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Cardiovascular disease is one of the leading causes of death globally. It is well established that macrophages and monocytes play a crucial role in the formation and progression of atherosclerotic plaques. Macrophages are very plastic and can alter their phenotype and function according to their environment. Macrophage heterogeneity in atherosclerotic plaques has been described but it is unclear how these phenotypes contribute to disease development. Their progenitor blood monocytes are also heterogeneous and, beside giving rise to macrophages, are known to contribute to the atherosclerotic process by orchestrating the immune response and by initiating and maintaining inflammation through the release of cytokines, chemokines and inflammatory mediators. The early pro-inflammatory cytokine IL-1β is a leaderless, non-conventionally secreted protein, widely studied in monocytes although the underlying mechanisms of its secretion have not been entirely elucidated. Furthermore IL-1β production and release have not been comprehensively investigated in monocyte subsets. 
The aims of this study were to (1) characterise lipid metabolism in in vitro polarised macrophage phenotypes, namely MIFNγ+LPS, MIL4, MIL10, MoxPAPC, MCXCL4; (2) identify phenotype specific markers following mass spectrometry based membrane proteome analysis and confirm the presence of phenotypes in human tissue; (3) investigate ATP dependent and independent IL-1β secretion of monocyte subsets and (4) establish a THP-1 model system mimicking monocyte and macrophage type IL-1β release for downstream analyses of signalling molecules. 
Peripheral blood mononuclear cells were isolated from healthy donors. Enriched monocytes were either used for the investigation of IL-1β secretion mechanisms in monocyte subsets or differentiated into macrophages. Lipid metabolism and lipid handling of macrophage phenotypes were characterised following polarisation: To characterise their membrane proteomics a quantitative mass spectrometry was performed. Furthermore a THP-1 differentiation model was established as complementary system for the analysis of IL-1β secretion in parallel with primary monocytes.
The human in vitro model system of 5 monocyte-derived plaque macrophage phenotypes showed distinct functional and character profiles. The acLDL uptake, foam cell formation and cholesterol efflux data indicate differential role for these phenotypes in atheroma evolution. The high uptake and cholesterol efflux of MIL4, MIL10 and MoxPAPC cells suggest their important role in lipid clearance and reverse cholesterol transport. However, MIL4 and MIL10 may also contribute atheroma growth by high foam cell formation. MIFNγ+LPS cells performed low lipid uptake, low foam cell formation and low cholesterol efflux indicating their poor involvement in plaque growth or reverse cholesterol transport. MCXCL4 macrophages exhibit a less clear, intermediate phenotype. 
Membrane proteome data showed distinct phenotype specific expression profiles.  Following comparative analysis 15 proteins (3 proteins per phenotype) were selected for further validation by immunofluorescence. Except 3 proteins (FAM16F, IFIT3 and AP2B1) validation failed. Review of data revealed an unexpected deviation based problem in fold induction calculation resulted in biased data. New analysis method was implemented and heat map and clustering were generated. New marker selection and validation are in progress.
Characterisation of ATP dependent and independent IL-1β secretion by monocyte subsets in response to TLR ligands showed significantly reduced production and secretion in non-classical monocyte subset compared to the other two subsets. Following investigation of potential underlying mechanisms distinct IL1B mRNA decay rate was identified as the main cause of differential IL-1β secretion by subsets showing significantly increased IL1B mRNA degradation in non-classical subset.
Alternatively differentiated THP-1 cells provided a suitable model system of P2X7R dependent and independent IL-1β release and were able to mimic monocyte and macrophage type IL-1β secretion. But the transfection based manipulation highly affected and altered the optimized IL-1β profile. New manipulation approaches need to be tested in order to investigate signaling molecules in knockdown systems.
In conclusion, I presented a human in vitro model system for 5 monocyte-derived plaque macrophage phenotypes showing distinct functional and character profiles. Lipid handling characteristics suggest protective role to MoxPAPC and dual effect of MIL4 and MIL10 in plaque progression. Profile of MIFNγ+LPS suggest their involvement in other aspect of pathogenesis (e.g. inflammation) and MCXCL4 exhibited an intermediate phenotype.
Mass spectrometric analysis resulted in a data set source which has a potential to provide unique or signature markers for macrophage phenotype identification.
IL-1β characterization of monocyte subsets determined mRNA degradation as one of the main regulatory mechanism for its production and the IL1B mRNA decay by monocyte subsets causes differential IL-1β secretion.
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Non-communicable diseases (NCDs), including cardiovascular disease (CVD), cancer, diabetes, chronic respiratory diseases and digestive diseases, are the leading causes of death globally. According to the World Health Organization (WHO) databases, NCDs were responsible for 68% (38 million) of global mortality in 2012. The number one cause of NCD deaths among people under the age of 70 were CVD (37%) followed by cancer (27%) and chronic respiratory diseases (8%). 
Contrary to the general assumption, low- and middle-income countries are more affected by NCD deaths than high-income countries. Around 80% of NCD deaths take place in these countries; furthermore their incidence is rapidly accelerating even in Africa. This discrepancy is based on several compounding factors: lower standard of living, limited health care and medication availability, more polluted environment and unregulated working conditions, low-level education, and more importantly the more widespread use of tobacco. In the upper-to-middle- and high-income welfare states, the major risk factors are behavioural elements, including smoking; unhealthy diet; excessive alcohol and tobacco use; and a low level of physical activity.  These habits contribute to the development of the pathophysiologic status (e.g. hypertension, obesity, hyperglycaemia or hyperlipidaemia) involved in the pathogenesis of NCDs. 
Despite the dissimilarity between incidence, mortality and risk factors of different economic regions, NCDs constitute a huge social and economical burden on both wealthy and developing countries. [1, 2] Taking these data into account, it is unequivocal that beside prevention, the discovery of physiological and pathological underlying mechanisms of NCDs, particularly CVD is essential. These investigations can contribute to the development of improved health and cost effective treatments and may result in opportunities to provide personalised medication. 
My project focuses on blood monocytes, especially the functional role of the different subsets in homeostasis, inflammatory processes and in the development of CVD. Cardiovascular disease covers heart disorders and deformations of blood vessels caused by lumen narrowing or vessel weakening [3]. The most frequent and clinically most important form of CVD is atherosclerosis and the directly related acute plaque rupture resulting in myocardial infarct, stroke and thrombosis. The main goal of my research is to contribute to the existing knowledge of the underlying mechanisms of this degenerative vessel disease.
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Atherosclerosis is a multifactorial chronic inflammatory disorder based on the interaction of genetic and environmental risk factors. It is one of the main forms of arterial wall stiffening, called arteriosclerosis, classified according to their anatomical distributions: coronary; cerebrovascular; peripheral and renal. Atherosclerosis can be defined as a thickened, hard and lipid-rich lesion of the large and medium-sized muscular and elastic arteries [3].
This swelling of the intima, called atheroma or atherosclerotic plaque, consists of an atheromatous soft lipid core and a fibrous cap. The plaque contains smooth muscle cells, inflammatory cells, extracellular matrix, lipids (mainly cholesterol and cholesterol esters) and necrotic cell debris [4]. Atherosclerosis starts at an early age with the initial deposition of fatty streaks, which are composed of lipid droplets and immune cells (e.g. foam cells, T cells, dendritic cells or mast cells) [5]. Studies suggest that fatty streaks develop through modified low-density lipoprotein (mLDL) accumulation in areas of physiologically thickened intima, also called diffuse intimal thickening (DIT) [6, 7]. DIT is hypothesized to be the vessel’s adaptive response to mechanical stress [8] and it appears to be specific to atherosclerosis-prone arteries [9]. Furthermore, other atherosclerosis related aetiologies (e.g. viral and bacterial infections [10] or genetic predisposition based on familial history [11]) have also been associated with an increased level of intimal thickening suggesting that DITs have an important role in the development of atherosclerosis. The presence of fatty streaks is asymptomatic, it is neither rising from the endothelial layer nor cause symptoms. These deformations can already be seen in human foetal aortas and their enhanced formation has been demonstrated to be associated with maternal hypercholesterolemia [12, 13]. In practice, they are present in every child over 10 years independent of population, gender or environmental factors. The connection between fatty streaks and atheromas has not been entirely resolved. Although fatty streaks can develop into atheroma precursors, some of them show regression and never become implicated in plaque progression [3]. Those that do progress to atherosclerotic plaques can cause the disturbance of blood flow and weakening of the media, which can result in rupture or thrombotic obstruction. A schema depicting this atherosclerosis process and the related clinical complications is summarized in Fig. 1.1.
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[bookmark: _Toc431162992][bookmark: _Toc431283315]Figure 1.1 Clinical phases of atherosclerotic plaque progression in respect of time
[bookmark: _Toc330336021][bookmark: _Toc330333427][bookmark: _Toc330333960][bookmark: _Toc330334233]Endothelial artery injury occurs continuously over decades. Once the plaque progression has started, the affected individual enters a subclinical phase during which the progression of atheroma is accelerated. An acute clinical event occurs when the plaque becomes unstable which can have fatal consequences in a relative short period of time.
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During the decades of atherosclerosis research, several theories on the pathogenesis of this cardiovascular disorder have been proposed, examples include “response to injury”; “lipid”; “thrombogen”; “monoclonal” (this hypothesis proposes that each plaque arises from a genetically transformed single smooth muscle cell [14]); “infection” or “autoimmune” theories. However, the most widely accepted hypothesis for atherosclerotic plaque formation is the “response to injury”, which considers atherosclerosis as a chronic inflammatory response to damage of the arterial endothelium followed by fibro-proliferative process [15].
Endothelial injury and dysfunction
The pivotal point of the “response to injury” hypothesis is the chronic or recurrent endothelial injury leading to endothelial dysfunction, which affects elevated endothelial permeability, altered gene expression and increased cell adhesion and migration of leukocytes [15]. The main causes of endothelial injury are hyperlipidaemia [16], bacterial/viral infections [17] and disturbed haemodynamics [18]. However, inflammation, high homocysteine levels or environmental toxins also count as important etiological factors [19]. Several cross-sectional studies established strong associations between total pathogen burden (cumulative infection exposure) and cardiovascular mortality, incidence of carotid artery diseases and severity of atherosclerosis [17, 20-22]. The main infections linked to atherosclerosis are viruses, such as cytomegalovirus (CMV) [23, 24], herpes simplex viruses (HSV1-2) [23, 24], Epstein-Barr virus (EBV) [24, 25], and bacteria including Chlamydia pneumonia [26, 27] and Helicobacter pylori [28].  In children, minor infections have been correlated to endothelial dysfunction [29] and intimal thickening [10] that may ultimately develop into fatty streaks through extracellular LDL accumulation as the earliest step of atherosclerotic lesion development [6].
1.1.1.1 Inflammation in initiation and progression of atherosclerotic lesion
Inflammatory cells and mediators are involved in the development of atherosclerosis from lesion formation through to the onset of clinical complications. Inflammatory cells do not adhere to healthy endothelial surfaces, but in the early phase of atherosclerosis endothelial cells with impaired function express adhesion molecules (e.g. vascular cell adhesion molecule 1 (VCAM-1), which is important in the adherence of monocytes and T-cells), causing adhesion of leucocytes [30]. The main inflammatory cells involved in atheroma progression are macrophages/monocytes and T cells [31, 32]. In recent years, several studies have also shown evidence for a significant role for neutrophils and dendritic cells in atherogenesis [33]. The contribution of different inflammatory cells to plaque development is illustrated in Fig. 1.2.
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The migration and accumulation of immune cells in the vessel intima plays a crucial role in the development and fate of plaques. The initial step is the migration of monocytes in response to endothelial activation. In the intima, the recruited monocytes / monocyte-derived macrophages and residential macrophages start to release pro-inflammatory molecules including IL-1β, TNF, chemokines, ROS or NO in response to triggering stimuli (e.g. oxLDL, apoptotic cells and debris). These molecules induce the migration of monocytes, neutrophils and also T cells from the lumen into the vessel wall. The transmigrated neutrophils are involved in monocyte recruitment, ROS production, plaque destabilization and thrombus formation. The accumulated macrophages can transform into foam cells by oxLDL uptake leading to the continuous growth of the lipid core. The altered adhesion molecule expression of endothelial cells also supports the migration of T cells. CD4+ T cells are activated by antigen presenting cells (dendritic cells or MHC II-expressing macrophages) and they can differentiate into Th1, Th2 or Treg types according to the stimulus. Th1 cells contribute to the increase of lesion and they are involved in plaque vulnerability. Treg cells attenuate these effects through their IL-10 and TGF-β production, whereas the role of Th2 cells remains controversial. CD8+ T cells are involved in advanced atheromas. They can contribute to plaque rupture through their ability to induce apoptosis. The resident DCs are involved in T cell activation and they can accumulate oxLDL and transform into foam cells. [31-33]



