This included ABC 

transporters and PPAR signalling pathway genes (Depuydt et al., 2020, Kim et al., 

2018, Cochain et al., 2018, Xu and Yang, 2023). Similarly, I also observed increased 

expression of ABC transporter genes, ABCA1 and ABCG1 which was only evident in 

macrophages derived from non-classical monocytes. These genes are typically 

induced by PPARs and I confirmed this via qPCR analysis demonstrating a 

simultaneous increase in PPARa and PPARg in foam cells (Chinetti et al., 2001). Such 

genes may be upregulated in response to excessive influx of oxLDL-derived 

cholesterol that become trapped within the cell in the form of lipid droplets (Javadifar 

et al., 2021, Wang et al., 2019a). Evidence for this was supported by the increased 

levels of lipid-droplet associated gene, PLIN2 that I observed in these foam cells, 
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whereby overexpression of this gene typically corelates with reduced cholesterol efflux 

in macrophages (Saliba-Gustafsson et al., 2019, Larigauderie et al., 2004). 

Previous studies have demonstrated pro-inflammatory characteristics of foam 

cells through their interaction with TLRs and oxLDL and activation of the NLRP3 

inflammasome (Zhang et al., 2014, Liu et al., 2014). However, based on recent 

findings, there is a current paradigm shift in the field, suggesting foam cells are not 

inevitably pro-inflammatory but instead maybe considered to be anti-inflammatory 

(Thomas et al., 2015a, Depuydt et al., 2020). In fact, macrophages are considered 

more pro-inflammatory than foam cells and Depuydt et al identified two subsets of 

these pro-inflammatory macrophages expressing IL-1b and TNFa in human 

atherosclerotic plaque (Depuydt et al., 2020, Kim et al., 2018). This is supported by 

Reschen et al, displaying evidence of the degradation of pro-inflammatory genes in 

human macrophages upon oxLDL exposure (Reschen et al., 2015). In contrast, 

TREM2high foamy macrophage were associated with low levels of inflammatory genes 

such as IL-1b and TNFa (Kim et al., 2018). In line with this, I found down-regulated 

expression of interleukin 1 receptor type II (IL1R2) (a high affinity receptor for mature 

IL-1b) in foam cells derived from non-classical monocytes only, indicating reduced pro-

inflammatory IL-1b signalling in foam cells (Ding et al., 2023).   

These findings indicate that foam cells exhibit a genomic profile characterised 

by lipid metabolism and anti-inflammatory traits. This paradoxical observation 

challenges the longstanding association of foam cells with promoting inflammation 

(Thomas et al., 2015a). I demonstrate here that this phenotype is specifically 

associated in foam cells derived from non-classical monocytes in our study. Whilst 

classical monocytes may assimilate oxLDL more readily, it may be that non-classical 
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monocytes react more aggressively to pro-inflammatory stimuli such as oxLDL, leading 

to greater differential gene expression that is indicative of a foam cell phenotype. 

Interestingly, it has been shown that Ly6Chigh monocytes are mostly found in healthy 

aortas whereas Ly6Clow non-classical monocytes are the dominant monocyte 

population in diseased atherosclerotic plaque, suggesting a pro-atherogenic role for 

these cells (Winkels et al., 2018). Whether these observations are translational in 

humans would require further investigation.  

4.7.3. Characterisation of foam cell subtypes and their effect on macrophage 

polarisation states 

Whilst oxLDL has predominantly been indicated in atherosclerotic lesions, 

several other forms of modified LDL such as acLDL and maLDL have been reported 

from early studies that permit cholesterol accumulation (Griffin et al., 2005, Schuh et 

al., 1978, Goldstein et al., 1979b). Several studies have reported differences between 

foam cell subtypes showing that modified LDL ligands traffic to different lysosomal 

compartments resulting in varying degrees of cholesterol accumulation within the cell 

and that the degradation and uptake of modified LDL ligands differ (Wang et al., 2007, 

Lougheed et al., 1999). Although few if any studies have attempted to characterise 

these foam cell subtypes based on protein expression, due to challenges in generating  

pure populations of foam cells and to their highly adherent nature in vitro. By applying 

flow cytometry analysis on in vitro cultured foam cells, our data revealed minimal 

differences in intracellular and extracellular protein expression between foam cell 

subtypes. In fact all three subtypes displayed very similar profiles to macrophages, 

mirroring the data observed at a genomic level. 
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Distinguishing features observed between macrophages and foam cells 

included higher CD36 expression. It is noted that that uptake of various forms of 

modified LDL varies, whereby high affinity uptake of oxLDL, acLDL and maLDL are all 

attributable to specific scavenger receptors (Kunjathoor et al., 2002, Lougheed et al., 

1999, Moore and Freeman, 2006). Candidate receptors for oxLDL include CD36, 

CD68, MARCO, LOX-1, whereas for SRA (CD204) is considered the prototypical 

receptor for majority of acLDL uptake demonstrated in SRA-knockout mouse (Moore 

and Freeman, 2006, Jay et al., 2015, Lougheed et al., 1997). However, I observed no 

significant differences in CD204 expression between human macrophages and foam 

cells derived from acLDL. Similarly, I observed no significant changes with stabilin-1 

expression on maLDL-derived foam cells since stabilin-1 deficiency has been 

associated with abrogated maLDL uptake in hepatic macrophages (Rantakari et al., 

2016). Notably, CD36 expression was elevated on all foam cell subtypes, indicating its 

prominent role in the uptake of all three forms of modified LDL in human macrophages. 

This contradicts the findings observed in studies involving mice and cell lines 

(Lougheed et al., 1997, Rantakari et al., 2016, Podrez et al., 2000). It is possible that 

the various forms of modified LDL may compete for scavenger receptor binding based 

on their affinity to CD36 and that the absence of CD36 may be indispensable for their 

uptake (Kunjathoor et al., 2002, Sparrow et al., 1989). Previous data in our lab 

(unpublished) is indicative of this showing that blocking CD36 abrogated majority of 

oxLDL uptake in human macrophages, however this has yet to be repeated with both 

acLDL and maLDL.  

In addition, I also observed increased CD11c expression on foam cells 

compared to macrophages which was significant with acLDL and maLDL subtypes. 
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Whilst CD11c is typically associated as a dendritic cell marker, macrophages also co-

express high levels of CD11c (particularly alveolar and intestinal macrophages), which 

contributes to the ongoing inability to distinguish accurately between DCs and 

macrophages in tissue due to extensive overlap in expression (Merad et al., 2013, Bain 

and Mowat, 2014, Bernardo et al., 2018, Misharin et al., 2013). Parallel with our 

findings, its expression is found on mature macrophages in atherosclerotic lesions and 

more recently its expression has been linked with foamy macrophages in murine 

atherosclerotic plaque and BMDM-derived foam cells (Kim et al., 2018, Koltsova et al., 

2013, Wu et al., 2009, Bisgaard et al., 2016). Whether it contributes to the functional 

role of foam cells during atherogenesis is unknown. Based on our results, it is evident 

that macrophages and foam cells consistently exhibit very similar profiles based on 

protein expression also. However our findings suggest CD36 and CD11c expression 

may be used as potential markers to distinguish between them. Further analysis would 

be required in order to find distinguishing features between the different foam cell 

subtypes.  

4.7.4. The impact of modified LDL on the polarisation state of macrophages 

During atherogenesis M1 macrophages are typically associated with plaque 

progression and M2 macrophages with plaque stability and regression. Previously, it 

has been shown that exposure to oxLDL can modify the inflammatory response of 

macrophages (Ohlsson et al., 1996, Alique et al., 2015). Murine BMDMs and THP-1 

cells demonstrated enhanced LPS-induced pro-inflammatory cytokine secretion with 

prior exposure to oxLDL (Mikita et al., 2001, Groeneweg et al., 2006). Here I looked to 

investigate the impact of oxLDL, acLDL and maLDL on human MDM polarisation states 

and whether uptake ultimately modifies macrophage phenotypes.  
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Based on their cytokine profiles, it appears that the removal of polarising stimuli 

after 24 hours led a loss in macrophage polarisation states due to a drastic reduction 

in TNFa levels detected in M1 macrophages (greater than tenfold) compared to levels 

detected immediately after 24 hour stimulation (demonstrated in chapter 3). It seems 

as if they revert back an M0-like state which was also similarly reported by Malheiro et 

al where they observed a loss in M1 and M2 macrophage protein expression with 

cytokine removal (Malheiro et al., 2017)  Yet, I found that adding a second round of 

polarising agents post 24 hours made minimal differences in cytokine levels. This 

reiterates the fact that macrophages acquire optimal times for stimulation after which 

expression of phenotypic markers begin to decline (detailed in chapter 3) (Unuvar 

Purcu et al., 2022). Further to this I observed no differences in TNFa and IL-10 levels 

upon exposure to modified LDL between the 3 macrophage subsets indicating that 

modified LDL uptake has little effect on modulating cytokine levels in cultured MDMs.   

Interestingly M2 macrophages have been shown to accumulate oxLDL more 

rapidly compared to M1 macrophages. This is supposedly driven by the enrichment of 

scavenger receptors on their surface which I similarly observed with higher CD36 and 

stabilin-1 expression on the M2 macrophages compared to the M1 phenotype, 

although there appeared to be no significant change upon exposure to modified LDL. 

(van Tits et al., 2011, Bisgaard et al., 2016, Isa et al., 2011). This trend was mirrored 

across the rest of the markers in our flow cytometry panel where I observed no changes 

in protein expression with modified LDL treatment across the macrophage subsets.  

Overall, in this chapter I demonstrated little to no changes in the genomic, 

cytokine and protein expression profile of macrophages upon exposure to modified 

LDL. Once again, these findings are reflective of the majority of studies demonstrating 
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significant overlap in macrophage and foam cell phenotypes. Yet, one may argue that 

perhaps phenotypic changes in foam cells are not being captured due to the length of 

time of our foam cells in culture since the lifespan of macrophages in plaque is typically 

extensive, lasting up to several months long (Murphy and Tall, 2014, Robbins et al., 

2013). Interestingly Nogeic¢ et al demonstrated that prolonged cultured of human 

monocyte-derived foam cells at 30 days was able to functionally elicit pro-inflammatory 

responses as well as express significantly higher expression of CD36 scavenger 

receptor and CD86 M1 macrophage marker compared to macrophages alone (Nogieć 

et al., 2020). Thus, our model of 8 days may not truly reflect the cumulative effects of 

modified LDL uptake over prolonged periods of time which realistically occurs during 

chronic disease.  