1.1.1.2 Proliferation of smooth muscle cells
From an early age (>3 months old) physiological intima thickening (DIT) present in arteries, mainly containing smooth muscle cells (SMCs), proteoglycans and elastin [34]; these continuously increase with age [9]. The increased level of intima thickening shows a strong association with exposure to infections [10] and familial history of coronary artery disease (CAD) [11] in infants predisposing DITs as atherosclerosis-prone regions. The thickening of the intima due to endothelial injury or dysfunction is a general healing mechanism [34, 35]. Endothelial injury caused by infection, inflammation, physical trauma or toxin exposure stimulates the migration and proliferation of SMCs and the related synthesis of extracellular matrix (ECM) [15]. The migrated SMCs can be derived from the media or circulating precursor cells and they transform into an actively proliferative phenotype; these cells are incapable of contraction [36]. This process is driven by several growth factors (e.g. platelet derived, fibroblast or transforming growth factor) and contributes to the formation and the progressive enlargement of advanced plaques. The synthetized ECM stabilizes atheromas; however, mediators released from inflammatory cells (e.g. matrix metalloproteinases or plasminogen activators) induce the degradation of ECM and the apoptosis of SMCs, which can lead to the development of unstable, rupture prone atheromas [3]. The main elements of the above-proposed mechanism for atherosclerotic lesion progression are illustrated in Fig. 1.3.
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[bookmark: _Toc431162994][bookmark: _Toc431283317][bookmark: _Toc330336023]Figure 1.3 ‘Response to injury’ hypothesis of atherosclerotic lesion progression
 According to the ‘response to injury’ hypothesis, lesion development is induced by chronic or recurrent endothelial injuries (A), which leads to increased permeability of the endothelial layer and leukocyte adhesion and migration (B).  Lipid retention results in fatty streak formation followed by macrophage and foam cell accumulation. This deformation transforms into atherosclerotic plaque through migration and activation of inflammatory cells and smooth muscle cells (C). The continuous cell migration and necrosis leads to growth of the atheroma core, containing lipid and cell debris. An advanced plaque is formed by SMC proliferation, extracellular lipid, collagen and ECM deposition (D). 
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Monocytes are a type of blood leukocyte involved in homeostasis [37], immune defence [38] and tissue repair [39]. They originate from myeloid progenitors in blood and these circulating precursors can migrate into the tissue where they transform into different types of macrophages [40]; some monocytes are able to emigrate from the tissue via draining lymph nodes without a change in their differentiation state [41].
During haematopoiesis, haematopoietic stem cells produce macrophage and dendritic cell precursors (MDPs) via myeloid precursors. These MDPs give rise to monocytes and dendritic cells from pro-monocytes via a common dendritic cell precursor [42]. However, the progeny of monocytes and dendritic cells is still unclear because monocytes can also develop into different dendritic cell phenotypes according to the inflammatory conditions [43-45].
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The heterogeneity of monocytes was recognised decades ago [46] and our knowledge of monocyte subsets is continuously growing. Monocytes are heterogeneous, both in mice and human; according to the recent nomenclature [47], three subsets can be distinguished. In humans subsets are differentiated based on their expression pattern of CD14 (TLR4 co-receptor for LPS) and CD16 (Fc fragment of IgG, low affinity III receptor FCγRIII) receptors while in mice Ly6C (lymphocyte antigen 6C) and CD43 (leukosialin) are their main markers. In humans, monocytes can be divided into classical (CD14++CD16-), intermediate (CD14++CD16+) and non-classical subsets (CD14dim/-CD16++) (Fig. 1.6). The murine orthologues of these subsets are Ly6C++CD43-, Ly6C++CD43+ and Ly6C+CD43++, respectively. However, Ly6Chigh and Ly6Clow classification is the most widely used [44]. Monocyte subsets form a continuum suggesting a developmental relationship (conversion model). Based on in vivo mouse studies, the Ly6Chigh subset was shown to give rise to Ly6Clow monocytes [48-50]. This developmental relationship has not been widely investigated in human monocyte subsets.
Recently, several gene expression studies were published with the aim of characterising human monocyte subsets [51-54]. Despite conflicting results, these studies have been widely used to contribute to the discovery of an accurate marker profile and the functional roles of these subsets.
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[bookmark: _Toc431162995][bookmark: _Toc431283318]Figure 1.4 Human monocyte subsets according to Ziegler-Heitbrock et al.
[bookmark: _Toc330336024]Three monocyte subsets can be differentiated based on their relative expression of CD14 and CD16 molecule expression. These are classical (CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14dim/-CD16++).
[bookmark: _Toc330827227]Marker profile of human monocyte subsets
Classical monocytes, which represent the ~85% of the human monocyte population, were shown to highly express chemokine receptor 2 (CCR2), interleukin 6 receptor (IL6R), haemoglobin scavenger receptor (CD163) and Fc fragment of IgG, high affinity I, receptor (CD64, FcγRI) [51]. Chemokine (C-X-C motif) receptor 1 and 2 (CXCR1/2), interleukin 13 receptor alpha 1 (IL13Rα1) and L selectin (CD62L) expression was found to be specific for this subset [52]. With respect to cell surface receptors the classical subset showed high expression of carbohydrate binding receptors and scavenger receptors [52, 55]. However, in a study by Shantsila et al. [51], expression of scavenger receptor A/I (CD204) was lowest on the classical and highest on the non-classical monocytes. 
On one hand, analysis of the intermediate subset (5% of total population) exhibited a transitional expression profile in regard to the vast majority of genes (e.g. CCR2, CCR1, CD64, CX3CR1) [52]. On the other hand, this subset expresses a specific set of markers and can be described with the highest density of major histocompatibility complex, class II DR (HLA-DR), major histocompatibility complex, class II invariant CHAIN (CD74), TNF receptor superfamily 5 (CD40), ICAM receptor (integrin-β2), chemokine (C-X-C motif) receptor 4 (CXCR4), tyrosine-protein kinase receptor (Tie2),vascular endothelial growth factor receptor 1 (VEGFR1) kinase insert domain receptor (KDR, VEGFR2), macrophage colony –stimulation factor receptor (MCSFR, CD115), ferritin and apolipoprotein B (ApoB). The intermediate subset can be differentiated from the non-classical subset by the presence of CCR2 or a significantly higher chemokine receptor 5 (CCR5), integrin alpha M (ITGAM, CD11b), glycoprotein CD1 or CD163 expression [51, 52]. 
The non-classical subset shares expression of several markers with the intermediate one, which can make it more difficult to distinguish between these two subsets. They can be distinguished by their high expression of purinergic receptor P2X, ligand gated ion-channel 1 (P2X1R), sialic acid binding Ig-like lectin 10 (Siglec10), chemocine (C-X3-C motif) receptor 1 (CX3CR1), CD204, VCAM-1 receptor and by the specific G protein-coupled receptor 44 (GPR44, CD294).[51, 52]
[bookmark: _Toc330827228]Potential functional role of monocyte subsets
Gene expression studies demonstrated that the differentially expressed genes of monocyte subsets cover a wide range of biological processes. These relate to: cell adhesion and migration; proliferation, differentiation and apoptosis; immune response; metabolic processes; signalling; cell activation; response to stimulus; cell homeostasis; endocytosis; cell cycle or regulation of transcription [51-53, 56].  The main functions of human monocyte subsets are summarized in Table 1.1



	Monocyte subsets
	Function
	Reference
	Summary

	Classical monocytes
CD14++CD16-
	· High antimicrobial and phagocytic activity
· Pro-inflammatory activity in response of wide range of stimuli
· Wound healing (early phase)
· Phagocytic, proteolytic and pro-inflammatory activity
	[39, 52, 56-59]
	Roles in innate immunity, defence against microbial agents and in the early phase of tissue repair

	Intermediate monocytes
CD14++CD16+
	· MHC II restricted antigen processing and presentation
· Angiogenesis
· Tissue repair and remodelling
· Pro-inflammatory
· Immune regulation through IL-10 production
	[39, 51-53, 60-63]

	High impact on angiogenesis, wound healing and remodelling; role in CD4+ T cell activation

	Non-classical monocytes
CD14dim/-CD16+
	· Linked to cytoskeleton rearrangement, adhesion processes and migration
· MHC-I restricted antigen presentation
· Antiviral activities
· High antioxidant activity
· FcR mediated phagocytosis
· Wound healing
	[52, 53, 64-69]
	Contribution to immune surveillance by patrolling behaviour; initiation of early immune response


[bookmark: _Toc330337150][bookmark: _Toc330337324][bookmark: _Toc431283372]Table 1.1 Potential function of monocyte subsets


[bookmark: _Toc330827229]Cytokine production
The cytokine profile of monocyte subsets has been widely investigated but the results are somewhat contradictory, as summarized in Table 1.2.

	Reference
	CD14++CD16-                          classical
	CD14+CD16+                    intermediate
	CD14+CD16++                                 non-classical

	[52]
	high: GCSF, IL-10, CCL2, IL6, IL-8, RANTES
	not significant
	high: IL-1β, TNF-α

	[51]
	high: IL-1β, IL-6, MCP-1
	high: IL-10
	not significant

	[67]
	high: IL-6, IL-8, CCL2, CCL3 moderate: IL-10
	highest:  IL-1β, TNF-α
high: IL-6, CCL3 moderate: IL-10
	high: IL-1β, TNF-α

	[70]
	−
	high: IL-10
	high: TNF-α

	[71]
	−
	high: TNF-α
	−


[bookmark: _Toc431283373]Table 1.2 Cytokine profiles of monocyte subsets
The characterization of monocyte subsets is a continuously developing field of monocyte/macrophage research. Experimental data on monocyte subsets are contradictory in some aspects, which can be explained by differences between monocyte gating and instrument settings, when isolating subsets by flow cytometric cell sorting. This is clearly supported by a comparison of the results of studies by Shantsila et al. [51], Wong et al. [52]  and Zawada et al. [53]. Wong et al. [52] and Zawada et al. [72] used the relative expression of CD14 and CD16 to distinguish the three monocyte subsets, consequently their results are consistent. In contrast, Shantsila et al. [51] differentiated the subsets according to expression of CD14, CD16 and CCR2. Their results are disparate from the other two studies e.g. in the respect of subset specific receptor or cytokine expression. Therefore, a standardized protocol for subset sorting would be beneficial. Furthermore, gating by markers is an arbitrary process, so it is plausible that monocytes might be further divided into different subsets, which create a continuum between the classical and non-classical subset.


[bookmark: _Toc330827232][bookmark: _Toc426552177][bookmark: _Toc426552388][bookmark: _Toc330827231][bookmark: _Toc431286676]IL-1β secretion by monocyte subsets and its role in atherosclerosis
In the atherosclerotic process, one of the main and crucial roles of monocytes is their capacity to orchestrate the immune response and induce inflammation through cytokine, chemokine and inflammatory mediator release. IL-1β is one of the earliest key pro-inflammatory products of activated monocytes / macrophages, which plays a crucial role in the recruitment and activation of immune cells during plaque progression.
IL-1β is a leaderless protein and is not secreted via the classical endoplasmic reticulum/ Golgi pathway [73]. The exact mechanisms of non-conventional secretion of IL-1β are yet to be fully discovered. The secretion of IL-1β occurs in two main steps. In summary, the first step starts with the activation of monocytes / macrophages by pathogen associated / pathogenic molecular patterns (PAMPs) (e.g. LPS, oxLDL) through membrane pattern recognition receptors (PRRs). Activated PRRs can stimulate several signalling pathways, including nuclear factor of kappa light polypeptide gene enhancer in B cells (NF-B) and mitogen activated protein kinase (MAPK) pathways. These pathways are implicated in the regulation of gene expression and their activation drives transcription of several genes, including IL1B. IL1B transcription results in expression of a 31 kDa pro-cytokine, called pro-IL-1β and its accumulation in the cell. For the activation of the IL-1β precursor, a second stimulus is usually needed, which can be induced by damage associated molecular patterns (DAMPs). In this second step the DAMP leads to the activation of a multi-protein complex named inflammasome, which recruits pro-caspase-1 and induces the activation of caspase-1 through the cleavage of its precursor. The activation of the inflammasome can occur directly or indirectly.  The direct mechanism consists of the interaction between DAMPs and the central scaffold inflammasome protein, whereas the indirect mechanism is a receptor-mediated process. The active caspase-1 cleaves pro-IL-1β then mature IL-1β is released from the cell. The monocytes are capable of secreting IL-1β in the absence of a secondary stimulus, which is proposed to be a consequence of their constitutively active caspase-1 induced by endogenous adenosine triphosphate (ATP) [74, 75], although ATP-independent secretion due to PAMP activation in monocytes has also been demonstrated [76]. Recently, the non-canonical inflammasome activation pathway was described as a potential mechanism for caspase-1 activation via toll like receptor 4 (TLR4) initiated TIR-domain-containing adapter-including interferon-β (TRIF) / interferon regulatory factor 3/7 (IRF3/7) / interferons (IFNs) / Janus kinase (JAK) / signal transducer and activator of transcription (STAT) / caspase -11 axis [77, 78]. Caspase-4 or caspase-5 were suggested as human homologues for caspase-11 but functional analyses promote caspase-5 as the orthologue [79]. Further studies are essential to understand the mechanisms of non-canonical caspase-1 activation and characterize a homologous process in humans [80]. The previously summarized conventional secretion process of IL-1β is illustrated in Fig. 1.7.
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[bookmark: _Toc431162996][bookmark: _Toc431283319]Figure 1.5 Dual activation steps required in IL-1β secretion
[bookmark: _Toc330336026]In general IL-1β secretion occurs in two steps:  Signal 1: stimulation of TLRs by microbial agents leads to activation of NF-kB and MAPKKs signalling pathways. The activation of these pathways results in up-regulation of several pro-inflammatory cytokine genes, including IL1B.  The transcript of IL1B is a precursor. Signal 2: generally a secondary stimulus is needed for precursor activation and IL-1β secretion. Secondary stimuli can be different danger signals e.g. cholesterol crystals or ATP.  The ATP-dependent activation of the inflammasome leads to the release of caspase 1, which can cleave pro-IL-1β followed by IL-1β release. 


Production of IL-1β: major components of primary and secondary activation mechanisms
Pattern recognition receptors (PRR)
PRRs are responsible for recognizing highly conserved microbial structures, called PAMPs and also molecules derived from damaged cells, termed DAMPs. Four PRR families can be distinguished: two plasma membrane receptor types, Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), and two cytoplasmic protein receptors, retinoic acid-inducible gene-like receptors (RLRs) and NOD-like receptors (NLRs). The activation of these receptors leads to up-regulated transcription of genes encoding cytokines, chemokines and other proteins involved in their signalling [81].
The transmembrane receptors primarily detect microbial agents outside the cell and in endosomes or phagosomes, and the CLRs are involved in fungal recognition. Out of TLRs, the role of TLR1/6-TLR2 and TLR4-MD2 complexes are to detect bacterial pathogens, while TLR3, TLR7/8 and TLR9 recognize nucleic acids and small purine analogue compounds (e.g. imidazoquilines) which are viral RNA mimics. TLRs can trigger myeloid differentiation primary response gene 88 (MyD88)- or TRIF- dependent signalling or both (e.g. TLR4). Through the interleukin 1 receptor associated kinase (IRAK) –TNF receptor-associated factor 6 (TRAF6) – TGF-beta activated kinase binding protein 2/3 (TAB2/3) – THF-beta activated kinase (TAK) axis, activated MyD88 leads to activation of the MAP kinase cascade mediating AP-1 formation and NF-B translocation, resulting in transcription of target cytokine genes (e.g. IL1B). The stimulation of the TRIF pathway leads to the phosphorylation and consequent translocation of IRF3-IRF7 dimers to the nucleus resulting in transcription of type I INFs and IFN-inducible genes [81].
The cytoplasmic RLRs (e.g. retinoid-inducible gene 1 (RIG-1), RIG-I-like receptor (LGP2) are responsible for RNA and DNA virus recognition, which can result in the activation of NF-B and IRF3I/IRF7, leading to the expression of cytokines and type I IFNs [81]. 
The primary role of the other intracellular PRRs, called NOD-like receptors, is to recognize PAMPs and DAMPs. NLRs consist of three domains: the C-terminal leucine rich repeat (LRR); the core oligomerisation NACHT domain and the N-terminal binding motif. The role of the LRR is to interact with bacterial products and toxic chemical agents. The NACHT domain is required for the self-oligomerisation and activation of NLRs, while the N-terminal domain is involved in protein binding and signalling. These receptors have five subfamilies: nucleotide binding oligomerisation domain (NODs), NOD like receptor family (NALPs), class II major histocompatibility complex (CIITA), CARD domain containing 4 (IPAF) and apoptosis inhibitory protein (NAIPs), which can be distinguished by their N-terminal domains. Three N-terminal motifs have been identified: the caspase recruitment domain (CARD); the pyrin domain PYD) and the baculovirus inhibitor of apoptosis repeat (BIR). The CARD domain is present in NODs and IPAF while most NALPs contain a PYD motif and NAIPs contain three BIR domains. NLRs have two major functions related to IL-1β secretion, on the one hand the stimulation of NODs (NOD1, NOD2) induces the activation of NF-kB [82] and MAPKs [83], on the other hand NLRPs, IPAF and NAIPs form inflammasomes, and they act as central scaffold proteins [84].
Inflammasomes
Inflammasomes are signal-induced multi-protein complexes that are involved in mediating inflammatory caspase activation [79]. They consist of a central scaffold protein (NLR), adapter proteins and pro-caspase-1/pro-caspase-5. According to the scaffold protein NLRP, IPAF and NAIP5 inflammasomes have been identified. All of these inflammasomes are implicated in caspase-1 activation but they respond to different stimuli, which define their precise role in the immune system. IPAF and NAIP5 inflammasomes showed caspase-1 activation in response to a bacterial flagellum component, called flagellin, thus their major role is to control the growth of intracellular bacteria and induce immediate immune responses via IL-1β secretion [85-87]. The two best characterized NLRP inflammasomes are NLRP1 and NLRP3. The NLRP1 was shown to be activated by muramyl dipeptide (MDP) and anthrax toxin [88] therefore this inflammasome has also been connected with innate immune responses. However, recent studies revealed that a secondary ATP stimuli causes NLRP1 mediated caspase-1 activation [89]. Furthermore, the ATP stimulated P2X7 receptor can lead to rapid caspase-1 activation through pannexin-1 channels in neurons and astrocytes [90]. These studies establish the involvement of the NLRP1 inflammasome in DAMP induced IL-1β secretion, however, results by Silverman et al. [90] suggest that the NLRP1 inflammasome related secondary activation mechanism is cell-type specific and has not been found to occur in monocytes /macrophages.
The NLRP3 inflammasome can be activated by a wide range of stimuli: bacterial LPS [91, 92], bacterial RNA, pore-forming toxins and damage associated stimuli (e.g. extracellular ATP, uric acid and cholesterol crystals). With respect to its bacterial sensing ability it is an important inflammasome [93], which can serve as evidence for its involvement in the pathogenesis of atherosclerosis. 
NLRP3 binds ASC and cardinal adaptor proteins to enable pro-caspase-1 recruitment; the activated inflammasome mediates caspase-1 processing from its inactive precursor, pro-caspase-1, and the consequent cleavage of pro-IL-1β. It is thought that in the absence of ligands, the LRR motif prevents oligomerisation by binding to the NACHT domain. The binding of PAMP enables the NLRP3 activation via the relief of LRR [94]. This is a TLR dependent stimulus and leads to the production of pro-IL-1β. 
The second stimulus of ATP acts on P2RX7 and results in the assembly of the inflammasome, via K+ efflux and coupling with the pannexin 1 channel [95, 96]. The proposed mechanism is that K+ efflux causes decreased cytoplasmic K+ levels, which in turn induces a conformational change in NALP3 when LRR detaches from the NACHT domain by the altered ion environment [97]. In this way, inflammasome assembly is enabled, resulting in caspase-1 mediated IL-1β secretion [84, 94, 98].
P2X7R 
P2X7R is an extracellular ATP gated ionotropic cation channel. This receptor is expressed by several cell types including macrophages, dendritic cells, lymphocytes, neurons and microglial cells [99]. P2X7R is implicated in influencing membrane composition, plasma membrane trafficking and non-classical protein secretion. Furthermore, it is also potentially involved in phagosome maturation, microbial killing [100, 101] and giant cell formation [102]. Stimulation of P2X7R induces phosphatidylserine (PS) translocation, in a dose-dependent manner. Long-term activation of this receptor results in irreversible PS flip leading to cell death, whereas short-term activation causes reversible PS flip, which leads to microvesicle shedding [103]. The stimulation of P2X7R in THP-1 monocytes [104] and in human DC [105] leads to rapid microvesicle shedding, which can be related to the ATP induced, non-classical IL-1β release. The major role of P2X7R in cooperation with pannexin-1, is in IL-1β secretion via microvesicle shedding, while recently it was proposed that these channels may also be involved in the delivery of PAMPs from endosomes into the cytosol leading to inflammasome assembly [96, 106].
The ATP induced P2X7R mediated exocytosis of secretory lysosomes is also known in murine macrophages [107] and human monocytes [108]. Recent studies suggest that P2X7R can also induce the formation of multivesicular bodies that contain exosomes and these vesicles can encapsulate pro-IL-1β, caspase-1 and other inflammasome components [94, 107, 109] 
In summary, P2X7R is involved in multiple secretion mechanisms for IL-1β. 