4.7.5. Summary of results 

• Classical monocytes are able to assimilate oxLDL more readily than their non-

classical counterpart which may correspond to higher CD36 scavenger receptor 

expression  

• Monocytes demonstrate a greater pro-inflammatory transcriptomic profile 

compared to macrophages and foam cells as monocytes exhibit higher 

expression levels of pro-inflammatory genes. This pro-inflammatory phenotype 

appears to dissipate upon differentiation into macrophages and foam cells in 

vitro 

• Foam cells display an anti-inflammatory and lipid metabolising transcriptomic 

profile which appears to be more prominent in foam cells derived from non-

classical monocytes 
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• Foam cells derived from various forms of modified LDL exhibit similar protein 

expression profiles detected via flow cytometry.  

• Elevated CD11c and CD36 expression on foam cells may be used to distinguish 

these lipid-laden cells from macrophages 

• Various forms of modified LDL (oxLDL, acLDl and maLDL) appeared to have 

minimal effect on the polarisation states of MDMs  

 

  



 175 

Chapter 5. SPATIAL TRANSCRIPTOMIC 

PROFILING OF HUMAN CORONARY 

ARTERIAL PLAQUE TISSUE 

 

5.1. Introduction 

In the previous chapter I investigated differences in the protein and genomic 

signature of foam cells and macrophages in vitro.Whilst, studying these cells in 

isolation is routinely performed in atherosclerosis research, in reality the immune 

landscape in the plaque is more heterogenous, whereby intercellular interactions 

between immune cells orchestrate disease pathogenesis (Fernandez et al., 2019, 

Lavine, 2023, Bonacina et al., 2023). Thus, our studies in vitro looking at foam cells 

and macrophages in isolation most likely fails to recapitulate the inter-cellular 

interactions that may influence their phenotype and behaviour in vivo during the 

disease state (Mahdinia et al., 2023). Hence, I employed novel spatial transcriptomics 

technology using the GeoMx Digital Spatial Profiler (DSP) to carry out immunoprofiling 

of human coronary arterial plaque tissue. This novel technology has the added 

advantage of providing spatial and temporal assessments of proteomic and genomic 

immune profiles within tissue (Hernandez et al., 2022). Arterial tissue sections were 

taken from patients with atherosclerosis at different stages of disease severity which 

also allowed us to look into potential changes in the immune landscape with disease 

progression to identify potential biomarkers of disease severity. I specifically made an 
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attempt to look at changes in the expression profiles of macrophage and foam cells 

within plaque as they are the predominant immune cells responsible for disease 

manifestation.   
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5.2. Experimental design and rational for spatial transcriptomic profiling 

Although the experimental design was not tailored specifically for our research 

question, I was able to utilise the raw data to investigate potential differences in the 

gene expression profiles of macrophage and foam cell markers during disease 

progression at distinct anatomical sites of coronary artery tissue. The experiment 

workflow consisted of initially staining human coronary artery tissue sections with 

immunofluorescent antibodies which in this case were CD45 for immune cells, CD4 for 

T cells and SYT013 for a nuclear stain. This was followed by staining with DSP 

barcoded RNAscope probes for human whole transcriptome analysis (WTA). Sections 

were imaged and selective ROIs were chosen for sequencing for WTA (Figure 5.1-

5.2).  
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Figure 5-1: Schematic diagram of digital spatial profiling (DSP) assay workflow using nanostring GeoMX DSP. 

1) Tissue sections are labelled with fluorescently labelled antibodies for specific markers for tissue localisation followed 
by staining with RNAscope photo-cleavable DSP barcoded probes to detect RNA. 2) Tissue section is then imaged using 
a fluorescent microscope and specific regions of interest (ROIs) are selected for profiling. 3-4) UV-light is then used to 
cleave DSP barcodes from RNA probes which are collected from specific ROIs and dispensed in a 96-well plate, where 
each well corresponds to a pool of photocleaved probes from a single ROI 5) Collected barcoded probes are then counted 
using an illumina sequencer (Diagram self-illustrated using Biorender).  
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Figure 5-2: Microscopy images of fluorescently labelled human coronary 
artery tissue sections with selected ROIs for GeoMX digital spatial profiling 
(DSP). 

Human coronary artery sections of varying disease severity; (A) mild/normal, (B) 
moderate and (C) severe were stained with fluorescently labelled antibodies 
including (E) SYTO13 for nucleic acid stain (blue), CD4 for T cells (green) and CD45 
for immune cells (red) followed by RNAscope photo-cleavable DSP barcoded probes 
for whole transcriptome analysis (WTA). Sections were then imaged and specific 
regions of interest (ROIs) were selected (as shown in images) whereby circular ROIs 
refer to areas corresponding to arterial tertiary lymphoid organs. 
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5.3. The rationale for spatial transcriptomic data analysis 

The raw sequenced data were processed for quality control and normalised 

before downstream analysis was performed using the GeoMx DSP data analysis suite 

software. Since the experiment was originally designed to look at CD4 T cells, I had to 

adjust our analysis workflow to meet the needs of our research investigation which was 

to look at differential gene expression of macrophages and foam cells in regions within 

atherosclerotic plaque at different disease states.   

Initially, unsupervised hierarchical clustering was performed demonstrating that 

for the most part genes were clustered according to tissue localisation based on the 

generated heatmap (Figure 5.3). Since the tissue was not stained specifically using a 

macrophage marker, I selected ROIs that were CD45+ to ensure I was focusing on 

regions containing immune cells. Further to this, based on existing literature and 

findings from our in vitro studies I based our downstream analysis using CD68 mRNA 

as a marker for macrophages and CD11c (ITGAX) mRNA which from our data was 

elevated on foam cells at a protein level and has been reported in parallel in previous 

studies (Kim et al., 2018, van der Kooij et al., 1997). Trem2 expression to also found 

to be closely associated with foam cells as I have demonstrated in the previous 

chapter, however I failed to detect sufficient levels in this transcriptomic dataset 

(Depuydt et al., 2020, Cochain et al., 2018, Kim et al., 2018). As T cells are amongst 

the most abundant cells in plaque, I found CD68 gene expression correlated with 

greater expression in CD4+ ROIs compared to CD4- ROIs, although expression of 

CD11c (ITGAX) was more variable (Figure 5.4). 
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Figure 5-3: Unsupervised hierarchical clustering of genes according to 
localisation in coronary artery tissue sections 

Human coronary artery sections of varying disease severity were analysed using 
the GeoMX DSP for whole transcriptome analysis (WTA). Using the GeoMX DSP 
data analysis suite software, unsupervised hierarchical clustering was performed 
based on tissue localisation as labelled in key; adventitia, infiltrated muscle layer, 
nerve, muscle, plaque, miscellaneous (unlabelled regions). Data presented as a 
heatmap.  
 



 182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CD68 

A) 

ITGAX

5
6
7
8
9

10

2

3

4

5
6
7

CD4+

CD4-

Target

C
o
u
n
ts

ITGAX CD45 localisation

C) 
CD11c (ITGAX) 

Figure 5-4: Box plot of CD68 and ITGAX (CD11c) gene counts in CD45+CD4+ 
vs CD45+CD4- ROIs 

Human coronary artery sections of varying disease severity were analysed using 
the GeoMX DSP for whole transcriptome analysis (WTA). Gene expression of (A) 
CD68 and (B) ITGAX (CD11c) was plotted in CD45+ CD4+ (pink) and CD45+ CD4- 
ROIs (green). Gene expression counts were normalised based on quartile three 
(Q3) normalisation. Data plotted are ± SD.  
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5.4. Spatial CD68 gene expression in coronary artery tissue 

I then sought to investigate the expression of CD68 (macrophage marker) within 

tissue in attempt to look at its changes with disease severity and localisation. The 

distribution of CD68 gene expression according to disease severity was variable. CD68 

expression was appeared to be greater in mild and normal regions of tissue, although 

in ROIs of moderate and severe disease expression was highly variable with some 

ROIs expressing high counts for CD68 (Figure 5.5A-B). Overall CD68 expression was 

shown to be greater in regions of plaque tissue. However, one must take into account 

the dissimilar number of ROIs for the different factors (tissue localisation and disease 

severity) which may skew data outcomes (Figure 5.5C-D). 

Since, the original experimental design did not include a CD68 antibody I split 

ROIs based on CD68high vs CD68low expression in attempt to select regions that are 

likely to be truly positive for CD68 (macrophages) based on relative expression. A 

range of macrophage-associated genes (based on the macrophage flow cytometry 

panel mentioned in chapter 3) were then investigated for their expression in CD68high 

and CD68low ROIs in the tissue sections including (Figure 5.6A-B). These genes were 

generally elevated in CD68high regions as expected with majority of these differences 

being statistically significant with an FDR < 0.01 as visualised in the form of a volcano 

plot (except for ITGAX, and ABCG1). The top 15 genes elevated in CD68high ROIs were 

also plotted showing significantly high expression in complement factors (C1QA, C1QB 

and C1QC) as well as CD14, all of which are indicative of a macrophage phenotype 

(Figure 5.6C-D). Pathway enrichment analysis was performed on both groups whereby 

statistically significant pathways of interest were identified. This revealed an up-

regulation of pathways in CD68high ROIs associated with innate macrophage functions 
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such as MHC II antigen presentation, regulation of complement cascade and binding 

and uptake of ligands by scavenger receptors (Park et al., 2022). I also observed an 

increase in IL-4 and IL-13 signalling that are classically required for activation of M2 

macrophage polarisation (Scott et al., 2023) (Figure 5.6E) (Table 5.1). Together these 

findings are suggestive of CD68high regions being enriched with macrophages due to 

their gene expression profiles and suggests that such regions are enriched mainly in 

plaque as anticipated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A) B) 

C) D)          

CD68 and disease severity 
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Figure 5-5: The variation in CD68 gene expression in coronary artery tissue 
based on disease severity and tissue localisation 

Human coronary artery sections of varying disease severity were analysed using 
the GeoMX DSP for whole transcriptome analysis (WTA). CD68 gene expression 
was visualised as box plots and PCA plots according to (A,B) disease severity 
graded according to being mild, normal, moderate or severe and (C, D) tissue 
localisation in adventitia, plaque or infiltrated muscle layer. Gene expression counts 
were normalised based on quartile three (Q3) normalisation. Data plotted are ± SD.  
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Figure 5-6: Gene expression in coronary artery tissue in CD68high vs CD68low 
ROIs 

Human coronary artery sections of varying disease severity were analysed using the 
GeoMX DSP for whole transcriptome analysis (WTA). (A) ROIs in tissue sections  
were labelled according to CD68high vs CD68low gene expression. (B) Pan 
macrophage markers were plotted in box plots for CD68high (green) vs CD68low 
(yellow) ROIs. Volcano plots were plotted to identify (C) top 15 statistically significant 
up-regulated genes (labelled) with an FDR <0.01 as well as (D) expression of pan 
macrophage markers (labelled) in CD68high vs CD68low ROIs. (E) Pathway 
analysis was performed to observe pathway enrichment obtained from the online 
Reactome database with ‘–log adjusted p value’ on the y-axis and ’normalised 
enrichment score’ on the x-axis. Gene expression counts were normalised based on 
quartile three (Q3) normalisation. 
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5.5. Spatial CD11c (ITGAX) gene expression in coronary artery tissue 

I performed a similar set of analysis based on CD11c (ITGAX) gene expression 

which I proposed as a potential foam cell marker in coronary artery tissue sections, 

based on previous findings in the literature and our flow cytometry analysis (chapter 4) 

(Kim et al., 2018). Similarly, CD11c (ITGAX) was not included as an antibody stain in 

the original experimental design. Interestingly, CD11c (ITGAX) expression was much 

higher on moderate to severe disease ROIs and this coincided with greater expression 

in regions of plaque (Figure 5.7). ROIs were also split according to CD11chigh and 

CD11clow expression with the aim of selecting regions consisting of cells truly positive 

for CD11c (ITGAX) expression which I hypothesised as being potentially foam cell 

positive (Figure 5.8A). Our panel of macrophage-associated genes demonstrated 

minimal significant differences between CD11chigh and CD11clow ROIs, with only 

significantly higher expression found with STAB1 and CD36 scavenger receptor 

expression (with an FDR <0.01) surprisingly on CD11clow areas (Figure 5.8B and D). 