Release of IL-1β
IL-1β is a leaderless, non-conventionally secreted protein [73], which can be secreted via several different mechanisms. Currently the following secretion pathways have been suggested: lysosome exocytosis; microvesicle shedding; exocytosis of exosomes; export through plasma membrane transporters and additionally cell lysis [110].

Exocytosis of secretory lysososme
First, Rubartelli et al. suggested the exocytosis of secretory lysosome pathway and that these lysosomes develop through autophagy forming autophagosomes [73]. In response to external stimuli (e.g. ATP) the secretory lysosome induces the release of IL-1β. This hypothesis is supported by a later study from the same group, which revealed that in ATP triggered monocytes, IL-1β can be found in organelles similar to early lysosomes. Furthermore, its secretion occurred in parallel to cathepsin D [111]. It was also demonstrated that in ATP-stimulated monocytes, IL-1β was localized solely in endolysosomes but not in the cytosol [112]. However, another group found that the activation process of pro-IL-1β can occur in the cytosol of ATP-stimulated peritoneal macrophages [113]. 

Microvesicle shedding
Microvesicle shedding from plasma membrane was first described on LPS treated THP1 cells in response to P2X7R stimulation [104] and similar responses can be seen on different cell types e.g. dendritic cells [105] or astrocytes [114].

Exocytosis of IL-1β containing exosomes
Exosomes are intraluminal vesicles derived from multivesicular bodies (MVB) and they consist of pro-IL-1β, caspase-1 and also inflammasome components. The MVB is transported to the cell periphery and fuses with the plasma membrane, leading to the release of exosomes [115].  Their activation was also shown to be P2X7R mediated

Release via membrane transporters
 The study of Brough and Rothwell suggests that IL-1β release from murine peritoneal macrophages occurs through plasma membrane transporters [113]. This hypothesis is supported by studies where pharmacological inhibition of knockdown of ABC transporters negatively modulated of the IL-1β release from macrophages [116, 117].


Cell lysis as a passive IL-1β release mechanism
After tissue injury or cell necrosis, the recruited neutrophil derived proteases can cleave pro-IL-1β [118, 119]. Some infectious agents e.g. Candida albicans [120] or Staphylococcus aureus [121] can also produce proteases and lead to caspase-1-independent IL-1β activation. Based on the pathogenesis of atherosclerosis, this passive IL-1β release may be involved in the development of plaque necrotic core.
According to Lopez-Castejon and Brough, these IL-1β release mechanisms can be classified into three groups: ‘Rescue and Redirect’ (endolysosomal secretion); ‘Protected Release’ (microvesicle shedding and exosomes) and ‘Terminal Release’ (cell lysis). They suggest that these mechanisms are in continuum and their activation is highly dependent on the microenvironment and the strength of the perceived stimulus [122].
Role of IL-1β in atherosclerosis
IL-1β plays central role in inducing and mediating inflammation through initiating immune cell activation (neutrophils, T and B cells) [123, 124], cytokine and chemokine production, cell adhesion, angiogenesis or fibroblast proliferation and collagen production [125]. Increased level of IL-1β has been described in atherosclerotic coronary arteries compared to non-ischemic cardiomyopathic arteries localising in endothelial cells and macrophages [126]. The endogenous IL-1 receptor antagonist (IL-1Ra) has been also detected in atherosclerotic arteries [127]. Genetic polymorphisms affecting the level of IL-1β in combination with oxidised phospholipids and lipoprotein were associated with higher risk of cardiovascular events and disease severity [128]. Furthermore modified LDL, dietary fatty acids or cholesterol crystals were shown to activate inflammasome mediated IL-1β secretion [129-131] providing more link between IL-1β and atherosclerosis. 
IL-1β affects the development and progression of atherosclerotic plaques in a complex way contributing to several aspects of the disease. It may play role in the recruitment and retention of monocytes/macrophages in the plaque through increasing the cell surface expression of adhesion molecules (e.g. VCAM1, ICAM) in endothelial cells [132, 133] and regulating the production of granulocyte-macrophage colony-stimulating factor (GM-CSF) or MCSF via lymphocytes, endothelial cells, fibroblast, smooth muscle cells or macrophages [134-138]. IL-1β could directly or indirectly via GM-CSF drive macrophage polarisation towards more inflammatory phenotype [139]. Smooth muscle cell activation and phenotypic switch towards ‘pro-inflammatory’ migrating phenotype are also influenced by this early inflammatory cytokine [140]. IL-1β also induces angiogenesis via VEGF induction [141] contributing to plaque neovascularisation and instability [142]. Furthermore it may also mediate plaque stability through stimulating the production of MMPs [143]. 
Due to these diverse effects on the pathogenesis of atherosclerosis IL-1β is one of the main therapy targets and several anti-inflammatory molecules are under investigation [144]. 


[bookmark: _Toc426552178][bookmark: _Toc426552389][bookmark: _Toc431286677]Role of monocyte subsets in atherosclerosis
It is well-known that monocytes play a central role in atherosclerosis but their subset-specific contribution to the progression and the outcome of this disorder is not yet fully understood. However, some clinical studies have already been performed on monocyte subsets. These studies revealed that the peak level of classical (CD14++CD16-) monocytes was negatively associated with left ventricular recovery after acute MI [145]. The classical subset also showed association with poor recovery, clinical worsening and increased mortality in patients with stroke [146]. Elevated levels of CD16+ monocytes were found in CAD (coronary artery disease) patients compared to healthy controls [147]. According to Tallone et al. [54] in stable CAD the count of non-classical monocytes was increased 90% (in absolute terms) in comparison to control subjects, whereas the count of classical subset decreased. Furthermore, CD16+ cells showed a significant association with increased carotid intima media thickness [148]. On the contrary a follow-up randomised population study by Berg et al. showed increased classical monocyte number in CVD case group compared to the control group [149]. However in this study thawed mononuclear cells were used for analysis which may result in less pure monocyte populations (e.g. natural killer (NK) cell contamination). Furthermore a notable CD14dimCD16dim population was identified following freeze-thaw process compared to the freshly drawn blood analysis on the same donor. 
The distribution of the three monocyte subsets is different between the type of pathology and the changes during plaque progression. The functional role of human monocyte subsets during atherosclerosis is not well understood. It needs to take into consideration that most of the potential hypothesised functions of these subsets is based on mouse studies. There are several differences between human and murine monocyte subsets (e.g. proportional distribution of subsets, cell surface marker expressions, gene expression and some functional characteristics) [150, 151]. In the early stages of atheroma development, the non-classical subset dominates. According to a mouse study of Auffrey et al. [65], it is presumed that non-classical (CD14dim/-CD16++) monocytes are continuously crawling on the endothelial layer of the vessels as part of their ‘patrolling’ behaviour [65]. This crawling activity is dependent on CX3CR1, which is highly expressed on the non-classical subset and results in a higher adhesion affinity of this subset to endothelial cells [64]. The appearance of oxLDL activates both the endothelial cells and the patrolling monocytes. The non-classical subset can perform an oxLDL detoxifying activity alongside of the endothelial wall [152]. In response to oxLDL, the non-classical monocytes are activated and they start to produce and release the early phase pro-inflammatory cytokines IL-1β and TNF-α. These molecules may initiate the recruitment of the other two subsets. However, further investigation is essential to clarify whether the initiation of pro-inflammatory signalling cascade is derived from the residential macrophages or the transmigrating non-classical monocytes. Krankel et al. detected by in vitro analysis of human monocytes a significantly higher transmigration capacity in the classical subset compared to the non-classical, which was more abundant in the adherent fraction [153]. These data suggest that the highly phagocytic classical subset is the main population, which gives rise to macrophages. The transmigrated classical monocytes take up oxLDL via scavenger receptors, which induce the release of cytokines, chemokines and pro-inflammatory mediators (e.g. ROS, NO) and also initiates their transformation into macrophages [154, 155]. A fate-mapping study by Epelman et al. [156] suggests that monocyte-derived murine macrophages (CCR2+ macrophages) are more inflammatory compared to the resident macrophages, and whose data also suggests the pro-inflammatory function of transmigrating Ly6Chigh (murine counterpart of classical subset) monocytes. Initially, the classical subset may enhance inflammation, increases cell recruitment and oxidative stress, which then leads to more oxLDL formation and cell death. The intermediate (CD14++CD16+) subset may perform diverse effects depending on their differentiation fate. These cells can have dual functions by increasing inflammation via high ROS production and inducing regulatory mechanisms via IL-10 secretion [157]. Each monocyte subset is implicated in foam cell formation. The continuous triggering effect of oxLDL results in a decreased phagocytic activity of the classical and intermediate monocytes, which leads to reduced clearance of apoptotic cells and the accumulation of necrotic debris [158]. Due to the growing necrotic core, continuous production of oxidative stress and matrix metalloproteinases (MMPs) lead to the narrowing of the fibrous cap, thus resulting in a vulnerable plaque. Studies of monocyte involvement in unstable plaques revealed that the levels of CD14++CD16+ monocytes were significantly higher in patients with vulnerable plaques compared to those without vulnerable plaques and healthy controls, suggesting that CD16+ monocytes may also have an impact on the development of unstable atheroma [159]. The potential subset specific role of monocytes in plaque progression is illustrated in Fig. 1.6.
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[bookmark: _Toc431162997][bookmark: _Toc431283320]Figure 1.6 Role of monocyte subsets in atheroma progression based on mouse models
[bookmark: _Toc330336025]Monocytes and macrophages play a central role in plaque progression from the initial steps. A: The endothelial injury caused by oxLDL leads to enhanced expression of adhesion molecules e.g. CX3CL1. CX3CL1 is involved in adherence of patrolling non-classical monocytes to EC. These monocytes migrate to the intima and transform into macrophages. B: OxLDL induces the activation of non-classical (CD14dim/-CD16++) monocytes, which results in the release of pro-inflammatory molecules, e.g. IL-1β and TNF-α. These molecules recruit the two other monocyte subsets and also neutrophils and, in the late phase, T cells. The migrated classical (CD14++CD16-) monocytes are activated by oxLDL or other triggering factors (e.g. LPS, danger signals) and start to produce pro-inflammatory molecules and mediators of oxidative stress. This subset enhances the inflammation and leads to further cell recruitment. The intermediate (CD14++CD16+) subset can increase oxidative stress with ROS production and also release anti-inflammatory IL-10 in response to stimulation. These intermediate macrophages are involved in immune regulation and they can inhibit the production of pro-inflammatory molecules. All subsets can form foam cells and contribute to the growth of the necrotic core.
[bookmark: _Toc426552179][bookmark: _Toc426552390][bookmark: _Toc431286678]Summary
According to the present knowledge numerous contradictions need to be resolved. In respect to monocyte subsets, standardized protocols of gating and measurement settings are required otherwise the studies are not controlled, repeatable or comparable.
Monocytes are involved in several aspects of the development of atherosclerosis. Beside giving rise to macrophages, monocytes also play critical a role in the initiation and development of inflammation during lesion progression via secretion of pro-inflammatory cytokine and other mediators. One of the earliest inflammatory molecules is IL-1β, which has been associated with atherosclerosis [160-162]. IL-1β production generally requires a dual step for activation; however monocytes are also able to release IL-1β without a secondary signal. There is no consensus on the underlying mechanisms and there are contradictory studies about the involvement of endogenous ATP [76, 163]. The root of this discrepancy may be in differential isolation methods resulting in the enrichment of different monocyte populations. Piccini et al. [163] showed the involvement of ATP in LPS induced IL-1β release using attachment based monocyte enrichment, while results from Ward et al.[76] supported an ATP independent induction of IL-1β release upon LPS stimulation following CD16- monocyte isolation. CD16+ monocytes were described with higher cell death upon stimulations [164-166], which might cause autocrine ATP signalling and consequent increase in IL-1β. The observed discrepancies between studies enriching distinct monocyte subpopulations led to the hypothesis suggesting that monocyte subsets differentially secrete IL-1β in response to TLR ligands and ATP. The aim of  this study was to characterize IL-1β production and underlying mechanisms in monocyte subsets.


[bookmark: _Toc330827225][bookmark: _Toc426552170][bookmark: _Toc426552381][bookmark: _Toc431286679]Macrophages and their role in atherosclerosis
[bookmark: _Toc426552171][bookmark: _Toc426552382][bookmark: _Toc431286680]Origin
Macrophages are essential immune cells seeded in all tissues showing remarkable diversity and plasticity in phenotype and function. These long-lived cells play important roles in a wide range of processes from development, tissue repair, maintenance of homeostasis, to the orchestration of both innate and adaptive immune responses [167-172]. Until recently the mononuclear phagocyte system (MPS) was the most accepted model for macrophage origin. This proposed that haematopoietic stem cells develop to macrophages via bone marrow progenitors and circulating blood monocytes [40, 173] despite several earlier studies providing evidence for the self-maintenance and proliferation of residential macrophages [174-178] as well as the appearance of yolk sac and foetal liver macrophages before foetal haematopoiesis [179, 180]. However, recent genetic fate-mapping studies changed this view by clearly demonstrating the embryonic origin of most residential adult tissue macrophages and their long-term maintenance without replacement from blood monocytes [41, 48, 156, 181-184].  According to the revised model, macrophages exhibit dichotomous development originating from both the embryo (yolk sac and foetal liver) and the bone marrow (Fig. 1.7). This new view defines two ontologically distinct macrophage populations, namely early embryonic-derived and adult bone-marrow-derived macrophages. Circulating monocytes can give rise to residential macrophages but the contribution rate of these bone-marrow derived precursors to renewal is highly organ specific and varies from total independence of blood monocytes e.g. microglia [182] or Langerhans cells [184] to complete reliance e.g. lamina propria macrophages (intestine) [185, 186]. Many tissues have both self-renewal embryonic macrophage and monocyte-derived macrophage populations, showing a diverse proportional distribution [187]. However, the disturbance of the homeostatic state can alter the ratio between these two populations. Studies showed that, in the case of pathology (e.g. inflammation, myocardial infarction) or depletion of embryonic-derived macrophages, monocyte-derived macrophages competed and overcame the remaining resident macrophages in re-establishing the homeostatic state [156, 188]. The resident macrophages were able to proliferate and were fully capable of re-expansion when monocyte recruitment was disrupted [156, 181]. A study by Robbins et al. [189] showed that resident macrophages are the dominating population accumulated by local proliferation in established atherosclerotic lesions suggesting differential abilities of resident and recruited macrophages to respond to acute and chronic inflammatory processes. 
The functional differences between resident, embryonic origin and recruited monocytes-derived macrophages and the impact of altered distribution of these populations in disease development and progression have not yet been widely investigated. Results by Epelman et al. [156] indicate that monocyte-derived macrophages (CCR2+ macrophages) are more inflammatory compared to the resident macrophages. These findings correspond and may explain the observation that CCR2 blockade is protective in cardiac injury [190, 191]. Interestingly, complete macrophage depletion has a negative effect on wound healing and the outcome of myocardial injury [192], suggesting an important role of resident embryonic-derived macrophages in the maintenance and re-establishment of homeostasis.
The recent knowledge about macrophage ontology and biology is based on murine experimental models. Importantly, many of these observations have not yet been demonstrated in humans. However, the local proliferation of macrophages has been shown before [193, 194]; furthermore, some data from human haematopoietic stem cell (HSC) studies indicate blood monocyte independent self-renewing macrophage populations in human skin [195]. However, the existence of distinct-origin macrophage populations has not yet been directly proven in human tissues. The identification of the origin and lineages of human tissue macrophages is extremely challenging due to technical limitations but discoveries of core signatures of embryonic-derived and monocyte-derived macrophages in mice may have the potential to be extrapolated to human studies [168, 170].
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[bookmark: _Toc431162998][bookmark: _Toc431283321]Figure 1.7 A redefined view of macrophage origin in mice
Tissue resident macrophages develop dichotomously from embryonic and bone-marrow derived progenitors. Embryonic-origin macrophages (green) maintained to adulthood by self-renewal without any input from circulating blood monocytes. Monocyte-derived macrophages can give rise to resident macrophages but the contribution rate is highly tissue specific. The tissues listed (green box, top to bottom), are based on an increasing level of monocyte contribution to resident macrophages. 
HSC: haematopoietic stem cell, MDP: macrophage/dendritic progenitor, CDP: common dendritic progenitor, DC: dendritic cell, F4/80: mouse macrophage marker.


[bookmark: _Toc426552172][bookmark: _Toc426552383][bookmark: _Toc431286681]Polarisation state of macrophages
Macrophages are highly dynamic cells with a high degree of plasticity and heterogeneity [196, 197]. These highly responsive cells are able to reversibly alter their phenotype and function in response to continuously changing microenvironments [198-201]. The traditional concept of polarized macrophages classifies them into two groups: pro-inflammatory M1 / classically activated and anti-inflammatory M2 / alternatively activated macrophages [202, 203]. According to this paradigm, the classically activated macrophages promote inflammatory processes and they are involved in pathogen clearance via a high microbial killing capacity [204, 205], while alternatively activated macrophages are immune-modulatory cells contributing to the resolution of inflammation, healing and repair mechanisms [200, 201, 206]. However, the limitation of this classification is that it fails to describe the heterogeneity and complexity of macrophage activation states. Alternatively activated macrophages have been further divided into “M2a”, “M2b”, “M2c” subgroups, showing both overlapping and different characteristics and effector functions [203, 207]. As an extension of the original concept, a function-based classification was suggested [203] separating host defence, wound healing and regulatory macrophages. However, due to the increasing number of distinct macrophage phenotypes (e.g. plaque macrophages [208, 209] or tumour associated macrophages (TAM) [210]), which do not fit into the traditional concept, it is necessary to redefine and refine these classifications. Macrophage phenotypes and their main characteristics are summarized in Table 1.3. Under normal conditions, tissue-macrophages mostly develop into a more M2-like phenotype due to the systemic macrophage-colony stimulating factor required for macrophage differentiation [211, 212]. However, upon changes in the microenvironment they are able to adopt a new phenotype. Phenotype skewing of macrophages has been shown to be associated with pathologies in relation to both the development and progression of diseases. For example: in obesity, adipose tissue macrophages (ATM) showed an M2 to M1 switch [213, 214]; an M1 to M2 shift was detected during M. tuberculosis infection [215]; in different types of cancers macrophages adopt a mixed M1/M2, tumour associated macrophage (TAM) phenotype [216-218]; or an M2 to M1 switch occurs during atherosclerotic plaque progression [219]. Furthermore, the controlled switch in macrophage phenotype dominance (M1 to M2) is highly important in the resolution of inflammation, wound healing and tissue repair processes [200]
.

	Traditional classification
	Classically activated
	Alternatively activated
	
	
	
	

	
	 Host defense
	Wound healing
	Regulatory
	
	
	
	

	
Traditional Nomenclature
	M1
	M2a
	M2b
	M2c
	TAM
	M4
	Mox
	Mhem

	
Polarizing factors
	IFNγ, LPS
	IL-4, IL-13
	IC + IL-1β / LPS
	IL-10
	tumour environment
	CXCL4
	oxidised phospholipids
	haemorrhage

	Transcription factors
	
NFκB p65/p50, STAT1, IRF3, IRF5
	STAT6, IRF4, PPARγ
	─
	STAT3, NFκB p50/p50
	CEBPβ, IRF3, STAT1
	─
	NFE2L2 (Nrf2), HO-1, Trb3
	ATF1, NFE2L2(Nrf2), AMPK

	Secretome
	
IL-1β, TNF, IL-6, IL-12,    IL-23, ROS (iNOS*) , CCL5, CXCL9-11
	IL-10, IL-RA,  ARG1*, CCL13, CCL18, CCL23
	IL-10, IL-1β, IL-6, CCL1,
	IL-10, TGF-β, ARG1*, CCL16, CCL18
	IL-10, IL-8, VEGF, MMP7, MMP9, MMP12
	CCL18, CCL22, MMP7, MMP12, IL-6, TNF-α
	IL1-β
	─

	Marker
	IL-1β, 
	CD209, CD163, CD206
	CD206
	─
	─
	CD206, MMP7, S100A8
	NFE2L2, HO-1, COX2
	CD163, ATF1, CD209


[bookmark: _Toc431283374]Table 1.3 Summary of macrophage phenotype characteristics 
*only in mice; IC immune complex

[bookmark: _Toc426552173][bookmark: _Toc426552384][bookmark: _Toc431286682]Role of macrophages in atherosclerosis
Macrophages are central immune cells in atherogenesis; they are involved in the development, progression and stability of plaques [7].  Elevated macrophage numbers in atherosclerosis showed a positive correlation with disease progression. In contrast, macrophage depletion or the blockade of bone-marrow derived progenitor recruitment have been shown to be protective against atherogenesis [220]. Furthermore, it was shown that the suppression of blood monocyte recruitment contributes to plaque stabilization and regression [221], suggesting that control of monocyte recruitment may be a potential therapeutic target. Studies [174, 181, 189, 222] suggest that, in addition to monocyte migration, proliferation of local residential macrophages is linked to macrophage accumulation with a differential contribution according to disease development. Robbins et al. [189] showed that in the early phase, macrophage accumulation was mainly based on monocyte recruitment (70%) while in established atheroma, local proliferation of residential macrophages dominated in macrophage replenishment and accumulation. However, this study did not investigate whether the observed relative reduction of MDMs in the lesion is due to reduced survival or increased emigration rate of this population compared to residential macrophages.  Plaque macrophage heterogeneity is well documented [223-226] and the proportional distribution of distinct phenotypes has a high impact on disease progression and outcome. Studies have shown that during atherosclerotic plaque progression M1 macrophages outnumber the steady-state dominant M2 type cells due to the changing cytokine environment [219]. However, it is not yet well understood whether the accumulation of M1 macrophages starts with the migration of bone-marrow derived monocytes or the extensive shift of M2-like residential macrophages. 
The lesion macrophage population shows high complexity; until now 6 main phenotypes have been described or linked to atherosclerosis, namely M1, M2a, M2c, Mox, M4 and Mhem, which are named as the following according to the recent nomenclature and guidelines [227]: MIFNγ+/LPS, MIL4/IL13, MIL10, MoxPAPC, MCXCL4 and Mhem , respectively. 
Bouhlel et al. [223] investigated and described classically and alternatively activated macrophage markers in human atherosclerotic plaques and were the first to demonstrate the presence of alternatively activated macrophages in atheromas. Ströger et al. [226] showed that both phenotypes accumulate according to disease progression and defined their localization whereby pro-inflammatory macrophages dominate in rupture-prone shoulder areas and the alternative phenotype is more prevalent in adventitia. Recently Boyle et al. [224, 228, 229] detected and characterized a haem / haemoglobin induced phenotype (Mhem) in haemorrhagic plaque areas. More recently, Erbel et al. [209, 225] identified a platelet chemokine CXCL4 induced macrophage phenotype based the co-expression of MMP7 and S100A8. In addition to these phenotypes, an oxidised phospholipid-induced phenotype (MoxPAPC) has been identified in advanced lesions in mice [208]. Interestingly this phenotype shares a key regulator of polarisation with Mhem, Nrf2/NEF2L2 and haem induced marker heme oxygenase 1 (HO-1), and may create a pro-haemorrhagic environment through their pro-angiogenic and pro-inflammatory properties (high VEGF, IL-8 and ADAMTS-1 metalloproteinase production) suggesting a developmental continuum between MoxPAPC and Mhem phenotypes [230, 231]. However, MoxPAPC macrophages have not yet been detected in human atheroma.
Macrophages are able to regulate key features of atherosclerosis: lipid levels (1.2.3.1), inflammation (1.2.3.2) and plaque stability (1.2.3.3). Based on their distinct characteristics macrophage phenotypes may be differentially more pro- or anti-atherosclerotic, with distinct roles in disease development and progression. The roles of macrophage phenotypes in atherosclerosis are summarized in Table 1.4.

	Phenotype
	Lipid handling
	Inflammation
	Plaque stability

	
	Lipid uptake
	Foam cell formation
	Cholesterol efflux
	
	MMPs
	Efferocytosis

	M1
	↓
	↑ 
	↓
	↑
	↑↑
	↓

	M2
	↑
	↑ ↓
	↑
	↓
	↑
	↑

	Mox
	?
	?
	?
	↑ ↓
	?
	↓

	M4
	↓
	?
	↑
	?
	↑
	?

	Mhem
	↓
	↓
	↑
	↓
	?
	?


[bookmark: _Toc431283375]Table 1.4 Contribution of macrophage phenotypes to atherosclerosis


Lipid handling
The main anti-atherosclerotic function of macrophages is to remove accumulated lipids from the vessel wall and promote reverse cholesterol transport, thus preventing plaque development and progression. Reverse cholesterol transport is the process whereby the intracellularly transformed free cholesterol effluxed by macrophages is delivered into the liver for excretion into the bile and then eliminated through the intestine [232]. Macrophages are able to regulate intimal cholesterol levels by rapidly up-taking native or modified lipoproteins (nLDL or mLDL), intracellularly transforming these into free cholesterol then effluxing it onto extracellular cholesterol acceptors e.g. high-density lipoprotein (HDL) or apolipoprotein A-1 (the main protein component of HDL, apoA-1). Extracellular LDL molecules can be ingested by macrophages through receptor-mediated phagocytosis and macropinocytosis. The main receptors involved in mLDL uptake are SR-A and CD36 [233-235] while nLDL are mainly internalized by LDL receptors and LDL receptor related-protein (LRP) [236]. Furthermore, both mLDL and nLDL can be ingested by fluid-phase endocytosis called macropinocytosis [237, 238]. Macropinocytosis is highly induced by M-CSF and actively contributes to foam cell formation [239, 240]. The internalized LDLs are delivered into late endosomes/lysosomes and cholesterol ester is then hydrolysed by lysosomal acid lipase into free cholesterol, which can be effluxed via passive or transporter-mediated processes, induced by HDL or apoA-1 acceptor molecules. Under pathological conditions (e.g. high serum cholesterol levels) macrophages are unable to limit uptake mechanisms due to the high extracellular lipid concentration induced upregulation of scavenger receptors [241, 242]. Excessive intracellular free cholesterol is highly toxic to the cells [243], therefore, to maintain homeostasis macrophages are highly dependent on cholesterol efflux and re-esterification / hydrolysis cycle mechanisms. The three main HDL and apoA-1 induced cholesterol efflux pathways described in macrophages are: (1) passive aqueous diffusion [244]; (2) ABC transporter mediated [245, 246]; and, (3) SR-B1 mediated [247]. Recently, other molecules have been described to contribute to cholesterol efflux e.g. caveolin and sterol 27-hydroxylase (CYP27A1) but their contribution to net cholesterol efflux and lipid metabolism in macrophages has not yet been widely investigated [248-251]. The major transporters mediating most of the net cholesterol efflux are ABC transporters A1 and G1 effluxing to HDL or serum [252-254]. SR-B1 plays a dual role in lesions as it is able to bind and internalize LDL molecules [255] and also promote cholesterol efflux to HDL [247]. Studies suggest that the promoting (early stage) or regressive (advanced plaque) effect of SR-B1 may depend on disease stage [256, 257]. 
To reduce the toxic effects of intracellular free cholesterol, macrophages also have the capacity to perform esterification in the endoplasmic reticulum by Acyl coenzyme A: cholesterol acyltransferase-1 (ACAT-1). This membrane protein re-esterifies free cholesterol into cholesterol ester, which is stored intracellularly in the form of lipid droplets. ACAT-1 was detected in macrophages of lipid rich lesion areas [258]; furthermore, increased expression was shown to result in cholesterol ester accumulation and foam cell formation [259]. To maintain cholesterol homeostasis, cells can mobilise free cholesterol from lipid droplets through cholesterol ester hydrolysis by neutral cholesteryl ester hydrolase (NCEH), which plays an important role in the regulation of lipid accumulation and consequently cholesterol efflux [260-262]. During foam cell formation there is an extensive shift towards cholesterol ester production and lipid droplet accumulation. In response to increased lipid uptake, cell surface expression of scavenger receptors is induced, leading to unlimited ingestion [241, 242] while the efflux capacity of these cells continuously declines resulting in an accelerated foam cell formation [263].
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[bookmark: _Toc431283322]Figure 1.8 Cholesterol homeostasis in macrophages
Macrophages play a central role in reducing peripheral tissue cholesterol by uptaking (A) native or modified LDL via receptor mediated phagocytosis or micropinocytosis. Ingested lipids are transported in late endosomes and hydrolysed into free cholesterol and fatty acids (B). The intracellular free cholesterol can be effluxed into the extracellular space via transporter proteins (e.g. ABCA1, ABCG1 or SR-B1) or passive diffusion (E). Then this effluxed free cholesterol binds to cholesterol acceptors and is transferred into the liver for excretion into the bile (F). The process when effluxed free cholesterol is transferred from the periphery into the liver and eliminated through intestine is called “reverse cholesterol transport”. To reduce the toxic effect of free cholesterol, macrophages are able to re-esterify it into cholesterol ester via ACAT-1 in the endoplasmic reticulum (C). Following esterification the produced cholesterol ester is stored and accumulated in the form of lipid droplets in the intracellular space (D). Cells are able to mobilise and hydrolyse this cholesterol ester via an NCEH enzyme (C). During foam cell formation cells are unable to maintain homeostasis so that there is an extreme shift towards cholesterol ester production with consequent lipid droplet formation. 
mLDL, modified LDL; nLDL, native LDL; ac, acetylated; ox, oxidised; gly, glycated; SR-A, scavenger receptor A; LRP-1, low-density lipoprotein receptor related receptor 1;  CD36, cluster differentiation 36; LDLr, low-density lipoprotein receptor; FC, free cholesterol; CE, cholesterol ester; FA, fatty acid; ACAT-1, acyl-CoA:cholesterol acyltransferase; NCEH,  neutral cholesteryl ester hydrolase; SRB-1, scavenger receptor B1; ABCA1, ATP-binding cassette transporter receptor A1; ABCG1, ATP-binding cassette transporter receptor G1; HDL, high-density lipoprotein; ApoA-1, apolipoprotein A1; RCT, reverse cholesterol transport