Caution was taken when interpreting the data as CD11c is also widely known as a 

dendritic cell marker, thus distinguishing between foam cells and dendritic cells posed 

as a great challenge. 

By exploring the top 15 significantly expressed genes in CD11chigh and CD11clow 

ROIs, I failed to detect markers that were uniquely associated with foam cells or a 

macrophage phenotype and instead, observed significant expression of genes such 

as CD72 and ADA2 that overlap with both macrophages and dendritic cells (Suzuki et 

al., 2008, Watanabe et al., 2021). Interestingly CLEC10A expression was significantly 

expressed in CD11clow regions which is a marker specific for CD1c+ dendritic cells 

(Wesa and Galy, 2001) (Figure 5.8C). Further to this, pathway analysis, demonstrated 
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an enrichment of genes associated with IL-12 signalling in CD11clow ROIs, a cytokine 

produced prominently by dendritic cells. This was accompanied by the up-regulation 

of pathways associated with amino acid metabolism and cellular responses to 

starvation such as autophagy all of which are characteristics that are typically defective 

in foam cells (Figure 5.8E) (Table 5.2) (Robichaud et al., 2022, Zaric et al., 2020). 

Whether the CD11chigh regions correspond to foam cells or dendritic cell enriched 

areas remains obscure due to the nature of the experimental design.  
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Figure 5-7: The variation in ITGAX (CD11c) gene expression in coronary artery 
tissue based on disease severity and tissue localisation 

Human coronary artery sections of varying disease severity were analysed using the 
GeoMX DSP for whole transcriptome analysis (WTA). ITGAX (CD11c) gene 
expression was visualised as box plots and PCA plots according to (A,B) disease 
severity graded according to being mild, normal, moderate or severe and (C, D) 
tissue localisation in adventitia, plaque or infiltrated muscle layer. Gene expression 
counts were normalised based on quartile three (Q3) normalisation. Data plotted are 
± SD.  
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Figure 5-8: Gene expression in coronary artery tissue in CD11chigh vs CD11clow 
ROIs 

Human coronary artery sections of varying disease severity were analysed using the 
GeoMX DSP for whole transcriptome analysis (WTA). (A) ROIs in tissue sections  were 
labelled according to CD11chigh vs CD11clow gene expression. (B) Pan macrophage 
markers were plotted in box plots for CD11chigh (green) vs CD11clow (yellow) ROIs. 
Volcano plots for were plotted to identify (C) top 10 statistically significant up-regulated 
genes (labelled) with an FDR <0.01 as well as (D) expression of pan macrophage 
markers (labelled) in CD11chigh vs CD11clow ROIs. (E) Pathway analysis was 
performed to observe pathway enrichment obtained from the online Reactome 
database with ‘–log adjusted p value’ on the y-axis and ’normalised enrichment score’ 
on the x-axis. Gene expression counts were normalised based on quartile three (Q3) 
normalisation. 
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Table 5-1: Pathways that are downregulated in CD68high ROIs 

 

 
 
 
 

Table 5-2: Pathways that are downregulated in CD11clow ROIs 

Symbol Normalised enrichment 
score in CD11clow p value Adj p value 

Selenoamino acid metabolism -6.0639176 0.00027465 0.00482996 
Cellular response to starvation -5.5010353 0.00028818 0.00482996 
Metabolism of amino acids and 
derivatives -4.9059098 0.00030931 0.00482996 

Platelet degranulation -2.5914763 0.00025927 0.00482996 
Interleukin-12 signaling -2.3044627 0.00068228 0.00810386 
Platelet activation, signaling and 
aggregation -2.116453 0.00030516 0.00482996 

Innate Immune System -2.2211457 0.00047438 0.00583494 
Regulation of Complement 
cascade -2.8079607 0.00022242 0.00482996 

 

 

 

  

Symbol Normalised enrichment 
score in CD68high p value Adj p value 

Plasma lipoprotein assembly, 
remodelling, and clearance -2.752033016 0.00017668 0.00143627 

Interleukin-4 and Interleukin-13 
signalling -2.76202145 0.00017215 0.00143627 

Platelet activation, signalling and 
aggregation -2.850643691 0.00016878 0.00143627 

Regulation of Complement 
cascade -2.865126153 0.00017768 0.00143627 

Metabolism of amino acids and 
derivatives -3.00040985 0.00016714 0.00143627 

ECM proteoglycans -3.014325935 0.000174 0.00143627 
Binding and Uptake of Ligands 
by Scavenger Receptors -3.123158023 0.00017724 0.00143627 

Platelet degranulation -3.2838964 0.00016858 0.00143627 
MHC class II antigen 
presentation -3.322171268 0.00017235 0.00143627 
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5.6. Spatial gene expression analysis specifically in plaque ROIs within 

human coronary artery tissue 

As foam cells reside specifically within the plaque, I shifted our focus specifically 

on plaque ROIs only, that were selectively filtered using the GeoMx DSP analysis suite 

software. The aim was to identify plaque-specific changes in gene expression in 

macrophages or foam cells based on CD68 and CD11c (ITGAX) expression. Regions 

of moderate and severe plaque demonstrated very similar transcriptomic profiles with 

no significant differences in gene expression (FDR > 0.01) (Figure 5.9A-B). The top 30 

negatively enriched pathways of moderate and severe plaques were listed on Table 

5.3 showing reduced amino acid metabolism and response to cellular starvation 

mechanisms in moderate plaque ROIs – features that are typically expected in 

advanced atherosclerotic disease (Figure 5.9C) (Zaric et al., 2020). 

Preliminary data in our lab has suggested CD68 expression is diminished on 

macrophages with oxLDL uptake. Whether foam cells are characterised as the CD68low 

regions was investigated.  By dissecting plaque ROIs according to CD68high and 

CD68low expression, I observed an enrichment of macrophage-associated genes in 

CD68high plaque regions although these differences did not reach statistical difference 

(FDR < 0.01) (Figure 5.10A-B). Both LGALS3, a pro-inflammatory galectin and 

APOC1, an apolipoprotein that contributes to increased plasma triglyceride levels were 

significantly elevated in CD68high plaque ROI (Pillois et al., 2012, Lu et al., 2020). 

Similarly, pathway analysis was performed and of these pathways, CD68high plaque 

ROIs were positively enriched for genes involved in cellular responses to starvation 

and metabolism of amino acids. Interestingly I also observed an enrichment of genes 

associated with GTP hydrolysis in CD68high regions compared to CD68low regions – a 
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pathway typically required for efficient macrophage phagocytosis, proliferation and 

survival (Figure 5.10C) (Table 5.4) (Tzircotis et al., 2011). Whilst these pathways are 

typically defective in foam cells, whether the CD68low ROIs truly correspond to a foam 

cell phenotype is inconclusive. I was unable to compare CD11chigh vs CD11clow regions 

within plaque as surprisingly all regions of plaque were CD11chigh. 
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Figure 5-9: Gene expression within plaque ROIs of coronary artery tissue 
that are of varying disease severity 

Human coronary artery sections of varying disease severity were analysed using 
the GeoMX DSP for whole transcriptome analysis (WTA) and ROIs in plaque 
regions were selected only. (A) Pan macrophage markers were plotted in box 
plots for ROIs that were segmented according to plaque that were of moderate or 
severe disease severity grading. (B) Volcano plot was plotted to identify 
statistically significant up-regulated genes (labelled) with an FDR <0.01 as well 
as expression of pan macrophage markers (labelled) in moderate vs severe 
diseased plaque ROIs. (C) Pathway analysis was performed to observe pathway 
enrichment obtained from the online Reactome database with ‘–log adjusted p 
value’ on the y-axis and ’normalised enrichment score’ on the x-axis. Gene 
expression counts were normalised based on quartile three (Q3) normalisation. 
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Figure 5-10: Gene expression within plaque of coronary artery tissue within 
ROIs that are CD68high and CD68low 

Human coronary artery sections of varying disease severity were analysed using the 
GeoMX DSP for whole transcriptome analysis (WTA) and ROIs in plaque regions 
were selected only. (A) Pan macrophage markers were plotted in box plots for ROIs 
that were segmented according to plaque regions that were CD68high and CD68low 
(B) Volcano plot was plotted to identify statistically significant up-regulated genes 
(labelled) with an FDR <0.01 as well as expression of pan macrophage markers 
(labelled) in CD68high vs CD68low expression plaque ROIs. (C) Pathway analysis 
was performed to observe pathway enrichment obtained from the online Reactome 
database with ‘–log adjusted p value’ on the y-axis and ’normalised enrichment score’ 
on the x-axis. Gene expression counts were normalised based on quartile three (Q3) 
normalisation. 
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Table 5-3: Pathways that are downregulated in plaque ROIs of moderate 
disease severity 

Symbol                                                                       
Normalised enrichment 
score in moderate 
plaque 

p value Adj p vlaue 

Formation of a pool of free 40S subunits -4.127057577 0.000118441 0.001818023 
L13a-mediated translational silencing of 
Ceruloplasmin expression -4.097040045 0.000117661 0.001818023 

Response of EIF2AK4 (GCN2) to amino 
acid deficiency -4.095027172 0.000119133 0.001818023 