Data relating to the lipid handling properties of macrophage phenotypes, especially for M-CSF/IL4/IL13/IL10 induced subtypes, remain controversial most likely due to the different polarisation protocols used, experimental setup, and a lack of clear phenotype identification.
According to the literature, IFNγ reduces expression of the scavenger receptors, CD36 and SR-A1 leading to reduced receptor mediated lipid uptake [264, 265]. Furthermore IFNγ was shown to disrupt macrophage cholesterol homeostasis via the reduction in cholesterol efflux due to dampened ABCA1 and ABCG1 expression [266, 267] and increased cholesterol ester production mediated by increased ACAT-1 expression [268, 269]. Besides IFNγ, M1 type pro-inflammatory cytokines (e.g. IL-1β or TNF-α) were described to negatively regulate ABCA1 and ABCG1 expression [270]. 
Alternatively activated macrophages express high levels of scavenger receptors and are highly phagocytic. IL4/IL13/IL10 and M-CSF differentiated macrophages show higher lipid uptake compared to IFNγ/LPS or GM-CSF macrophages due to increased CD36 and SR-A1 expression [271]. Furthermore, IL-10 polarisation increased macropinocytosis compared to the classical type [272, 273]. IL-4 and IL-10 were both shown to induce both uptake and efflux mechanisms; however, they also induce increased cholesterol ester production and foam cell formation [271, 274, 275].
Mhem showed a reduced foam cell formation capacity due to reduced scavenger receptors but increased expression of cholesterol efflux transporters in comparison to unpolarised and IL-4 macrophages [276]. CXCL4 induced macrophages were shown to exhibit reduced uptake and increased efflux abilities compared with unpolarised macrophages [209].
MoxPAPC macrophages were identified in mouse plaques [208] but need further investigation to characterize their lipid homeostasis.
Inflammation
Classically-activated macrophages exhibit a strong pro-inflammatory activity by secreting cytokines like IL-1β, IL-6, IL-12 or TNF-α. Production of IL-6 and TNF-α were detected in CXCL4 macrophages, suggesting their inflammatory character. Alternatively activated macrophages are characterized by an anti-inflammatory and regulatory profile with high IL-10, TGF- β and low IL-12 secretion. However the immune-complexes and/or IL-1β/microbial agents induced M2b subtype showed both inflammatory and anti-inflammatory cytokine production resulting in a dual effect [277]. OxPAPC macrophages were also shown to produce both pro- (IL-1β) and anti-inflammatory (IL-10) cytokines while increased IL-10 production was detected in the Mhem phenotype [278].
The oxLDL environment/uptake, lipid burden, cholesterol crystal accumulation and the process of foam cell formation induces a shift towards the IFNγ/LPS type and the activation of inflammatory signalling followed by inflammatory cytokine secretion and apoptosis/necrosis, which further increases and maintains inflammation.  
Plaque stability 
The continuous and uncontrolled inflammation in early lesions leads to the development of advanced plaques. Due to the non-resolving chronic inflammation, growing necrotic core and intra-plaque bleeding, lesions can transform into a vulnerable, ‘rupture prone’ state. Plaque stability gradually decreases by fibrous cap weakening, reduced efferocytosis and increased secondary necrosis. Macrophages play a central role in these processes. Fibrous cap thinning is induced via the induction of SMC apoptosis and consequent decreased collagen synthesis by pro-apoptotic molecules (e.g. TNF-α) [279]. Furthermore matrix metalloproteinases (MMPs) [280-283] and other proteases (e.g. neutrophil elastase or cathepsins) [284-286] are derived from macrophages which can contribute to degradation of the fibrous cap. 
All macrophage phenotypes were found to produce MMPs; however, there were significant differences in their composition. Classical activation was shown to induce MMPs including MMP1, MMP3, MMP9 and MMP14 [287, 288]. Furthermore, it was shown recently that M1 macrophage derived factors up-regulated expression of MMP1, MMP2, MMP3 and MMP14 in fibroblasts, whose indirect effect may influence plaque stability [289]. IL-4 was shown to induce MMP12 gene expression in BMDM and the IL-4 dominant environment resulted in an increased MMP12 activation level [290]. CXCL4 induced macrophages showed significantly higher MMP7, MMP12 and cathepsin B and K expression in comparison to unpolarised macrophages [209].
Foam cells are able to constitutively secrete MMP1 and MMP3. Furthermore, oxLDL loading induces significantly increased MMP14 expression and reduced TIMP3 [280, 291], suggesting an important role in destabilization of advanced lesions.   
The other important characteristic of vulnerable lesions is the gradually growing necrotic core due to defective clearance of apoptotic cells and an increased rate of secondary necrosis [292, 293]. Classically activated macrophages showed a reduced efferocytic capacity due to the inhibitory effect of TNF-α on apoptotic cell removal [294, 295]. M2 type macrophages were described with a higher capacity to clear apoptotic cells mediated by PPRγ, PPRδ or LXR nuclear receptor activation [223, 296-299]. Phagocytic receptors (e.g. MerTK or LRP1),  apoptotic cell ligands (e.g. phosphatidylserine (PS), oxPS) and molecules facilitating PS binding (so-called bridging molecules such as Gas6 or Protein S) are essential for recognizing apoptotic cells [299-302]. Efferocytosis induces an anti-inflammatory response mediated by IL-10 and TGF-β and increases cell survival in these cells [303]. In early lesions, efferocytosis is effective but the lipid rich environment and cholesterol loading gradually leads to an impaired apoptotic cell phagocytosis and the accumulation of these cells. OxLDL was shown to compete with apoptotic signals for binding to phagocytic receptors (e.g. LRP1) [152] and auto-antibodies produced against oxLDL also reduced efferocytosis [304, 305]. Lipid-uptake and -loading resulted in downregulation of receptors and bridging molecules involved apoptotic cell clearance [306]. Phagocytosis of apoptotic foam cells was also shown to induce cholesterol efflux in efferocytic cells in order to maintain their homeostasis and viability [303]. Cholesterol loading leads to a decrease in cholesterol transporter proteins and cholesterol efflux resulting in increased oxidative stress-induced apoptosis and a shift towards a pro-inflammatory environment. Inefficient efferocytosis results in secondary necrosis of accumulating apoptotic cells leading to further inflammation and plaque growth. Furthermore the inflammatory environment negatively regulates phagocytic capacity by favouring a switch to the low efferocytic M1 phenotype [294, 307]. 


[bookmark: _Toc426552174][bookmark: _Toc426552385][bookmark: _Toc431286683]Summary
In conclusion, macrophage research is a continuously expanding and evolving field. However, due to the lack of consensus on nomenclature, definitions and experimental guidelines, several contradictions and confusions hinder progress [227]. The extreme complexity of ontogeny, development and differentiation/polarisation of macrophages requires continuous technical and methodological improvement so that the emerging questions of this field can be addressed. 
Macrophage phenotypes and their role in pathologies are a hot topic in the field of immunology. Atherosclerosis is a chronic inflammatory disease and the role of macrophages in the pathogenesis is well established. Macrophage heterogeneity has been demonstrated in atherosclerotic lesions and several studies have been published on this topic. However, the characteristics and exact roles of macrophage phenotypes in homeostasis and disease initiation/progression have not yet been understood. To contribute to the better understanding of disease progression and the role of macrophage phenotypes, I carried out a comprehensive analysis with the aim to characterizing the lipid metabolism of macrophage phenotypes and to identify new phenotype specific markers. It was hypothesized that macrophage phenotypes play differential role in plaque development due to their distinct lipid metabolism. Furthermore, it was assumed that the in vitro polarized monocyte-derived macrophages are suitable for identifying novel, single or signature phenotype markers.


[bookmark: _Toc410832798][bookmark: _Toc426552180][bookmark: _Toc426552391][bookmark: _Toc431286684]Materials and methods

[bookmark: _Toc410832799][bookmark: _Toc426552181][bookmark: _Toc426552392][bookmark: _Toc431286685]Cell isolation and tissue culture
[bookmark: _Toc426552182][bookmark: _Toc426552393][bookmark: _Toc431286686]PBMC isolation
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density centrifugation from apheresis cone, buffy coat or whole blood donated by healthy adult donors. Apheresis cones and buffy coats were provided by the Blood Donation Centre, Health Sciences Authority and National University Hospital, Singapore, respectively. Ethical approval for all blood sources and processes used in this study has been approved by the National University of Singapore Institutional Review Board (NUS-IRB 08-352E (Cone), NUS-IRB 09-256 (Buffy Coat), NUS-IRB 10-250 (Whole blood)). Subjects gave written informed consent in accordance to the Declaration of Helsinki.
Collected blood was carefully overlaid onto Ficoll-PaqueTM Plus (GE Healthcare, Life Sciences) in 2:1 proportion in a 50 ml tube (BD FalconTM). After overlaying the blood, it was centrifuged for 20 mins at 900 x g with the brake off to separate the PBMC layer. After removing the top plasma layer by Pasteur pipette, the PBMC layer was carefully collected and transferred into a clean 50 ml tube and topped up to 50 ml with 1x phosphate-buffered saline (PBS)-ethylenediaminetetraacetic acid (EDTA, 2mM) (PBS-EDTA). The cell suspension was centrifuged for 5 mins at 450 x g. The cell pellet was resuspended in 10 ml 1x red blood cell (RBC) lysis buffer (155 mM NH4Cl, 10mM KHCO3, 0.1 mM EDTA in 100 ml dH2O). After 5 mins incubation, the cell suspension was topped up to 50 ml with PBS-EDTA and centrifuged for 5 mins at 450 x g. The supernatant was removed and the cell pellet was resuspended in 1x PBS-EDTA. The cell number was counted using a haemocytometer (C-Chip, Digital Bio). The cell suspension was centrifuged for 5 mins at 450 x g and the cell pellet was resuspended appropriately for further use.
[bookmark: _Toc426552183][bookmark: _Toc426552394][bookmark: _Toc431286687]Monocyte isolation 
Monocyte isolation was carried out either by negative or positive magnetic selection depending on downstream applications. Monocytes used for subset isolation were enriched using an in-house optimised negative magnetic selection based protocol. To remove the non-monocyte cells from PBMCs the following mixture was used: non-monocyte depletion cocktail containing anti-human CD15 (to remove granulocytes) and anti-human CD56 (to remove natural killer (NK) cells) conjugated microbeads, anti-human CD3 (to remove T-lymphocytes) and anti-human CD19 (to remove B-lymphocytes) conjugated microbeads. The cell pellet was resuspended in magnetic cell sorting (MACS) buffer (1x PBS, 2% (w/v) low endotoxin BSA, 2 mM EDTA), 300 μl per 100 million PBMCs. The cell suspension was incubated for 1 min at 4°C with 100 μl FcγR blocking reagent (CD16+ Monocyte isolation kit, Miltenyi Biotec) followed by 15 mins incubation at 4°C with additional 50 μl of non-monocyte depletion cocktail, 45 ul CD3 microbeads and CD19 microbeads (Miltenyi Biotec) per 100 million PBMCs. After incubation cells were washed using 20 ml MACS buffer and resuspended at 350 million PBMCs per 1 ml. LD columns (Miltenyi Biotec) were pre-treated with 2 ml MACS buffer before loading with 1 ml cell suspension (350 million PBMCs) per column. Columns were washed 3x1 ml MACS buffer. The untouched monocytes were collected from the eluted fraction and prepared for sorting as described below. 
For macrophage differentiation monocytes were positively enriched using CD14 microbeads (Miltenyi Biotec). The PBMCs pellet was resuspended in 90 μl MACS buffer followed by the addition of 10 μl CD14 microbeads per 10 million PBMCs. After 15 mins incubation at 4°C the cells were washed with MACS buffer. The pellet was resuspended in 500 μl MACS buffer up to 100 million cells. For magnetic separation the LS column (Miltenyi Biotec) was used. Columns were rinsed with 3 ml MACS buffer before sample loading (500 μl per column). Washing was performed 3x with 3ml MACS buffer then magnetic bound cells were immediately flushed out from the column with 5 ml MACS buffer. The cell number was counted by haemocytometer. The cell suspension was centrifuged for 5 mins at 450 x g and the cell pellet was resuspended for further use.
[bookmark: _Toc426552184][bookmark: _Toc426552395][bookmark: _Toc431286688]Isolation of monocyte subsets by FACS
Separation of monocyte subsets was performed by fluorescence-activated cell sorting (FACS) (BDTM Influx, FACSAria II 4L or 5L flow cytometers, BD Biosciences) based on the relative expression of CD14 and CD16. Monocytes isolated by negative selection described in section 2.1.2 were surface stained for CD14, CD16 and NKp46 (to gate out potential NK cell contamination) according to the following protocol: 10 million monocytes were resuspended in 10 μl MACS buffer and incubated with the addition of 8 μl eFluor450 anti-human CD14 (61D3 clone, eBioscience), 12 μl FITC anti-human CD16 (VEP13 clone, Miltenyi Biotec) and 8 μl APC anti-human NKp46 (CD335, 9A2 clone, Miltenyi Biotec) for 15 mins at 4°C. The gating strategy is summarized in Fig. 2.1. Purity of separated subsets always was analysed by post run, the average purity was over 98 % for each subset. 
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[bookmark: _Toc431283323]Figure 2.1 Gating strategy for cell sorting of monocyte subsets
After gating on monocytes, single cells were selected (A). To avoid NK cell contamination NKp46 negative cells were gated based on CD14 and CD16 expression (B, C). The purity of the sorted cells was checked after each sorting (D).