Eukaryotic Translation Elongation -4.083094239 0.000119789 0.001818023 
Peptide chain elongation -4.06279141 0.000120019 0.001818023 
Selenocysteine synthesis -4.06279141 0.000120019 0.001818023 
Nonsense Mediated Decay (NMD) 
independent of the Exon Junction 
Complex (EJC) 

-4.019716315 0.000119789 0.001818023 

GTP hydrolysis and joining of the 60S 
ribosomal subunit -4.018450084 0.000117661 0.001818023 

Viral mRNA Translation -4.006194076 0.000120048 0.001818023 
Eukaryotic Translation Initiation -3.99209779 0.000116918 0.001818023 
Cap-dependent Translation Initiation -3.99209779 0.000116918 0.001818023 
Selenoamino acid metabolism -3.973595922 0.000118793 0.001818023 
Eukaryotic Translation Termination -3.966629501 0.000120163 0.001818023 
SRP-dependent cotranslational protein 
targeting to membrane -3.927870613 0.000117398 0.001818023 

Influenza Infection -3.91803568 0.000116117 0.001818023 
Major pathway of rRNA processing in the 
nucleolus and cytosol -3.821198308 0.000117661 0.001818023 

Cellular response to starvation -3.809124472 0.000115861 0.001818023 
Influenza Viral RNA Transcription and 
Replication -3.790669546 0.00011805 0.001818023 

rRNA processing in the nucleus and 
cytosol -3.788505076 0.000116918 0.001818023 

Nonsense-Mediated Decay (NMD) -3.787674748 0.000118203 0.001818023 
Nonsense Mediated Decay (NMD) 
enhanced by the Exon Junction Complex 
(EJC) 

-3.787674748 0.000118203 0.001818023 

rRNA processing -3.757324993 0.000116822 0.001818023 
Translation -3.572025561 0.000111111 0.001818023 
Regulation of expression of SLITs and 
ROBOs -3.565826075 0.000115075 0.001818023 

Metabolism of amino acids and derivatives -3.406143234 0.00011212 0.001818023 
Signaling by ROBO receptors -3.299224064 0.000113109 0.001818023 
Formation of the ternary complex, and 
subsequently, the 43S complex -3.270692369 0.000128074 0.001818023 

Translation initiation complex formation -3.18283726 0.000126871 0.001818023 
Activation of the mRNA upon binding of 
the cap-binding complex and eIFs, and 
subsequent binding to 43S 

-3.18283726 0.000126871 0.001818023 

Neutrophil degranulation -3.10683706 0.00010618 0.001818023 
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5.7. Discussion 

Given that the experimental design was not specifically tailored to our research 

question it is difficult to draw firm conclusions from this dataset. Although here I have 

demonstrated the power and the potential of utilising novel spatial transcriptomic 

technology in identifying changes in gene expression based on the spatial profile of 

the cell within human coronary arterial tissue. I also had the additional advantage of 

looking at how these changes differ based on disease severity in humans in this study. 

Collectively, such technology can be utilised to identify potential biomarkers of disease 

during early disease onset and progression towards more advanced disease.  

This study was specifically designed to focus on CD4+ T cells within coronary 

arteries. As well as macrophages and foam cells being highly enriched in 

atherosclerotic plaque, interestingly, more recent studies using single cell RNA 

sequencing have identified T cells as the predominant leukocyte population within 

advanced plaque, with majority of the T cell population corresponding to the CD4 

subset (Winkels and Wolf, 2021). These activated T cells appear to be specific to 

oxLDL which is the known stimuli for foam cell formation and subsequent inflammatory 

events during atherosclerosis (Hinkley et al., 2023, Stemme et al., 1995). Based on 

our analysis, CD68 expression (specific for macrophages), positively correlated with 

CD4 T cell positive ROIs, suggesting both cell types are in close vicinity enabling 

communication between the innate and adaptive arm of immunity during inflammation. 

Due to the lack of CD68 antibody used in the initial tissue staining stage, I based 

CD68 expression on CD68high expressing ROIs, which according to gene expression 

and pathway analysis exhibit macrophage-like properties such as significant 

expression of complement factors and enrichment of MHC II antigen presentation 
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genes. Subsequent downstream analysis revealed a trend towards an enrichment of 

CD68 in mild atherosclerotic disease compared to severe disease ROIs. Whether 

CD68 expression changes with advanced atherosclerosis due to oxLDL uptake in 

macrophages is unclear as macrophages slowly adopt a foam cell phenotype with 

disease progression (Gui et al., 2022). Preliminary data in our lab is indicative of this 

showing CD68 expression to be downregulated in macrophages upon oxLDL 

accumulation, yet I failed to observe this on a protein level in vitro via flow cytometry 

in chapter 4. Perhaps, more extended culture times for foam cell formation is required 

for in vitro to observe true changes in protein and gene expression since foam cells 

and macrophage typically exist in plaque for an extended length of time typically lasting 

months (Nogieć et al., 2020). 

Based on tissue localisation, I observed a great deal of variation for CD68 

expression with a trend towards greater enrichment in regions of plaque compared to 

adventitia as expected, since macrophages are amongst the most predominant 

immune cells in plaque (Hou et al., 2023, Lin et al., 2021, Cochain et al., 2018). The 

adventitia is a dynamic environment which plays a key role in development of the 

neointima in the early stages of atherosclerosis (Milutinovic et al., 2020, Maiellaro and 

Taylor, 2007). However, the distribution of ROIs was not equal across the different 

areas of tissue and would be ideal to improve the study design if repeated.  

In attempt to compare CD68+ macrophage expression to foam cells, I utilised 

CD11c as a potential foam cell marker based on previous transcriptomic data analysis 

(Kim et al., 2018). As I have highlighted in the previous chapter, there is a pronounced 

difficulty in identifying foam cell specific markers due to the highly similar expression 

profiles between macrophages and foam cells. Thus, our analysis is only based on the 
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assumption that CD11c is expressed more highly on foam cells relative to 

macrophages, although the inherent overlap with dendritic cells posed a challenge.  

CD11c was clearly enriched in severe disease and specifically within plaque ROIs, 

which is a trend typically expected of foam cells as they are the major driver of 

atherosclerosis disease progression (Javadifar et al., 2021, Yu et al., 2013). Yet one 

must be aware that dendritic cells are also present in plaque and are potent activators 

of adaptive immunity (Alberts-Grill et al., 2013, Yilmaz et al., 2004, Zernecke, 2015). 

Evidence has shown that they too can also engulf modified LDL, adopting a foam cell 

like appearance (Nickel et al., 2009). Whether the CD11chigh ROIs correspond to 

macrophage derived foam cells cannot be certain based on the study design. Although 

when comparing both CD11clow and CD11chigh ROIs, I observed an enrichment in 

several pathways corresponding to a dendritic cell-like phenotype in CD11clow ROIs 

including enrichment of Il-12 signalling and CLEC10A expression – a marker for a 

specific subset of CD1c+ dendritic cells that are predominantly involved in CD4+ T cell 

priming (Heger et al., 2018, Wesa and Galy, 2001).  

Foam cells are associated with defects in the autophagy pathway resulting in 

poor lipid droplet metabolism (Ouimet et al., 2011). They also linked with aberrant 

amino acid metabolism leading to pro-atherogenic amino acids being released that can 

alter accumulation of cholesterol and triglyceride levels in macrophages (Zaric et al., 

2020). Both pathways were less enriched in the CD11chigh segments, compared to the 

CD11clow, that resembles features of a foam cell phenotype. This may be indicative 

that CD11clow ROIs are more enriched in dendritic cells and that foamy macrophages 

correspond to the CD11chigh population. Again, without initial CD11c antibody staining, 
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one cannot make any definite conclusions, but simply make educated speculations 

based on the analysis.  

Similarly, when I performed downstream analysis within plaque regions 

specifically, I observed no significant changes in gene expression in moderate to 

severe tissue. Hence, identifying a biomarker for disease severity was not feasible in 

this case. This may be due to the low number of ROIs selected for plaque in the study 

design and additional regions would ideally need to be selected for our study to identify 

variation across the entire region of plaque. 

Further analysis looking at CD68high and CD68low expression within plaque 

revealed significantly higher expression of genes such as LGALS3, APOC1 and CTSS 

in CD68high regions, all of which are pro-atherogenic genes. LGALS3 is known for its 

contribution to exacerbating inflammation in several malignant diseases and 

overexpression has been reported in the aorta of human atherosclerotic regions and 

hypercholesterolemic mice (Varasteh et al., 2021, Papaspyridonos et al., 2008). It is 

also typically associated as a marker of activated macrophages suggestive of CD68high 

macrophages attaining a pro-inflammatory phenotype within plaque (Lu et al., 2020). 

APOC1 being the smallest of the apolipoprotein family, regulates triglyceride 

metabolism, and increased expression has been associated with high plasma 

triglyceride levels and accelerated development of atherosclerosis in individuals with 

chronic inflammation (Pillois et al., 2012, Westerterp et al., 2007). Finally, CTSS 

(cathepsin S) expression has been strongly linked with atherosclerosis with evidence 

showing co-localisation specifically with pro-inflammatory macrophages (Luo et al., 

2018, Hughes et al., 2016). Whilst the specific mechanism of CTSS in atherosclerosis 

is unknown, studies have indicated this is possibly through its ability to increase antigen 
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presentation (Borghese and Clanchy, 2011). Thus, from these observations I can 

postulate that CD68high macrophages within plaque appear to take on an activated pro-

inflammatory phenotype and contribute to irregular lipid metabolism that may ultimately 

contribute to advanced plaque formation. Dissecting this further and looking at 

changes in the expression of these genes with severity of disease would be of further 

interest. 

As mentioned, there were significant limitations to this study as it was not 

designed for our specific research interest. In future, to tailor this study for our research 

would invoke initially staining tissue for CD68, CD11c and perhaps Trem2 antibodies 

to distinguish between macrophages and foam cells within plaque tissue. Further 

downstream analysis could then be more precisely filtered by selecting truly positive 

CD68 cells and potentially foam cells to investigate changes in gene expression based 

on localisation as well I disease severity.  