[bookmark: _Toc426552185][bookmark: _Toc426552396][bookmark: _Toc431286689]Monocyte culture and macrophage differentiation
Primary blood monocytes were cultured in RPMI-1640 medium supplemented with 10% (v/v) heat inactivated, low endotoxin fetal calf serum (HI FCS-LE, Gibco), 1% (v/v) Penicillin-Streptomycin (P/S, Gibco) and 1% (v/v) L-glutamine (Gibco) (complete medium). Monocyte-derived macrophages (MDMs) were differentiated in supplemented RPMI-1640 medium with the addition of 100 ng/ml recombinant human M-CSF (PeproTech) in 6 well plate at 1-2 million cells density per well for 7 days, otherwise stated in the specific assay protocol.
[bookmark: _Toc426552186][bookmark: _Toc426552397][bookmark: _Toc431286690]Macrophage polarisation
The polarisation of the five selected macrophage phenotypes was performed on day 7 by culturing the cells for 24 h in fresh complete RPMI-1640 medium supplemented with the respective polarising factors (schematic work flow Fig.2.2). MDMs were polarised by the addition of 20 ng/ml recombinant human IFN-γ (ImmunoTools) and 100 ng/ml LPS (purified from E.coli, serotype 0111:B4, TLRgrade, Enzo Life Sciences) for MIFNγ+LPS, 20 ng/ml recombinant human IL-4 (ImmunoTools) for MIL4, 20 ng/ml recombinant human IL-10 (ImmunoTools) for MIL10, 25 μg/ml OxPAPC (Invivogen) for MoxPAPC and 1 μM (7.8 μg/ml) recombinant human CXCL4 / PF-4 (ImmunoTools) for MCXCL4 phenotype. After polarisation, cells were collected and processed for further assays. In each assay, unpolarised macrophages (Mun) were used as controls.  
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[bookmark: _Toc431163001][bookmark: _Toc431283324]Figure 2.2 Schematic work flow of macrophage differentiation and polarisation
 (rh: recombinant human)


[bookmark: _Toc426552187][bookmark: _Toc426552398][bookmark: _Toc431286691]Investigating the cell surface expression of receptors on monocyte-derived macrophages
Flow cytometry was used to determine the cell surface expression of receptors for polarising factors on in vitro monocyte-derived macrophages (MDM). Donor number: 4. Antibody panels are summarized in Table 2.1. MDMs were recovered using a cell scraper and washed twice with 1x PBS. Staining was performed in FACS buffer (1x PBS and 5% (v/v) FCS) for 15 mins at 4°C in the dark. After staining, cells were washed twice with FACS buffer by centrifugation (450 x g, 5 mins) then resuspended in 200 μl FACS buffer for further analysis. Compensation was performed by using anti-mouse Ig, k / negative control compensation particles set (BD Biosciences). Isotype antibodies were used as controls for determining positively stained cells in samples.  Data was analysed with FlowJo Software v.10. 


	Antibodies
	Dilution
	Isotype antibodies
	Dilution
	Fluorochrome

	Panel 1

	CD14
(clone: HCD14, 400 μg/ml, Biolegend)
	1:10
	mouse IgG1,κ
(clone: MOPC-21, 50 μg/ml, Biolegend)
	1:50
	APC Cy7

	IFN-γ R1
(clone: 92101,  R&D Systems)
	1:10
	mouse IgG1,κ
(clone: P3, eBioscience)
	1:100
	FITC

	IL-10R / CD210 (clone: 3F9, 400 μg/ml,  Biolegend)
	1:10
	rat IgG2a,κ
(clone: RTK2758, 200 μg/ml, Biolegend)
	1:50
	PE

	LRP-1
(clone: 545503, R&D Systems)
	1:5
	mouse IgG2b
(clone: 133303, R&D Systems)
	1:100
	APC

	CXCR3 / CD183
(clone: G025H7, 200 μg/ml,  Biolegend)
	1:75
	mouse IgG1,κ
(clone: MOPC-21, 50 μg/ml, Biolegend)
	1:100
	PE Cy7

	Panel 2

	CD36 (clone: 5-271, Biolegend)
	1:5
	mouse IgG2a, κ,  (clone MOPC-173, 200 μg/ml, Biolegend)
	1:20
	FITC

	IL-4RA / CD124
(clone: S4-56C9, Beckman Coulter)
	1:5
	rat IgG1
(clone: eBRG1, 200 μg/ml eBioscience)
	1:50
	PE

	SR-A1 / CD204
(clone: 351615, R&D Systems)
	1:5
	mouse IgG2b
(clone: 133303, R&D Systems)
	1:50
	APC

	Panel 3

	TLR4 / CD284
(clone: HTA125, Biolegend)
	1:5
	mouse IgG2a, κ
(clone: MOPC-173, 50 μg/ml, Biolegend)
	1:5
	BV421

	TLR2 / CD282
(clone:TL2.1, eBioscience)
	1:50
	mouse IgG2a, κ
(clone: MOPC-173, 50 μg/ml, Biolegend)
	1:50
	PE

	IL-13RA1
(clone: 419718, R&D Systems)
	1:5
	mouse IgG2b
(clone: 133303, R&D Systems)
	1:10
	APC


[bookmark: _Toc431283376]Table 2.1 Antibodies used to detect cell surface receptors involved in macrophage polarisation


[bookmark: _Toc426552188][bookmark: _Toc426552399][bookmark: _Toc431286692]THP-1 maintenance and optimisation of differentiation condition
The THP-1 (human acute monocytic leukemia) cell line was obtained from ATCC (TIB-202TM) and cultured at 400.000 cells/ml density in RPMI-1640 supplemented with 10% (v/v) HI FBS-LE, 1% (v/v) P/S, 1% (v/v) L-glutamine and 0.2 mM 2-mercaptoethanol (Sigma-Aldrich). Subculture was performed when cell numbers reached 800.000 cells/ml. Cultures were maintained and used for experiments until passage number 15.
THP-1 cells were differentiated with 100 nM Vitamin D3 (VD3, Sigma-Aldrich) for 4 days in T25 flasks or with 8 nM phrobol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for 3 days followed by 3 days resting period at 500.000 cells/ml in 24-well plates. 
Experiments were replicated 3-6 times.


[bookmark: _Toc426552189][bookmark: _Toc426552400][bookmark: _Toc431286693]Investigation of lipid handling and foam cell formation of macrophage phenotypes
[bookmark: _Toc426552190][bookmark: _Toc426552401][bookmark: _Toc431286694]Acetylated low density lipoprotein (acLDL) uptake
Enriched monocytes were plated in 24 well plate at 200.000 cells per well in supplemented RPMI-1640 medium with 100 ng/ml rh M-CSF for 7 days. After 24 h polarisation (day 8), cells were treated with 0.5 μg/ml AF488-conjugated acLDL (Molecular Probes) for 30 mins in supplemented medium. Cells were washed twice with 1x PBS before they were harvested using a cell scraper. AcLDL uptake was measured (N=8) by flow cytometry (LSR II, BD). Auto-fluorescence was used to determine positively stained cells. Data were analysed by FlowJo Software v.10.
[bookmark: _Toc426552191][bookmark: _Toc426552402][bookmark: _Toc431286695]Foam cell formation
Enriched monocytes were plated in 8 well chamber slides (LabTek II chamber slide w/cover RS glass slide, LabTek) at 120.000 cells per well in supplemented RPMI-1640 medium with 100 ng/ml rh M-CSF for 7 days. Foam cell formation was induced after polarisation (day 8) by loading the macrophages with 25 μg/ml acLDL for 24 h. Foam cells were assessed (N=5) by Oil Red O (ORO) staining and bright-field microscopy (magnification: 200x, CellSens Software, Olympus IX81 microscope). Cell counting was performed for quantifying the extent of foam cell formation. Foam cells were determined based on the estimated ratio of the area of the ORO stained lipid droplets / area of nucleus, a macrophage was considered as foam cell when the ratio was ≥1. The proportion of foam cells were calculated as the number of foam cells / total cell numbers within the image.
Quantification of foam cell formation was confirmed by an independent Image J based analysis. Polygonal selection and area measurement were used to quantify the area of lipid (ORO stain) and nucleus. Data was exported to Excel and following the ratio calculation (area of lipid/area of nucleus) the proportion of foam cells were determined as described before. 
[bookmark: _Toc426552192][bookmark: _Toc426552403][bookmark: _Toc431286696]Cellular cholesterol quantitation
Polarised macrophages were plated out in 96 well plates, at 50.000 cells per well and cultured for 24 h in the presence or absence of 25 μg/ml acLDL. Then the plate was centrifuged and cells were washed with 1x PBS before they were harvested. Cellular cholesterol content was measured (N=4) by colorimetric assay (Cholesterol Quantitation Kit, Sigma-Aldrich). Briefly, for lipid extraction 100 μl of chloroform:isopropanol:NP40 (Merck) at a ratio of 7:11:0.1 was added to the cells and gently mixed by pipetting. The solution was immediately transferred into a clean 1.5 ml tube and centrifuged at 13.000 x g for 10 minutes. Supernatant was transferred into a clean 1.5 ml tube and air dried at 50°C. Dried lipids were dissolved with 60 μl of cholesterol assay buffer (Sigma-Aldrich) and vortexed vigorously. Reaction mixes were prepared for total cholesterol and free cholesterol detection according to the protocol in Table 2.2. After 1 h of incubation at 37°C, the absorbance was determined at 570 nm using a Tecan Infinite M200 plate reader. The highest standard was 0.25 μg/ml. Results were analysed by Prism 6.05 (GraphPad Software Inc.) using linear regression. To determine cholesterol ester content, the free cholesterol value was subtracted from the total cholesterol. All samples were normalised to their protein concentration determined by BioRad colorimetric protein assay performed according to the manufacturer’s instructions.

	Reagent
	Total cholesterol reaction mix (μl/well)
	Free cholesterol reaction mix (μl/well)

	Cholesterol assay buffer
	44
	46

	Cholesterol probe
	2
	2

	Cholesterol enzyme mix
	2
	2

	Cholesterol esterase
	1
	-


[bookmark: _Toc431283377]Table 2.2 Reaction mixes for cholesterol assay


[bookmark: _Toc426552193][bookmark: _Toc426552404][bookmark: _Toc431286697]Cholesterol efflux
Cholesterol efflux assay was performed (N=4) using florescent cholesterol, TopFluor cholesterol (23-(dipyrromtheneboron difluoride)-24-norcholesterol, Avanti Polar Lipids Inc.). Assay protocol was optimised based on Low et al. and Sankaranarayanan et al. [308, 309] Polarised macrophages were plated out in 96 well black plate at 25.000 cell density. After 1 h resting in the incubator, cells were washed with 1x PBS. Cells were labelled by incubating with 2.5 μM TopFluor cholesterol in serum free RPMI-1640 for 2 h. After 2 h incubation, cells were washed twice with 1x PBS then incubated with 100 μl of RPMI-1640 containing 0.2% (w/v) BSA with or without the addition of cholesterol acceptors for 4, 12 and 24 h. High density lipoprotein (HDL, human HDL) was kindly provided by Dr. Veronique Angeli and apolipoprotein-A-I (apoA-I, Sigma-Aldrich) were used as acceptors at 50 μg/ml (protein concentration) and 20 μg/ml respectively. At the end of the incubation, plates were centrifuged and the supernatants were transferred into clean empty wells. After washing the cells with 1x PBS, 100μl dH2O was added per well to lyse the cells. Plates were covered and placed on a shaker at room temperature for 4 h. After cell lyses, 100 μl RPMI-1640 medium and dH2O were added to the lysate and supernatant, respectively in order to balance colour to achieve the appropriate dilution. Florescence intensity was measured on a Tecan Infinite M200 plate reader (excitation 490 nm, emission 520 nm).
The cholesterol efflux rate was calculated according to the following formulae [308]:
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     [image: ]


[bookmark: _Toc426552194][bookmark: _Toc426552405][bookmark: _Toc431286698]Characterization of the cell surface expression of scavenger receptors and ABC-transporters
The cell surface expression of CD36, SR-A1, LRP1 scavenger receptors and ABCA1, ABCG1 transporters on macrophage phenotypes were assessed by flow cytometry (N=3-5). After 24 h of polarisation, cells were harvested by cell scraping, washed twice with 1x PBS and centrifuged at 450 x g for 5 mins. 100.000-200.000 cells were used for each stain. FITC anti-human CD36 (clone: 5-271, Biolegend), APC anti-human SR-A1 (clone: 351615, R&D Systems) and APC anti-human LRP-1 (clone: 545503, R&D Systems) were used at 1:5 for staining along with their respective isotype controls, FITC mouse IgG2a, κ (1:20, clone MOPC-173, Biolegend) and APC mouse IgG2b (1:100, clone 1333303, R&D Systems). Rabbit anti-human ABCA1 (NB400-105, Novus) and rabbit anti-human ABCG1 (PA5-13462, ThermoFisher Scientific) were conjugated using a Lightning-Link conjugation kit, according to the manufactures’ instructions (Innova Biosciences).  PE anti-human ABCA1 and PE-Texas Red anti human ABCG1 were used at 1:100 along with the respective isotype control, PE anti-rabbit IgG (1:100, 100 μg/ml eBiosciences). Isotype control antibodies were used for gating positively-stained cells in samples. Data was analysed with FlowJo Software v.10.