5.7.1. Summary of results 

• Spatial transcriptomics of human coronary arterial tissue at mild, moderate and 

severe disease states was performed where we identified CD68 and CD11c 

enriched ROIs for macrophage and foam cells expression 

• CD68 expression was used a macrophage marker which was found to be most 

enriched in regions of plaque tissue where they appear to exhibit a grater pro-

inflammatory gene profile 

• CD11c was used as a foam cell marker where it was also found to be enriched 

in plaque ROIs, most specifically in the severe disease state  
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Chapter 6. INVESTIGATING THE 

INFLAMMATORY PHENOTYPE OF FOAM 

CELLS IN VITRO 

 

6.1. Introduction 

In the previous chapters, the focus was primarily on the characterisation of foam 

cells based on protein and gene expression, demonstrating that foam cells display an 

anti-inflammatory lipid metabolising gene profile. However, our lab has generated 

preliminary data showing that functionally, oxLDL derived foam cells display a pro-

inflammatory phenotype by promoting activation of the endothelium resulting in 

secondary leukocyte capture. As the gatekeepers to tissue, during inflammation 

activation of the endothelium serves as one of the initial stimuli for the development of 

atherosclerotic disease, allowing for the penetration of oxLDL and transmigration of 

leukocytes into the intimal layer of the artery, which facilitates downstream foam cell 

formation (Cahill and Redmond, 2016, Botts et al., 2021). Thus, the interaction 

between foam cells and endothelium signifies a critical juncture in the progression of 

the disease (Westhorpe et al., 2012). In this chapter I investigate the pro-inflammatory 

functional phenotype of foam cells in vitro both when in monoculture and in co-culture 

with vascular endothelium and explore possible mechanisms of action that drive this 

phenotype through cytokine and lipidomic analysis.  
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Whilst statins are typically used as gold standard lipid lowering treatment for 

atherosclerosis, not all patients respond to statin treatment and it is often administered 

as a therapeutic drug whereas looking at prophylactic means of preventing 

atherosclerosis is the key to limit disease manifestation and resulting acute coronary 

events (Tian et al., 2012, Aprotosoaie et al., 2022). Given the increasing connection 

between omega-3 polyunsaturated fatty acids (n-3 PUFAs) and their cardioprotective 

and anti-inflammatory properties, I investigated the role of eicosapentaenoic acid 

(EPA), a potent n-3 PUFA in modulating oxLDL uptake and foam cell-mediated 

inflammation through its derivation of anti-inflammatory eicosanoids and specialised 

pro-resolving mediators (SPMs) – both of which are lipid mediators of inflammation 

(Yagi et al., 2017, James et al., 2000, Mason et al., 2020).  
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6.2. Foam cells activate endothelium minimally in monoculture 

Given that foam cells are associated with inflammatory disease progression, I 

looked to investigated whether factors secreted by foam cells generated in 

monoculture were able to activate endothelium to a greater extent than factors 

released from macrophages that ultimately lead to greater leukocyte recruitment 

(Javadifar et al., 2021, Gui et al., 2022). Foam cells were generated from CD14+CD16- 

(classical monocytes) monocytes treated with oxLDL as this subset of monocytes are 

more susceptible to foam cell formation as demonstrated earlier in chapter 4. 

Supernatants from cultured foam cells and macrophages were used to treat HDBEC 

for 4 hours followed by the addition primary isolated neutrophils to observe their ability 

to adhere to and transmigrate through stimulated endothelium, captured in a static 

transmigration assay. Activation of endothelium is typically signified by the 

upregulation of adhesion molecules and selectins, hence I also measured expression 

of ICAM-1, VCAM-1 and E-selectin on endothelium via flow cytometry analysis (Iiyama 

et al., 1999, Wragg et al., 2014).  

Following 4 hours of endothelial treatment and 7 mins of neutrophil 

transmigration, cells were fixed and imaged to capture total neutrophil adhesion and 

transmigration. TNFa, a potent pro-inflammatory stimulus, was used as a positive 

control which demonstrated significant levels of neutrophil adhesion and 

transmigration (>35%). However, both macrophage and foam cell supernatants 

showed little to no adhesion and transmigration of neutrophils (Figure 6.1). Flow 

cytometry analysis of adhesion molecules revealed increased susceptibility of antigen 

cleavage with enzymatic detachment.  Thus, comparing the staining profiles both post- 

and pre-detachment with accutase demonstrated strikingly dissimilar profiles whereby 
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fluorescence signals were significantly diminished for ICAM-1, VCAM-1 and E-selectin 

with staining post detachment (Figure 6.2). Therefore, staining was performed directly 

in culture plates before harvesting with accutase to preserve surface antigen 

expression.  

Percentage positive cells and median fluorescence intensity (MFI) expression 

levels for all three markers (ICAM-1, VCAM-1 and E-selectin) showed no differences 

between macrophages and with oxLDL treatment (foam cells), highlighting that 

supernatants from foam cells in mono-culture were insufficient in activating 

endothelium for neutrophil adhesion and transmigration in the inflammatory context 

(Figure 6.3). 
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Figure 6-1: Endothelial activation using macrophages and foam cell mono-
culture supernatants 

CD14+CD16- monocytes were isolated via magnetic bead isolation and differentiated 
into macrophages or foam cells with oxLDL (25ug/ml) for 6 days. Day 6 culture 
supernatants from macrophage and foam cell mono-cultures were used to treat 
HDBEC for 4 hours. TNF-a (100U/ml) and media only controls were also used to 
stimulate HDBEC for 4 hours. Static transmigration assay was then performed using 
primary human isolated neutrophils (1x106 /ml) which were added to the stimulated 
HDBEC for 7 mins at 37°. Cells were fixed and imaged for 5 random fields of interest 
to assess (A) neutrophil adherence and (B) transmigration. (C-F) Representative 
images of endothelium with adhered neutrophils were taken. Data are mean ± SEM 
(n=3, biological replicate). Statistical analysis performed using unpaired t-test 
comparing macrophage and foam cell oxLDL treatment to media only control. Scale 
bars = 200µm. 
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Figure 6-2: Flow cytometry staining and analysis of endothelium pre- and post- 
enzymatic detachment  

Static transmigration assay was performed using primary human isolated neutrophils 
(1x106 /ml) which were added to the stimulated HDBEC for 7 mins at 37°. Cells were 
either stained for flow cytometry analysis after accutase detachment or stained 
directly in cultured wells before accutase detachment to minimise antigen cleavage. 
Cells were stained for E-selectin, ICAM-1 and VCAM-1 and analysed via flow 
cytometry. Endothelial cells were gated according to (A) FSC/SSC profiles (forward 
scatter/side scatter) followed by doublets and dead cell exclusion using a viability 
dye (zombie aqua). Endothelial cells were then gated for positive expression of 
individual markers  (B) post-accutase and (C) pre-accutase detachment. Data are 
mean ± SEM (n=3, biological replicate).  
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Figure 6-3 Expression of endothelial activation markers following treatment 
with macrophage and foam cell mono-culture supernatants 

CD14+CD16- monocytes were isolated via magnetic bead isolation and differentiated 
into macrophages or foam cells with oxLDL (25ug/ml) for 6 days. Day 6 culture 
supernatants from macrophage and foam cell mono-cultures were used to treat 
HDBEC for 4 hours. TNF-a (100U/ml) and media only controls were also used to 
stimulate HDBEC for 4 hours. Static transmigration assay was then performed using 
primary human isolated neutrophils (1x106 /ml) which were added to the stimulated 
HDBEC for 7 mins at 37° after which HDBEC were stained for E-selectin, ICAM-1 
and VCAM-1. Cells were stained directly in wells followed by accutase detachment 
and analysed via flow cytometry analysis for (A-C) MFI and (D-F) frequency for target 
antibodies. Data are mean ± SEM (n=3, biological replicate). Statistical analysis 
performed using unpaired t-test comparing macrophage and foam cell oxLDL 
treatment to media only control. 
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6.3. Rationale for investigating the secretory profile of foam cell and 

endothelial (EC) co-cultures 

I have shown that foam cells cultured alone do not exhibit a pro-inflammatory 

secretory profile based on its ability to activate endothelium. Yet, preliminary data in 

our lab has shown that foam cells co-cultured with endothelium are able to promote 

secondary leukocyte capture to a greater extent to macrophages alone, demonstrating 

an increased pro-inflammatory functional phenotype. Here, I investigated the functional 

mechanism of action of this phenotype by investigating the secretory profile of 

supernatants from foam cell and EC co-cultures via both ELISA and lipidomics 

analysis.  

6.3.1. Experimental design for co-culture assays 

The experimental set up for our co-culture assays involved initially culturing 

CD14+CD16- monocytes within transwell inserts and allowing them to differentiate for 

6 days with the addition of oxLDL for foam cell formation. On day 6, culture inserts 

were inverted and ECs were cultured on the alternate side of the transwells for 24 

hours to enable monolayer formation (Figure 5.4A). Confirmation of macrophage and 

foam cell adherence to transwell filters was determined using DAPI staining and 

endothelial monolayer formation visualised using CD31 staining (Figure 6.4C-E). 

Following 24 hour co-culture, culture supernatants were collected and either 

snap frozen for lipidomics analysis or analysed for TNFa levels via ELISA. Levels of 

TNFa level appeared to be very low, with levels mostly lying below the lower ELISA 

standard (15.6 pg/ml) for all treatment conditions including foam cell and EC co-

cultures (Figure 6.4B). This suggests that the functional inflammatory phenotype 
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observed with foam cells is most likely not cytokine driven and may be driven by 

alternative inflammatory mediators.  
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Figure 6-4 Co-culture of endothelium with macrophages and foam cells 

(A) CD14+CD16- monocytes were isolated via magnetic bead isolation and 
differentiated into macrophages or foam cells with oxLDL (25ug/ml) for 6 days in 24-
well transwell inserts. On day 6, HDBEC were cultured on the alternate side of the 
transwell for 24 hours to establish co-cultures. Supernatants were collected on day 
7 and analysed for (B) TNF-a levels via ELISA. Transwell filters were cut out and 
stained for DAPI nuclear stain to confirm the presence of (C) macrophages and (D) 
foam cells followed by (E) CD31 staining to confirm HDBEC monolayer formation on 
the alternative side of the transwell. Data are mean ± SEM (n=4, biological replicate). 
Statistical analysis performed using non-parametric Friedmans test with Dunn’s 
post-hoc test for comparisons between each condition, *=p<0.05. 
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6.3.2. Lipidomics analysis of foam cell-EC co-culture supernatants 

As well as cytokines, lipid mediators including eicosanoids and SPMs are also 

potent regulators of inflammation and leukocyte function (Yamaguchi et al., 2022, 

Dennis and Norris, 2015). I carried out lipidomics analysis via LC-MS-MS on co-culture 

supernatants to determine levels of secreted pro-inflammatory lipid mediators and anti-

inflammatory SPMs that may be altering the inflammatory phenotype of foam cells 

when in culture with endothelium. I compared foam cells and macrophages both in 

monoculture and in co-culture and the top 15 lipid mediators were plotted in a VIP plot. 

I observed enrichment of several resolvins in foam-cell co-culture compared to foam 

cells alone including RvE2, RvD2 and RvE1, whilst RvE3 appeared to be 

downregulated in foam cell-EC co-cultures compared to macrophage-EC co-cultures. 

Additionally, SPMs elevated in foam cell-EC co-cultures included maresins and 

lipoxins such 5S-15s-diHETE, LXB4 and MCTR1 which were more enriched compared 

to macrophage-EC co-cultures or foam cells alone (Figure 6.5 and 6.6).  

Of particular interest in our study was the observational increase in pro-

inflammatory prostaglandins in foam cell-EC co-cultures including prostaglandin E2 

(PGE2), prostaglandin F2a (PGF2a) and prostaglandin D2 (PGD2). PGF2a is hormone 

that plays a critical role in the initiation of labour, causing contraction of the uterus lining 

– a process classified as a natural inflammatory response, whereas PGD2 and PGE2 

are a potent inflammatory mediators associated with increased vascular permeability, 

leukocyte activation and migration (Xu et al., 2015, Gomez et al., 2013, Park et al., 

2006, Rittchen and Heinemann, 2019). From the data PGE2 and PGD2 appears to be 

enriched in foam cell-EC co-cultures compared to foam cells alone suggesting the 

interaction between both cells is required to upregulate expression of such pro-
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inflammatory lipid mediators. PGF2a was also found to be enriched on foam cells in 

co-culture compared to in monoculture, although these levels appear to be more 

enriched in macrophage-endothelial cell co-cultures (Figure 5.6C-D). Overall, the 

results from lipidomic analysis suggest that prostaglandins may possibly be driving the 

functional pro-inflammatory phenotype observed in foam cell and EC co-cultures.  
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Figure 6-5: Biosynthesis of lipid mediators by macrophage and foam cells 
co-cultured with endothelium 

CD14+CD16- monocytes were isolated via magnetic bead isolation and 
differentiated into macrophages or foam cells with oxLDL (25ug/ml) for 6 days in 
24-well transwell inserts. On day 6, HDBEC were cultured on the alternate side of 
the transwell for 24 hours to establish co-cultures. Supernatants were collected on 
day 7 and metabolipidomics analysis was performed using LC-MS/MS to identify 
and quantify pro-inflammatory lipid mediators and SPM biosynthesis. (A) A PCA 
plot was generated to visualise variation between treatment conditions as well as 
a (B) variable importance plot (VIP) plot listing top 15 variable lipid mediators. FC 
= foam cell, EC = endothelial cells and Mac = macrophage. 
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Figure 6-6: Biosynthesis of lipid mediators by macrophage and foam cells co-
cultured with endothelium 

CD14+CD16- monocytes were isolated via magnetic bead isolation and differentiated 
into macrophages or foam cells with oxLDL (25ug/ml) for 6 days in 24-well transwell 
inserts. On day 6, HDBEC were cultured on the alternate side of the transwell for 24 
hours to establish co-cultures. Supernatants were collected on day 7 and 
metabolipidomics analysis was performed using LC-MS/MS to identify and quantify 
pro-inflammatory lipid mediators and SPM biosynthesis. PCA plots were generated as 
well as a variable importance plot (VIP) plots listing top 15 variable lipid mediators 
between treatment conditions: (A-B) Mac vs Mac-EC (C-D) FC vs FC-EC (E-F) FC-
EC vs Mac-EC. FC = foam cell, EC = endothelial cells and Mac = macrophage. 
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6.4. Effects of EPA on oxLDL uptake and foam cell formation 

Several therapeutic strategies have been utilised with the aim of reversing foam 

cell formation, that include targeting the accumulation and metabolism of cholesterol 

within immune cells that invade the vascular intimal layer (Javadifar et al., 2021). 

Increasing interest has been focused on n-3 PUFAs (EPA and DHA) that have been 

linked with reduced occurrence of cardiovascular events based on respective 

epidemiological studies. EPA has been shown to reduce endothelial dysfunction and 

stabilise atherosclerotic plaque, although its mechanism of action is not yet fully 

understood (Sekimoto et al., 2023, Limbu et al., 2018, Thies et al., 2003). Here in our 

study I observed the effects of EPA on potentially reversing foam cells formation by 

investigating whether it can prevent oxLDL uptake in human MDMs.  

For our foam cell model, I cultured CD14+CD16- (classical monocytes) with dil-

oxLDL for foam cell formation and treated them with either EPA or vehicle control 

(0.05% ethanol). On day 6, foam cells and macrophages were harvested and analysed 

via flow cytometry or confocal microscopy to detect dil-oxLDL uptake. In both cases I 

observed a slight reduction in oxLDL uptake based on fluorescence intensity, yet these 

differences were not significant (Figure 6.7). CD36 scavenger receptor expression 

levels were also measured via flow cytometry and qPCR analysis showing no 

significant differences with EPA treatment Figure 6.7B and 6.8A). Since ABC 

transporters have been shown to be elevated in foam cells (as demonstrated in chapter 

4 via bulk RNA-seq), I looked at how EPA may modulate both ABCG1 and ABCA1 

expression. Whilst ABCA1 levels remained similar across treatments, ABCG1 levels 

decreased with EPA treatment, although levels failed to reach statistical significance 
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(Figure 6.8B-C). Whether alternative concentrations of EPA may be effective have not 

been investigated. 
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Figure 6-7: Effects of EPA on oxLDL uptake for foam cell formation  

CD14+CD16- monocytes were isolated via magnetic bead isolation and cultured with 
or without the addition of Dil-labelled oxLDL or vehicle control (0.5% ethanol) for foam 
cell formation. Flow cytometry analysis was used to detect (A) median fluorescence 
intensity (MFI) for Dil-oxLDL uptake as well as extracellular (B) CD36 scavenger 
receptor expression. (C) Dil-oxLDL uptake was also detected via confocal microscopy 
measuring mean fluorescence intensity. (D-G) Representative images of treatment 
groups were taken. Data are mean ± SEM (n=3-4, biological replicate). Statistical 
analysis performed using non-parametric Friedmans test with Dunn’s post-hoc test 
for comparisons between each condition, *=p<0.05.  
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Figure 6-8: Effects of EPA on genes associated with cholesterol transport 

CD14+CD16- monocytes were isolated via magnetic bead isolation and cultured with or 
without the addition of oxLDL or vehicle control (0.5% ethanol) for foam cell formation 
for 6 days. mRNA was isolated from cultured cells on day 6 as well as on day 0 from 
monocytes taken from the same donor and analysed via RT-qPCR analysis to detect 
expression of the following genes: (A) CD36 (B) ABCA1 (C) ABCG1. Statistical analysis 
performed using non-parametric Friedmans test with Dunn’s post-hoc test for 
comparisons relative to day 6 untreated macrophages (n=3, biological replicate). 
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6.5. Discussion 

Foam cells play a crucial role in the development and progression of 

atherosclerosis and it is widely acknowledged that foam cells contribute to 

inflammatory events during disease manifestation (Yu et al., 2013, Javadifar et al., 

2021). Yet single cell transcriptomic data and the data discussed in the previous 

chapter (chapter 4) conversely define foam cells to exhibit an anti-inflammatory 

genomic profile (Kim et al., 2018, Fernandez et al., 2019). Although functionally these 

foam cells appear to exhibit a pro-inflammatory phenotype when in co-culture which 

may not be cytokine driven but instead driven by pro-inflammatory lipid mediators such 

as prostaglandins as demonstrated in this chapter.  

6.5.1. Foam cells in mono-culture vs co-culture 

Atherosclerotic plaque are highly heterogenous structures both in composition 

and morphology. The complex network of cellular interactions within plaque includes 

inflammatory immune cells, vascular smooth muscle cells, endothelial cells as well 

cytokines and chemokines. Changes in their behaviour and cross talk ultimately 

exacerbates the pro-inflammatory microenvironment determining the fate of disease 

outcome (Bonacina et al., 2023, Mahdinia et al., 2023). Yet, studies looking at the role 

of foam cells in atherosclerosis are most usually performed in monoculture with models 

either utilising immortalised cell lines, BMDMs or human monocyte-derived 

macrophages, that often result in irregular outcomes across the difference cell types 

(Xu et al., 2010a, Nogiec et al., 2020, Luo et al., 2017). Such models fail to capture the 

cellular crosstalk and mimicry of multi-cellular interactions that impact foam cell 

behaviour within plaque.  
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Endothelial activation is a critical process for foam cell formation and as a result 

of aberrant lipid accumulation, foam cells in proximity can further perpetuate activation 

by impairing endothelial barrier function (Yang et al., 2017, Orekhov et al., 2020). 

Interestingly, preliminary data in our lab has shown that foam cells in co-culture with 

ECs can activate endothelium to a greater extent compared to macrophages and ECs 

in coculture by promoting secondary leukocyte capture under flow conditions, providing 

evidence of a pro-inflammatory functional phenotype exhibited by foam cells (Nogieć 

et al., 2020). In contrast, when I looked at foam cells in monoculture, their supernatants 

failed to activate endothelium, since little to no neutrophil adhesion and transmigration 

was observed in conjunction with minimal expression of adhesion receptors on the 

surface of endothelium following stimulation. This demonstrates that functionally, foam 

cells in isolation do not display pro-inflammatory characteristics which coincides with 

our bulk RNAseq data. In fact an inflammatory functional phenotype may only be 

adopted through cellular crosstalk with endothelium and additional surrounding cells 

within plaque. Evidence for this has been shown in in vitro studies confirming that 

oxLDL is able to stimulate expression of adhesion molecules on the surface of 

endothelium, to promote further leukocyte recruitment (Takei et al., 2001, Bonacina et 

al., 2023) (Jiang et al., 2022).  

The precise mechanism by which foam cells drive endothelial activation and 

downstream inflammation is poorly understood. To investigate this, I generated foam 

cells in coculture with endothelium in attempt to mimic foam cell-EC crosstalk and I 

looked at the possible secretory factors that may be responsible for foam cell-driven 

inflammation. Surprisingly culture supernatants revealed little to no TNFa expression 

suggesting a possible alternate mediator being responsible for endothelial activation. 
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Whether different cytokines are involved has not been explored as part of this study. 

Although there is evidence that cytokines such as IL-1b are increased in response to 

oxLDL uptake and that this is driven by TLR signalling. Ultimately this shifts lipid-

associated macrophages towards a pro-inflammatory state in atherosclerosis. Yet 

majority of these studies were performed in monoculture and did not observe the 

functional behaviour of these foam cells ex vivo. (Bekkering et al., 2014, Dib et al., 

2023, Stewart et al., 2010).   