[bookmark: _Toc426552195][bookmark: _Toc426552406][bookmark: OLE_LINK2][bookmark: _Toc431286699]Identification of novel cell surface markers of macrophage phenotypes
[bookmark: _Toc426552196][bookmark: _Toc426552407][bookmark: _Toc431286700]Membrane proteomics 
Quantitative mass spectrometry (MS)-based membrane proteome analysis of polarised macrophages was performed on 2 donors using the “Stable Isotope Labelling with Amino Acid in Cell Culture” (SILAC) metabolic labelling technique. SILAC relies on the incorporation of stable isotope containing amino acids (e.g. arginine or lysine) into the whole proteome during protein synthesis [310]. The experimental workflow is depicted on Fig. 2.3. 
[image: ]
[bookmark: _Toc431163002][bookmark: _Toc431283325]Figure 2.3 Schematic workflow of membrane proteomics


SILAC labelling
After 7 days of differentiation, MDMs were washed twice with 1xPBS before labelling medium, with or without polarisation factors as mentioned in 2.1.5 (p. 40), were added for 24 h. For labelling, either Lys+8 Da (Light) and Arg+10 Da (Heavy) or Lys+4 Da (Light) and Arg+6 Da (Medium) were added at a final concentration of 30 μg/ml for arginine (Arg) and 50 μg/ml for lysine (Lys). Lys+8 Da (15N213C6 Lysine), Arg+10 Da (15N413C6 Arginine), Lys+4 Da (2H4 Lysine) and Arg+6 Da (13C6Arginine) were purchased from Cambridge Isotopes. Each polarisation condition was coupled with a control condition (unpolarised). Basic medium was arginine and lysine deprived RPMI (Sigma) supplemented with 10% dialysed FCS (v/v) (Thermo Scientific) and 1% (v/v) P/S. Polarisation efficiency was determined by 488-acLDL uptake test in each experiment one day before SILAC labelling.
Sample preparation
Membrane extracts were prepared according to Parker et al. [311]. Briefly, an equal number of cells from polarised and control (unpolarised) macrophages were mixed and lysed in 100 mM sodium carbonate (Na2CO3), pH 11 for 20 mins followed by sonication and centrifuged at 100.000g for 2 h. Subsequently, in-solution digestion with Lys-C (Wako) / Trypsin (Promega) was performed followed by IEF-OFFgel (isoelectric focusing technique using OFFgel equipment, Agilent, USA) separation according to manufacturer’s instructions and modifications as described in [312]
Mass spectrometry
Following desalting on STAGEtips [313], peptides were separated and analyzed by reverse phase liquid chromatography (RP-LC) on Dionex 3000 HPLC system (Thermo) coupled with a Q-Exactive mass spectrometer (Thermo, Germany). Reverse phase separation was performed by using an in-house packed fused silica emitter column id 75 µm with 2.5 µm Reposile beads (Dr. Maisch GmbH, Germany) in a 140 min gradient of solvent A (0.5% (v/v) CH3COOH in water) and solvent B (80% (v/v) MeCN /0.5% (v/v) CH3COOH in water). 
Acquisitions were performed with the following settings: Survey scan acquired in Orbitrap analyzer (resolution of 70.000 and m/z range 350‐1800) was followed by selection of the 20 most intense peptide ions for HCD (higher energy collisionally activated dissociation) MS/MS in Orbitrap (dynamic exclusion 25 s with 1.5% underfill ratio). AGC (automatic gain control) target for MS scan was set to 106 ions at the maximum ion accumulation time of 120ms and for HCD MS/MS to 105 at the maximum ion accumulation time of 120ms. Proteins synthesized during control and polarisation condition incorporate stable isotope labelled amino acids and can be followed using mass spectrometry due to the differential isotope pattern.
MS data processing
Raw MS /MS spectra were processed using MaxQuant software version 1.4.1.2 [314]. Peak lists were searched against Uniprot [315] database version (73000 entries); contaminants were searched using the Andromeda [316] search engine. Parameters used: Fixed modification, Carbamidomethyl cysteine, Variable modifications:Oxidation on methionine; Acetylated N-terminal protein, phospho STY, deamidation (NQ), SILAC amino acids (Arg+6 Da, Arg+10 Da, Lys+4 Da, Lys+8 Da), 2 missed cleavages, MS accuracy 7 ppm, MS/MS accuracy 20 ppm. The cut-off rate for identification was set to a False Discovery Rate of 1%. Unique and razor (common) peptides were used for protein ratio quantification with a minimum ratio count of 1. 
MS data analysis
Macrophages were differentiated from 2 different healthy donors. For each donor, differentiation was confirmed by acLDL uptake as described above (2.2.1 (p. 45)). Due to the nature of the experiment, data obtained from each donor were analysed independently and combined at the last analysis step for direct comparison. The majority of proteins were identified with at least 2 unique peptides. Raw XIC intensities were Quantile normalized (R software) followed by Heavy/Light and Medium/Light ratio estimation. Estimated ratios were used to calculate newly synthesized proteins by taking into account the incorporation of labelled amino acids (threshold: 10%). Prior to the final analysis, mass spectrometry results were filtered for polarisation factor induced protein synthesis based on amino acid incorporation in respective control and polarised macrophages (incorporation in polarised macrophage / incorporation in internal control). Boundaries for first and last quartile were estimated. To avoid false positive protein induction events, the protein induction threshold was set to 20%. Pre-filtered protein was further enriched for membrane fraction using gene ontology (GO-terms). For those missing annotation, manual verification was performed.  
Data clustering was performed based on induction and direction of change; furthermore intersections were calculated and visualized using a free source online Venn Diagram tool [317].
Further statistical analyses, using the Kruskal-Wallis test and Wilcoxon signed-rank test, were performed on incorporation data to identify uniquely expressed proteins for macrophage phenotypes. A heat map was generated based on the results of the Kruskal-Wallis test and UPGMA (Unweighted Pair Group Method with Arithmetic Mean) hierarchical clustering (Distance measurement: Euclidean, Ordering weight: Average value) was performed to determine potential marker signatures. 
[bookmark: _Toc426552197][bookmark: _Toc426552408][bookmark: _Toc431286701]Markers selection and validation
To validate the proteomics data, the immunofluorescence staining of 3 selected markers per phenotype were performed on the MDM phenotypes. Marker selection criteria was based on: 1) the phenotype specific protein should be upregulated in at least one, but preferably in both experiments, and at the same time it should be downregulated or unchanged in the other phenotypes; 2) fold induction should be above FI>1.5; 3) antibodies against the proteins should be commercially available. The list of antibodies is summarized in Table 2.3.  MDMs were polarised in a 6 well plate at day 7, supernatants were collected then cells were harvested and counted. After washing, polarised macrophages were plated at a cell density of 120.000 – 200.000 in 8-well chamber slides and were rested for 2 h in the incubator using their collected media (350 μl/chamber well). After resting, cells were washed twice with 1x PBS.  Cells were fixed with 200 μl 4% (w/v) paraformaldehyde (PFA) for either 30 mins at room temperature or overnight at 4°C.  Then cells were washed 3 times with 1x PBS followed by permeabilisation using 0.1% (v/v) Triton x100 for 15 mins. Following washing, cells were blocked using 20% (v/v) FCS-PBS for 1h, room temperature Primary antibodies were diluted in 1% (w/v) BSA–PBS according to the respective concentration and were added to cells for 1 h (room temperature) or overnight (at 4°C).  After washing three times with 1x PBS, secondary antibodies were added for 1h at room temperature: AF488 donkey anti-mouse and AF488 donkey anti-rabbit IgG (H+L) (Molecular probes) at 2 mg/ml.
Microscopy and analysis: 5-10 fields of view were imaged per phenotype (magnification: 200x, scale bar: 30 μm, Olympus IX81 microscope, cellSens Software). Laser voltage and exposure time were set up for each marker separately and the same settings were used for each phenotype.  ImageJ was used to quantitate data by measuring integrated density using Analyze Particles command on thresholded images (semi-quantitative analysis). The threshold was set for MUN macrophages and was used overall in each respective set.  Integrated densities were normalized to the cell numbers for each image separately. Normalized intensities were compared between phenotypes.
For each protein, the representative images were optimized by Image J using the same Brightness/Contrast setup overall in each respective set (in each phenotype). 

	Phenotype
	Protein
	Primary antibodies (Cat No./ Company)
	Host
	IF staining
final concentration

	
MIFNγ – LPS
	IFIT3
	NBP1-56632, Novus
	rabbit
	4 μg/ml

	
	FAM26F
	NBP1-86754, Novus
	rabbit
	4 μg/ml

	
	NCF4
	ab76158, Abcam
	rabbit
	10 μg/ml

	
MIL4
	ALG6
	ab80873, Abcam
	rabbit
	10 μg/ml

	
	ARF5
	ab54831, Abcam
	mouse
	10 μg/ml

	
	SMURF2
	ab38543, Abcam
	rabbit
	30 μg/ml

	MIL10
	DHCR7
	ab170388, Abcam
	rabbit
	6.2 μg/ml

	
	LTB4R
	NB100-64831, Novus
	mouse
	4 μg/ml

	
	TMEM70
	ab106654, Abcam
	rabbit
	20 μg/ml

	
MoxPAPC
	ATP5I
	ab122241, Abcam
	Rabbit
	4 μg/ml

	
	SLC25A46
	NBP2-20392, Novus
	rabbit
	20 μg/ml

	
	DSG1
	ab12077, Abcam
	mouse
	10 μg/ml

	
MCXCL4
	JUP (CTNNG)
	ab12083, Abcam
	mouse
	10 μg/ml

	
	COL6A1
	ab151961, Abcam
	rabbit
	10 μg/ml

	
	AP2B1
	ab118955, Abcam
	rabbit
	10 μg/ml


[bookmark: _Toc431283378]Table 2.3 List of markers selected for validation of phenotype proteomics


[bookmark: _Toc426552198][bookmark: _Toc426552409][bookmark: _Toc431286702]Investigation of monocyte subsets response to TLR priming and subsequent ATP treatment
[bookmark: _Toc426552199][bookmark: _Toc426552410][bookmark: _Toc431286703]Treatments with inflammatory modulators
P2X7R dependent and independent IL-1β release were tested using the TLR4 ligand, LPS (purified from E.coli, serotype 0111:B4, TLRgrade, Enzo Life Sciences) or the TLR7/8 ligand, CL075 (Invivogen) in the presence or absence of BzATP (P2X7R agonist, Sigma-Aldrich) ± A438079 hydrochloride (P7X7R antagonist, Tocris Bioscience). Monocyte subsets were plated out in 96 well plates at 12.500 cells in 250 μl (50.000 cells/ml) and stimulated with either 1 ng/ml LPS for 24 h or 1 μg/ml CL075 for 3h in the presence or absence of 10 μM A438079 hydrochloride. Subsequently, 300 μM BzATP was added for 20 min. For THP-1 cells, LPS was used at 1 μg/ml and the stimulation was for 3h. Culture supernatants were collected and non-adherent cells were removed by centrifugation. Samples were stored at -80°C until analysis.
[bookmark: _Toc426552200][bookmark: _Toc426552411][bookmark: _Toc431286704]Cytokine measurement by ELISA
A ‘sandwich’ ELISA was used to determine the amount of treatment induced intact pro-IL-1β (Human pro-IL-1β / IL-1F2 Quantikine ELISA kit), mature-IL-1β (DY201), IL-6 (DY206), IL-8 (DY208), TNF-α (DY210) production in monocyte subsets according to the manufacturer’s instructions (R&D Systems). The absorbance was determined at 450 nm using Tecan Infinite M200 plate reader. Results were calculated by Prism 6.05 (GraphPad Software Inc.) using a four parameter logistic (4-PL) curve-fit model. 
[bookmark: _Toc426552201][bookmark: _Toc426552412][bookmark: _Toc431286705]Western blot analysis of TLR stimulation induced IL-1β production
Pro and mature IL-1β production was also determined by Western blot. For treatments, cells were plated out at 62.500-125.000 cells in 96 well plate in 250 μl. After treatment the plate was centrifuged (800 x g, 5 mins) to pellet any floating cells and debris. Supernatants were then transferred to a clean tube while the cells were lysed and collected in 25-50 μl RIPA (Radio Immuno Precipitation Assay, Sigma) buffer supplemented with protease inhibitors (Complete mini EDTA free Protease Inhibitor cocktail tablets, Roche), depending on cell number. Samples were stored at -80°C until analysis.
[bookmark: OLE_LINK1]Protein analysis was performed by Sodium Dodecyl Sulfate PolyAcrilamide Gel Electrophoresis (SDS-PAGE) followed by Western blotting. Sample preparation: Cell lysates were sonicated and incubated on ice for 20 mins with intermittent vortexing. After cell lysis samples were centrifuged at 12.000g for 8 mins at 4°C and the supernatant was transferred to a clean tube. Supernatants were filtered with 50 kDa filtration columns (Vivaspin column, Sartorius Stedium Biotech) by spinning at 14.000 x g for 8 mins then the flow through was further concentrated with a 10 kDa filtration column (Vivaspin column, Sartorius Stedium Biotech) by spinning at 12.000 x g for 3 mins. 4x Laemmli loading buffer (BioRad) was added to the samples. Denaturation was performed at 95 °C for 5 mins followed by immediate incubation on ice for 10 mins. After centrifugation (12.000 x g for 8 mins), supernatants were transferred to a clean tube and kept on ice until ready for use. 
Gel preparation and electrophoresis: 15% separating and 3% stacking gel (1.5 mm thickness) were prepared according to the following protocol in Table 2.4. First the separating gel mixture was loaded into the gel caster and overlaid with 1ml of 0.1 % (v/v) SDS (Sigma). The gel was allowed to polymerize for 30 mins. Once the gel had polymerized, the 0.1% (v/v) SDS was removed and the stacking gel mixture was added followed by inserting the comb. Once the stacking gel had set, the gel cast was transferred to the electrophoresis tank that was filled with 1x Tris-Glycine SDS running buffer (1st Base). After removing the combs, either 30 μl of samples or 4 μl Protein ladder (PageRuler Plus, Thermo Scientific) were loaded. 1x Laemmli buffer (20 μl) was added to any remaining empty wells (BioRad). The gel was electrophoresed at 140 V for 2 h.

	Reagents /Gel %
	15 % separating gel
	3% stacking gel

	Water (dH2O)
	2.3 ml
	4.1 ml

	Separating gel buffer pH 8.8 (1st Base)
	2.5 ml
	-

	Stacking gel buffer pH 6.8 (1st Base)
	-
	750 μl

	30% Acrylamide/Bis solution  (37.5:1, BioRad)
	5 ml
	1 ml

	10%  (v/v) SDS (Sigma)
	100 μl
	60 μl

	Ammonium persulfate 20% (w/v) (APS, Promega)
	100 μl
	60 μl

	TEMED (N,N,N’,N’-tetramethylenediamine, BioRad)
	10 μl
	10 μl


[bookmark: _Toc431283379]Table 2.4 Recipe for preparing SDS-PAGE gel
Protein Transfer: Following electrophoresis, the proteins were transferred to PVDF (positively-charged nylon) membrane (Amersham, Hybond-P) using the semi-dry method (Amersham, TE 77 PWR). PVDF membranes were pre-wetted in methanol before usage. The 1x transfer buffer (Tris-Glycine buffer freshly supplemented with 20% (v/v%) methanol)  pre-wetted sandwich in the order of paper/gel/membrane/paper (top to bottom / negative to positive) was transferred at 220 mA for 1.5 h. Western blotting: Once the transfer was complete, the membrane was rinsed with PBST (1x PBS and 0.1 % (v/v) Tween-20 (Sigma)) then blocked with 5% (w/v) skimmed milk (Nacalai Tesque Inc.) in PBST for 1 h at room temperature with gentle shaking. After blocking, the membrane was rinsed with PBST then incubated with antibodies in 5% (w/v) milk-PBST on 4°C for overnight. Primary antibodies used were mouse anti-human IL-1β (1 μg/ml, MAB201, R&D Systems) or mouse anti-human actin (pan antibody, 0.2 μg/ml, Merck Millipore) to assess equal loading. Following antibody incubation, the membrane was washed 3 times for 5 mins with PBST then incubated with HRT conjugated anti-mouse IgG (0.125 μg/ml, Promega) for 30 mins. Following the secondary antibody incubation, the membrane was washed 3 times with PBST for 10 mins. Proteins were detected using chemiluminescence (SuperSignal West Pico, Thermo Scientific) follow by exposure to light sensitive X-ray film (Amersham, Hyperfilm). X-ray film was developed using the Kodak X-OMAT 2000 Processor.
Protein Quantitation: ImageJ was used to quantitate the data by measuring integrated density. Data was normalized to loading control.