Amongst the pathways that regulate macrophage and foam cell formation is the 

metabolism of fatty acids that serve as precursors for eicosanoids including 

prostaglandins and leukotrienes as well as anti-inflammatory SPMs such as resolvins 

and maresins – all of which are of great importance during inflammation as they alter 

the inflammatory state within the tissue microenvironment (Menegaut et al., 2019, Dalli 

and Serhan, 2012). By performing lipidomics analysis on foam cell-EC and 

macrophage-EC co-cultures I was able to define the lipid mediator profile released in 

supernatants based on cell-cell crosstalk. Surprisingly, I observed an elevation in 

several anti-inflammatory SPMs such as resolvins and maresins in foam cell-EC co-

cultures relative to foam cells alone and macrophage-EC co-cultures. Contrary to the 

role of foam cells in atherosclerosis, resolvins such as RvD2 and RvE1 have been 

shown to reduce atherosclerosis in murine models of atherosclerosis (Bardin et al., 

2022, Hasturk et al., 2015). The precise role of these resolvins in foam cell-EC 

cocultures is unclear would require further investigation.  
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Interestingly in our dataset I observed an increase particularly in the enrichment 

of prostaglandins in foam cell-EC cocultures. Prostaglandins are primarily associated 

with inflammatory sites of tissue damage and infection and key drivers of leukocyte 

infiltration (Yamaguchi et al., 2022, Sheppe and Edelmann, 2021). Both PGE2 and 

PGD2 were both elevated in foam-EC cocultures compared to foam cells alone and 

both are associated with inflammatory disease whereby PGE2 is a critical mediator of 

rheumatoid arthritis and PGD2 has been implicated in asthma and allergic 

inflammation (Park et al., 2006, Rittchen and Heinemann, 2019). Whether these 

prostaglandins are responsible for foam-cell driven pro-inflammatory responses in 

atherosclerotic disease is to be further explored based on this dataset. When 

comparing foam cell-EC and macrophage-EC cocultures, PGF2a was particularly 

higher in foam cell-EC cocultures. PGF2a plays a central role in the initiation and 

induction of labour which is considered a pro-inflammatory event due to the increase 

infiltration of immune cells and secretion of inflammatory cytokines (Xu et al., 2015). 

Elevated levels of this hormone have also been reported in murine models of 

atherosclerosis as well as in patients with rheumatoid and psoriatic arthritis (Yu et al., 

2009, Basu et al., 2001). Collectively all three prostaglandins can be released by 

endothelial cells and ultimately contribute to the inflammatory state of the tissue 

microenvironment (Arnould et al., 2001, Perrot et al., 2020, Rittchen et al., 2020). 

Whether this interaction between endothelium and foam cells is responsible for driving 

foam cell mediated-inflammation requires further insight. 

From this I can conclude that there are apparent differences in lipid mediator 

profiles between foam cells alone and in co-culture that may define the behavioural 

responses of foam cells in vivo. Yet as mentioned earlier, the plaque is a highly 
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heterogenous environment and it is important to take into account other immune cells 

that interact with macrophages and foam cells, including T cells that constitute majority 

of the immune cell composition in advanced plaque (Winkels and Wolf, 2021, Winkels 

et al., 2018). Further studies would be ideal to look at multi-cellular interactions and 

look at effects of prostaglandins on foam cells both in ex vivo and in vivo models.  

6.5.2. The therapeutic potential of EPA in the treatment of atherosclerosis 

Despite extensive research on atherosclerosis, current treatment strategies are 

insufficient to completely cure the disease (Libby et al., 2019, Aprotosoaie et al., 2022). 

N-3 PUFAs, EPA and DHA have widely been associated with increased health benefits 

due to their anti-inflammatory properties (Mason et al., 2020, Johansson et al., 2015, 

Tull et al., 2009). The outcome from several studies and randomised control trials have 

highlighted the link between the intake of n-3 PUFAs and the reduced risk of 

cardiovascular events and plaque stability, however their precise mechanism of 

actions remains obscure (Khan et al., 2021, Matsumoto et al., 2008, Wang et al., 2009, 

Kromhout et al., 2010). Both the REDUCE-IT trial and JELIS trial demonstrated a 

reduction in major cardiovascular events in patients treated with highly purified forms 

of EPA (Bhatt et al., 2020, Yokoyama et al., 2007b). Yet other studies using a 

combination of both EPA and DHA or DHA alone such as the ASCEND and VITAL 

trials have shown no cardiovascular benefits which may represent the inherent 

variation in the chemical and physical properties of both PUFAs (Manson et al., 2020, 

Khan et al., 2021). 

In our in vitro experiments I focused specifically on EPA only and observed little 

to no changes in dil-oxLDL uptake in foam cells demonstrated both via both flow 

cytometry analysis and fluorescence microscopy. This suggests that EPA may not 
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directly inhibit foam cells formation through the inhibition oxLDL uptake but instead act 

by an alternative mechanism. Evidence has shown EPA to reverse foam cell formation 

by promoting ABCA1-mediated cholesterol efflux, with no changes to its actual gene 

expression with EPA treatment (Dakroub et al., 2021, Salehipour et al., 2010). 

Similarly, I also observed no changes in ABCA1 expression, yet I detected an apparent 

reduction in ABCG1 mRNA expression, reported similarly by Sarabi et al (Moradi 

Sarabi et al., 2014). The functional reason for this has not been reported in the 

literature and has not been explored further due to the time frame of this study.  

Additional mechanisms by which EPA may exert its athero-protective effects 

include improved endothelial function (Sekimoto et al., 2023, Mason et al., 2018) and 

attenuated expression of adhesion receptors that reduce inflammatory immune cell 

transmigration (Chen et al., 2003, Tull et al., 2009). Such beneficial properties of EPA 

may be attributed to the local biosynthesis of anti-inflammatory eicosanoids and pro-

resolving mediators that are directly derived from omega-3 PUFAs. For example, it is 

widely acknowledged that EPA acts as a competitive inhibitor with arachidonic acid for 

metabolism by COX to generate anti-inflammatory eicosanoids such as PGE3 as 

opposed to PGE2 derived from arachidonic acid (Siriwardhana et al., 2012, Pilkington 

et al., 2014). This shift in the eicosanoid profile, towards the production of less 

inflammatory mediators contributes to inflammatory resolving properties associated 

with EPA consumption. In addition, EPA also serves as precursor for the synthesis of 

SPMs such as EPA-derived resolvins (known as E-series resolvins). For example, 

RvE1 is an e-series resolvin associated with inhibition of the Nf-kb pathway in 

macrophages as well as reduced neutrophil infiltration (Xu et al., 2010b, Flesher et al., 

2014, Li et al., 2020a). Thus, investigating the role of EPA in foam cell-EC co-culture 
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models would be of interest to investigate as an expansion of our current study. Since 

the pro-resolving effects of omega-3 PUFAs are regulated at multiple levels, direct 

treatment with anti-inflammatory lipid mediators rather than the parent omega-3 PUFA 

may be more potent in regulating inflammatory responses and may explain why anti-

inflammatory effects of EPA are not always consistently observed across human 

studies (Spite et al., 2014). It is also of importance to note, that successful outcomes 

from reported clinical trials utilised highly purified forms of n-3 PUFAs (Bhatt et al., 

2020, Yokoyama et al., 2007b). Due to inherent instability of EPA, it is highly prone to 

oxidation and degradation with exposure to temperature changes and light that may 

be affected during transportation and storage. Thus, purity levels of commercial EPA 

used in our study were inconsistent and can in fact produce adverse harmful effects in 

its oxidised form (Albert et al., 2013, Hsu and Yin, 2016).  

Collectively, in this chapter I demonstrated the importance of studying cells 

utilising multi-cellular models in order to capture cell-cell interactions that cannot be 

recapitulated using cells in monoculture. By investigating the role of foam cells and 

endothelial cells together I were able to identify differences in the lipidomic profile both 

in co-culture and monoculture that may contribute to the pro-inflammatory functional 

phenotype of foam cells. Whilst the data presented here is very preliminary, it provides 

a foundation for further study into potential lipid mediators secreted as a result of foam 

cell-EC interactions that are responsible for driving pro-inflammatory events during 

atherosclerosis.  

6.5.3. Summary of results 

• The secretory profile of foam cells in monoculture do not display pro-

inflammatory characteristics which is in line with their transcriptomic signature, 
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although when co-cultured with endothelium their display a pro-inflammatory 

secretory profile 

• Foam cells co-cultured with ECs display a greater pro-inflammatory profile 

compared to macrophages and EC co-cultures based on their lipidomic profile 

where foam cell-EC cultures secreted greater levels of pro-inflammatory 

prostaglandins compared to macrophage-EC cultures 

• EPA demonstrated minimal effect of oxLDL uptake in foam cells generated in 

vitro 
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Chapter 7. CONCLUDING REMARKS 

 

In this study I explored the phenotypic and functional characteristics of foam 

cells by utilising multiple different avenues. Given the significant overlap of foam cell 

and macrophage signatures both at protein and gene level, distinguishing between 

both cell types in attempt to identify markers unique to foam cells proved to be a 

challenge. Collectively from this dataset I can conclude that increased surface levels 

of CD36 and CD11c expression can potentially be used as markers to distinguish 

between macrophages and foam cells, although this does not yet solve the issue of 

being able isolate pure foam cell populations from tissue digests. 

The majority of our findings from our RNA-seq results coincided with that in the 

existing literature showing that foam cells exhibited an increased lipid metabolism and 

anti-inflammatory genomic profile and that these characteristics were similar 

regardless of foam cell originating from non-classical or classical monocytes in vitro 

(Kim et al., 2018, Cochain et al., 2018, Dib et al., 2023, Winkels et al., 2018). Whether 

this is also the case in vivo is unclear, since the constant evolution of the tissue 

microenvironment during disease progression and regression largely determines 

cellular behaviours in plaque (Mahdinia et al., 2023). In particular, TREM2 gene 

expression in lipid-associated macrophages was shown consistently across existing 

transcriptomics studies and detected similarly in our foam cell dataset suggesting a 

critical role of TREM2 expression in foam cell formation (Kim et al., 2018, Cochain et 

al., 2018, Dib et al., 2023, Patterson et al., 2023).  
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For the first time in this study, I demonstrate that functionally foam cells exhibit 

pro-inflammatory functional properties which contradict their anti-inflammatory 

genomic profile. Their pro-inflammatory behaviour appears to be largely dependent on 

their cellular crosstalk with vascular endothelial cells which appears not to be cytokine 

driven by initiated by lipid mediators, predominantly being prostaglandins. This 

highlights the fact studying cells in isolation often fails to capture the complex 

interactions between multiple cell types that can dictate cell function, differentiation 

status and response to stimuli. Lipid mediators play a crucial role during inflammation 

as they can dictate leukocyte behaviour and the inflammatory status within tissue 

(Yamaguchi et al., 2022).  Thus, an expansion of this study would involve exploring 

further the role of lipid mediators on the pro-inflammatory functional behaviour of foam 

cells and perhaps whether SPMs can resolve this inflammatory phenotype in vitro.  

By increasing our understanding of foam cell phenotype and behaviours, novel 

therapeutic targets can be developed to specifically target lipid-associated 

macrophages in plaque with the aim of reversing the foam cell phenotype or limit their 

progression and reduce the risk of cardiovascular disease. 
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Appendix 

Appendix Table 1: Median fluorescence intensity (MFI) of flow cytometry panel markers on foam cells treated with 
modified forms of LDL derived from M1, M2 and M0 polarised macrophages 

Macrophage 
markers 

M0 (MFI) M1 (MFI) M2 (MFI) 

24hr LDL 24hr LDL + 
repolarisation 24hr LDL 24hr LDL + 

repolarisation 24hr LDL 24hr LDL + 
repolarisation 

 

Untreated 3656.333 ± 
893.780 

3596.000 ± 
411.461 

3282.667 ±  
443.880 

3569.667 ± 
404.317 

3195.333 ± 
391.769 

3703.667 ± 
434.076 

oxLDL 3661.000 ± 
722.249 

3282.333 ± 
333.869 

3407.000 ± 
456.00 

3341.000 ± 
493.061 

3647.000 ± 
253.054 

3952.000 ± 
345.023 

AcLDL  2820.667 ± 
484.831 

3452.667 ± 
172.009 

3649.000 ± 
254.308 

3289.333 ± 
458.051 

3498.667 ± 
380.076 

3618.333 ± 
455.690 

MALDL 3680.333 ± 
725.281 

3775.333 ± 
113.895 

3712.000 ± 
140.461 

3364.000 ± 
468.583 

3498.333 ± 
418.512 

3868.333 ± 
595.249 

 

Untreated 1186.667 ± 
76.838 

1209.667 ± 
158.348 

1002.667 ± 
9.684 

995.667 ± 
32.220 

1377.667 ± 
40.810 

1301.667 ± 
109.837 

oxLDL 1281.667 ± 
101.627 

1275.667 ± 
99.633 

1015.667 ± 
22.747 

1029.000 ± 
13.577 

1394.333 ± 
88.959 

1455.000 ± 
156.815 

AcLDL 1389.333 ± 
113.055 

1395.333 ± 
103.949 

1088.333 ± 
22.519 

1086.667 ± 
16.149 

1566.667 ± 
50.959 

1465.667 ± 
103.170 

MALDL 1154.667 ± 
78.191 

1229.667 ± 
105.742 

999.333 ± 
5.812 

1010.000 ± 
11.547 

1371.667 ± 
54.229 

1306.667 ± 
128.963 

 
Untreated 5503.667 ± 

1135.851 
5388.667 v 
2007.953 

1527.667 ± 
253.798 

907.000 ± 
59.811 

3472.333 ± 
552.148 

3013.667 ± 
585.057 

oxLDL 5967.333 ± 
776.999 

5726.333 ± 
765.442 

1644.000 ± 
245.175 

968.000 ± 
95.438 

3793.333 ± 
469.307 

3351.333 ± 
750.916 
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AcLDL 6975.667 ± 

1067.190 
6929.000 ± 
919.389 

1872.000 ± 
306.128 

1045.333 ± 
105.723 

4142.333 ± 
695.286 

3650.333 ± 
938.446 

MALDL 5614.000 ± 
792.632 

6412.333 ± 
890.689 

1733.333 ± 
337.558 

954.667 ± 
89.713 

4157.333 ± 
354.552 

3440.333 ± 
845.616 

M1-like markers 
M0 (MFI) M1 (MFI) M2 (MFI) 

24hr LDL 24hr LDL + 
repolarisation 24hr LDL 24hr LDL + 

repolarisation 24hr LDL 24hr LDL + 
repolarisation 

 

Untreated 3987.333 ± 
459.164 

3931.667 ± 
315.331 

12418.333 ± 
2352.560 

17650.000 ± 
1406.809 

7738.000 ± 
1107.626 

8332.333 ± 
1061.039 

oxLDL 4332.000 ± 
393.892 

3832.667 ± 
308.671 

11408.667 ± 
1356.458 

17757.333 ± 
1365.892 

7853.667 ± 
707.387 

8900.000 ± 
962.429 

AcLDL 4037 ± 667 ± 
433.667 

4009.333 ± 
436.596 

12151.667 ± 
2154.907 

17075.667 ± 
1804.619 

8613.667 ± 
1526.980 

8765.000 ± 
1288.013 

MALDL 3738.000 ± 
406.543 

4009.667 ± 
403.125 

12539.000 ± 
1865.479 

178846.000 ± 
1661.056 

8252.677 ± 
1010.169 

8430.667 ± 
683.312 

 

Untreated 1114.667 ± 
233.340 

1036.333 ± 
66.218 

3154.000 ± 
1534.982 

4824.667 ± 
1502.543 

1371.667 ± 
265.581 

1916.667 ± 
567.150 

oxLDL 1097.000 ± 
223.984 

1145.667 ± 
158.746 

2631.000 ± 
1050.429 

4598.333 ± 
1231.300 

1694.667 ± 
431.263 

2215.667 ± 
709.202 

AcLDL 1017.667 ± 
166.374 

958.333 ± 
133.362 

2879.000 ± 
1322.524 

4288.667 ± 
737.500 

2255.000 ± 
633.585 

3159.000 ± 
1362.852 

MALDL 832.333 ± 
241.333 

889.333 ± 
174.839 

2935.667 ± 
1312.635 

4496.000 ± 
993.975 

1743.333 ± 
417.108 

2814.667 ± 
1029.915 

 

 
Untreated 

1722.667 ± 
292.322 

1699.667 ± 
80.590 

1599.667 ± 
530.875 

2110.667 ± 
469.343 

2129.000 ± 
399.782 

2001.667 ± 
272.898 

oxLDL 1866.000 ± 
302.550 

1791.000 ± 
169.555 

1514.667 ± 
403.090 

2056.667 ± 
424.213 

2286.000 ± 
397.747 

2349.000 ± 
169.555 

AcLDL 1556.333 ± 
186.241 

1601.333 v 
104.745 

1633.000 ± 
576.003 

2024.667 ± 
302.085 

22424.667 ± 
580.163 

2431.667 ± 
434.314 
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 MALDL 1481.667 ±  
243.513 

1763.667 ± 
173.051 

1680.333 ± 
501.159 

2047.667 ± 
451.224 

2374.000 ± 
461.670 

2197.333 ± 
310.467 

M2-like marker 
M0 (MFI) M1 (MFI) M2 (MFI) 

24hr LDL 24hr LDL + 
repolarisation 24hr LDL 24hr LDL + 

repolarisation 24hr LDL 24hr LDL + 
repolarisation 

 

Untreated 4254.333 ± 
147.097 

4700.667 ± 
430.009 

3714.667 ± 
66.419 

3666.667 ±  
44.126 

6979.000 ± 
1404.110 

5733.333 ± 
526.582 

oxLDL 4473.667 ± 
211.472 

4665.667 ± 
202.814 

3759.667 ± 
41.156 

3691.000 ± 
25.000 

6686.667 ± 
1829.457 

5975.000 ± 
688.382 

AcLDL 4688.667 ± 
127.004 

4525.667 ± 
204.146 

3742.667 ± 
118.075 

3687.000 ± 
61.025 

6046.667 ± 
1016.025 

5367.667 ± 
340.256 

MALDL 4387.000 ± 
199.923 

4568.000 ± 
243.575 

3687.333 ± 
76.890 

3804.333 ± 
18.270 

6565.133 ± 
1114.948 

5293.667 ± 
363.308 

 
 

 

 

 

 

 

 

C
D

20
6 



 269 

Scavenger 
receptors 

M0 (MFI) M1 (MFI) M2 (MFI) 

24hr LDL 24hr LDL + 
repolarisation 24hr LDL 24hr LDL + 

repolarisation 24hr LDL 24hr LDL + 
repolarisation 

 

Untreated 716.667 ± 
57.696 

704.000 ± 
15.395 

510.000 ± 
48.775 

457.000 ± 
29.366 

1179.000 ± 
327.970 

1103.333 ± 
148.424 

oxLDL 761.67 ±  
42.262 

767.000 ± 
7.506 

503.000 ± 
36.056 

456.667 ± 
20.626 

1152.667 ±  
346.859 

1231.000 ± 
190.337 

AcLDL 814.333 ± 
40.193 

866.333 ± 
33.208 

499.000 ± 
46.487 

454.000 ± 
27.301 

1386.667 ± 
402.973 

1330.333 ± 
236.191 

MALDL 802.333 ± 
24.320 

947.333 ± 
53.436 

508.000 ± 
46.576 

440.667 ± 
20.827 

1345.333 ± 
354.778 

1253.333 ± 
229.537 

 Untreated 703.667 ± 
63.572 

795.000 ± 
118.543 

655.333 ± 
42.191 

662.333 ± 
26.422 

716.333 ± 
37.494 688.000 ± 6.658 

oxLDL 697.333 ± 
62.408 

742.000 ± 
33.262 

665.333 ± 
40.342 

697.000 ± 
14.012 

713.667 ± 
61.756 

735.000 ± 
31.086 

AcLDL 719.333 ± 
40.309 

738.667 ± 
26.566 

688.333 ± 
34.362 

753.000 ± 
25.239 

726.333 ± 
46.927 

733.333 ± 
39.270 

MALDL 801.000 ± 7.767 805.667 ± 
10.990 

740.000 ± 
18.339 

786.000 ± 
26.274 

901.000 ± 
103.330 

818.000 ± 
62.426 

 

Untreated 1821.67 ± 
413.907 

1351.000 ± 
267.627 

1056.000 ± 
145.823 

950.667 ± 
126.451 

1626.000 ± 
461.556 

1362.333 ± 
284.941 

oxLDL 1893.33 ± 
510.648 

1442.667 ± 
224.882 

1051.667 ± 
135.169 

1009.667 ± 
107.880 

1614.667 ± 
448.692 

1395.000 ± 
381.083 

AcLDL 1649.667 ± 
462.036 

1394.667 ± 
247.349 

991.333 ± 
88.171 

1059.333 ± 
119.861 

1581.333 ± 
448.340 

1352.667 ± 
232.798 

MALDL 1603.667 ± 
316.277 

1277.333 ± 
124.025 

1026.333 ± 
67.088 

996.000 ± 
89.366 

1569.000 ± 
351.099 

1196.667 ± 
236.678 
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