[bookmark: _Toc426552202][bookmark: _Toc426552413][bookmark: _Toc431286706]Underlying mechanisms of differential IL1β production of monocyte subsets
[bookmark: _Toc426552203][bookmark: _Toc426552414][bookmark: _Toc431286707]P2X7R expression and activity
P2X7R expression and activity were measured by flow cytometry. For surface staining, total monocytes (400.000 cells/treatment) were stained with AF647 anti-human CD14 (HCD14 clone, 1:30; Biolegend), APC-Cy7 anti-human CD16 (3G8 clone, 1:30; Biolegend) and PE anti-human P2X7R (1:100) or PE anti-mouse IgG2b,k (eBMG2b clone) (1:30; eBioscience) as the isotype control. The monoclonal P2X7R antibody[318] was kindly donated by Jim Wiley (University of Melbourne, Australia) and was labelled with the Lightning Link R-PE conjugation kit (Innova Biosciences) according to the manufactures’ instructions. Live/Dead fixable violet dye (Molecular Probes) was used for live/dead staining according to the manufactures’ instructions. 
P2X7R activity was determined by a YO-PRO dye uptake assay. Total monocytes (400.000 per treatment) were washed with HEPES buffered saline (130 mM NaCl, 5 mM KCl, 20 mM HEPES (pH 7.4), 10 mM D-glucose (Kanto Chemicals Co. Inc.) and 0.1% (w/v) BSA (Sigma)) and centrifuged at 450 x g for 5 mins. Surface staining was performed in HEPES buffered saline for 15 mins at room temperature in the presence or absence of 10 μM A438079 hydrochloride. Following staining, cells were washed twice with potassium glutamate buffer (130 mM potassium glutamate (Sigma), 5 mM KCl, 20 mM HEPES (pH 7.4), 10 mM D-glucose and 0.1% (w/v) BSA). To measure the receptor activity, the cell pellet was resuspended in 300 μl potassium glutamate buffer containing 0.25 μM YO-PRO-1 Iodide (FITC channel, Life Technologies) with or without 100 μM BzATP and 10 μM A438079 hydrochloride and incubated for 20 mins at 37°C in the dark.  An unstained (no surface staining and no YO-PRO-1) control was prepared by resuspending in 300 μl potassium glutamate buffer. The reaction was stopped by adding 100μl ice-cold HEPES buffered saline with 20 mM MgCl2. Cells were washed with HEPES buffered saline. Live/Dead staining was performed on ice for 30 mins. After washing, cells were resuspended in FACS buffer (1x PBS and 5% (v/v) FCS) for flow cytometry analysis. Compensation was performed using anti-mouse Ig, k / negative control compensation particles set (BD Biosciences) and ArC Amine reactive compensation bead kit (Molecular Probes), according to the manufactures’ instructions. For YO-PRO-1 / FITC channel compensation an unstained YO-PRO-1 and BzATP treated sample was prepared as the maximal signal.
[bookmark: _Toc426552204][bookmark: _Toc426552415][bookmark: _Toc431286708]Caspase-1 activity
To determine caspase-1 activity in monocyte subsets, the cleaved (activated) forms were measured by Western blotting (p20 subunit) and flow cytometry (p10 subunit).  Western blotting was performed according to the protocol described in section 2.4.3 (p. 54-56). Rabbit anti-human caspase-1 (p20 subunit, ab17820, Abcam) antibody was used at 1 μg/ml concentration and incubated overnight at 4°C. Secondary antibody, horseradish peroxidase (HRP)–conjugated goat anti-rabbit IgG (H+L) (65-6120, Invitrogen) was used in 1:2000 with 1h incubation at room temperature. Anti-mouse actin (pan antibody, 0.2 μg/ml, Merck Millipore) or anti-mouse GAPDH (0.5 mg/ml, Biolegend) was used as a loading control, followed by 30 mins HRP conjugated anti-mouse IgG (0.125 μg/ml, Promega) secondary antibody incubation. ImageJ was used to quantify band density data.
For flow cytometry analysis, total monocytes were stained in FACS buffer with ef450 anti-human CD14 (61D3 clone, eBioscience) and FITC anti-human CD16 (VEP13 clone, Miltenyi Biotec) before they were treated with 10 μM/ml nigericin at 0 h, 5 mins and 15 mins. Cell viability was determined by trypan blue staining. After incubation, cells were fixed and permeabilised with BD Cytofix/Cytoperm (Fixation/Permeabilization Solution kit, BD Biosciences), according to the manufactures’ instructions. Following permeabilisation, cells were stained with PE conjugated anti-human caspase-1 antibody (p10 subunit, 1mg/ml, ab62698, Abcam) in 1:50 dilution (labelling was performed by Lightning Link R-PE conjugation kit (Innova Biosciences)). Isotype and FMO (Fluorescence Minus One) controls were performed. Data was analysed with FlowJo Software v.10.
[bookmark: _Toc426552205][bookmark: _Toc426552416][bookmark: _Toc431286709]Gene expression level and mRNA degradation
TLR ligand induced gene expression of IL-1β and the degradation rate of IL-1β mRNA were measured in monocyte subsets using qPCR (real time / quantitative polymerase chain reaction). HPRT was used as housekeeping gene.  200.000-350.000 sorted monocyte subsets were aliquoted in 1.5 ml tubes in 1 ml complete medium. Cells were treated with either 10 ng/ml LPS or 1 μg/ml CL075 for 2 h.  For gene expression measurement, cells were collected after 2 h of treatment. To determine the mRNA degradation rate, 10 μg/ml actinomycin D (Sigma Aldrich) was added at the end of the 2 h treatment to arrest further de novo RNA synthesis; samples were collected after 1, 2, 3 and 4 h incubation.  At the end of the treatments, cells were pelleted at 900 x g for 5 mins then supernatant was removed and cell pellets were resuspended in 700 μl Qiazol (Qiagen). Samples were stored in -80°C until further processing. Qiagen RNeasy Micro kit (Qiagen) was used for RNA extraction according to the manufacturers’ instructions. RNA concentration and quality were measured by Nanodrop 1000 Spectrophotometer (Thermo Scientific) then 300 ng RNA per sample was reversed transcripted to obtain cDNA using iScriptTM Reverse Transcription Supermix (Bio-Rad), according to the manufactures’ instructions. For qPCR, all samples were run in duplicate using KAPA SYBR FAST qPCR Universal Master mix (KAPA Biosystems) with the following conditions: enzyme activation, 95°C for 3 mins; 40 cycles of 95°C for 15 sec (denaturation) and 60°C for 1 min (annealing/extension) followed by dissociation curve analysis (standard set up).  The primer pairs used are summarized in Table 2.5. A negative control, using dH2O in place of cDNA samples, was set up in each run. qPCR was conducted using an ABI 7900HT Fast Real-Time qPCR Systems (Applied Biosystems) machine, and results were acquired with the SDS software (Applied Biosystems). The ∆∆Ct method was used for analysis [319].The mRNA degradation rate was calculated using non-linear regression, one phase decay model in Prism 6.05 (GraphPad Software Inc.). 

	Gene
	Primer sequences
	Source

	IL1B
	FW 5' AACCTATCTTCTTCGACACATGGGATA 3'
	IDT

	
	RV 5' CAAGGCCACAGGTATTTTGTCATTACT 3'
	

	HPRT 
	FW 5' CAAGGGCATATCCTACAACAAAC 3'
	IDT 

	
	RV 5’ CTTTGCTTTCCTTGGTCAGG 3'
	


[bookmark: _Toc431283380]Table 2.5 Primer sequences for qPCR


[bookmark: _Toc426552206][bookmark: _Toc426552417][bookmark: _Toc431286710]Statistical analysis
All data were analysed using Prism 6.05 (GraphPad Software Inc.) and statistical testing was performed by one-way or two-way ANOVA with Tukey’s or Sidak’s multiple comparison post-test respectively, unless otherwise stated. Correlation between datasets was calculated by Pearson correlation analysis. Interpretation of correlation coefficient (r2): negative or positive value define the direction of correlation, the values indicate the strengths as following 1 perfect; 1-0.8 strong ; 0.8-0.5  moderate, 0.5 - 0.2 weak; 0.2-0 no correlation [320].   All data is presented as the mean of separate biological samples or repeated experiments (cell line) ± standard error (S.E.). The n values represent either number of donors or experiments. Statistical significance was defined as p < 0.05.


[bookmark: _Toc426552207][bookmark: _Toc426552418][bookmark: _Toc431286711]Hypotheses and Aims

My PhD study contains two main sections investigating different aspects of atherosclerosis:

I. Macrophage phenotypes and their functional characterisation in relation to atherosclerosis
Heterogeneity of plaque macrophage population is well described and confirmed by several studies but due to the inconsistent nomenclature and experimental protocols the recent knowledge of the characteristics of human macrophage phenotypes are contradictory and their functional role in homeostasis and disease development is poorly understood.
The core hypotheses of this project are that: 
1. Macrophage phenotypes exhibit differential roles in atheroma progression due to their distinct lipid metabolism.
2. In vitro polarized monocyte-derived macrophages are suitable models for phenotypic and functional characterisation of plaque macrophages. 
To address these hypotheses, an in-vitro polarisation model system was established using human monocyte-derived macrophages.
The aims of this project were to perform a comprehensive comparative analysis of 5 macrophage phenotypes through:
1. Characterising their lipid metabolism (lipid uptake, foam cell formation, cholesterol content and efflux) and potential contribution to plaque development.
2. Identifying unique or signature markers and to confirm the presence of these phenotypes in human plaques.


II. Characterisation of inflammatory IL-1β secretion responses in human monocyte subsets 
Monocytes are involved in initiating and driving inflammation during lesion development via the secretion of inflammatory mediators. IL-1β is an early and apical inflammatory cytokine; therefore understanding how its secretion is regulated is critical in determining how the inflammatory response is initiated. The secretion of this leaderless protein does not follow the classical ER/Golgi pathway. Canonical IL-1β production requires a “dual-step activation”, however monocytes are able to secrete IL-1β without a secondary signal (e.g. ATP). The underlying mechanisms of IL-1β production and release have been partially established but studies of this field remain contradictory. Monocyte heterogeneity may contribute to these discrepancies according to the studies using different isolation and enrichment methods. These observations serve as the rationale behind the following hypothesis: Monocyte subsets exhibit differential IL-1β secretion in response to TLR ligands and subsequent ATP stimulation.
To address this hypothesis the profile and mechanisms of IL-1β production and release by primary human monocyte subsets were investigated. Furthermore, an experimental model system using THP-1 cells was established for mechanistic studies of newly identified pathways or molecules involved in IL-1β secretion.  
The aims of this project were to: 
1. Characterise IL-1β secretion by monocyte subsets in response to TLR and ATP stimulation.
2. Describe the underlying mechanisms of differential IL-1β production.
3. Optimise a THP-1 differentiation system to model monocyte type (ATP independent) and macrophage type (ATP dependent) IL-1β release.
4. Test the application of the THP-1 model using knockdown experiments.   


[bookmark: _Toc426552208][bookmark: _Toc426552419][bookmark: _Toc431286712]Distinct lipid handling and foam cell formation of macrophage phenotypes

[bookmark: _Toc426552209][bookmark: _Toc426552420][bookmark: _Toc431286713]Introduction
In addition to their inflammatory actions, macrophages play a crucial role in the development and the progression of atherosclerosis by reducing the amount of plaque cholesterol and promoting reverse cholesterol transport [321]. These highly phagocytic cells are able to uptake native and modified lipids (e.g. oxidised, glycated or acetylated low density lipoproteins (LDL), demonstrated in vitro only) or cholesterol ester from the extracellular space via scavenger receptor mediated phagocytosis or in a receptor independent manner (pinocytosis) [237, 322]. Once taken into the cell, lipids are transformed into free cholesterol and fatty acids in the lysosomes [323-326]. Due to the high cytotoxicity of free cholesterol [243], macrophages will either re-esterify them to cholesterol ester or efflux them as free cholesterol into the extracellular space in order to maintain their homeostasis and functional activity. The acyl-CoA:cholesterol acyltransferase (ACAT1) mediated re-esterification results in the accumulation of cholesterol ester as lipid droplets in the cytoplasm and promotes the eventual foam cell formation [327]. Fatty acids are also re-esterified to triglycerides and stored in the lipid droplets. To maintain a balance between the level of free cholesterol and cholesterol ester intracellularly, macrophages are able to hydrolyse cholesterol ester from lipid droplets back to free cholesterol by neutral cholesteryl ester hydrolase (NCEH) [328]. Several cholesterol efflux mechanisms have been described involving either active receptor-mediated efflux (e.g. ABC transporters, SRB1) or passive aqueous diffusion [232]. The majority of cholesterol efflux is driven by ABC transporters like ABCA1 and ABCG1. Cholesterol efflux and reverse cholesterol transport is induced and promoted by cholesterol acceptors. The main cholesterol acceptors in plasma are high density lipoprotein (HDL) and apoA-1. In the context of the atherosclerotic plaque, these acceptors then deliver the effluxed cholesterol from plaque macrophages to the liver for excretion into the bile. [232, 329-331] As described, the ability to maintain lipid homeostasis is critical in respect of foam cell formation and lesion development (Figure 1.8 from Chapter I (p. 17)).
The importance of macrophages in atherosclerosis is well established. Macrophage heterogeneity in atherosclerotic plaques has been described [208, 223-226, 228, 229] but it is unclear how the different macrophage phenotypes contribute to plaque formation and stability. The recent knowledge about the role of macrophage phenotypes in atheroma progression is summarised in Table 1.4 from Chapter I (p. 14).
It was hypothesised that macrophage phenotypes have differential lipid metabolism leading to distinct role in plaque formation and progression. 
Thus far, the literature about macrophage phenotypes and their contribution to plaque development has been highly controversial and mainly based on in-vivo and in vitro studies using murine atherosclerosis model [139, 332, 333]. Therefore one of the main objectives of this study was to characterize the lipid homeostasis and the foam cell formation of the selected human macrophage phenotypes in vitro to shed some light on their involvement in the pathogenesis of atherosclerosis.


[bookmark: _Toc426552210][bookmark: _Toc426552421][bookmark: _Toc431286714]Results
[bookmark: _Toc426552211][bookmark: _Toc426552422][bookmark: _Toc431286715]Polarisation potential of monocyte-derived-macrophages
Monocyte-derived macrophages (MDM) were polarised to 5 different phenotypes using recombinant human IFNγ+LPS, recombinant human IL-4, recombinant human IL-10, oxPAPC and recombinant human CXCL4. The expression levels of the receptors for the respective polarising factor on MDMs were determined by flow cytometry on day 7 post-differentiation. While the in vitro differentiated monocyte-derived macrophages expressed the receptors for the respective polarisation factors, the proportion of cells that stained positive were varied widely between the different markers (25.19% - 98.98%). The lowest proportions were detected for IFNGR1 (25.19%) and IL4RA (26.46%), however in both cases the compensatory effect from another signal (LPS in MIFNγ+LPS) or receptor (IL13RA in MIL4) could have facilitated a more homogenous or stable polarisation. Taking account of the compensatory effect, the lowest positive cell ratio (46.28%) was observed for CXCR3 potentially resulting in a more heterogeneous cell population upon CXCL4 polarisation. (Fig. 4.1) 





[bookmark: _Toc431163003][bookmark: _Toc431283326]Figure 4.1 Cell surface expressions of selected polarising factor receptors on MDMs
Flow cytometry were used to measure cell surface expression of specific polarisation factor receptors on in vitro differentiated MDMs. Bars represent the geometric mean fluorescence intensity (MFI) and the proportion of positive cells is shown by the numerical above the bars. MFI was normalized to respective isotype controls. The data shows the mean and the standard error of the mean. n= 4. 


Macrophages are highly phagocytic cells and one of their main roles in atherosclerosis is to remove immunogenic particles (e.g. modified LDL) from the intima. Acetylated LDL (acLDL) was used as modified LDL to test the phenotype-specific lipid uptake and accumulation. Whilst there is no evidence for the production of acLDL in vivo, it has been shown to act similarly to oxLDL [334, 335]. Furthermore, acLDL is widely used in in vitro assays as it is more standardized and has longer shelf life compared to oxLDL. 
[bookmark: _Toc426552212][bookmark: _Toc426552423][bookmark: _Toc431286716]Macrophage phenotypes have differential acLDL uptake capacity
The different macrophage phenotypes were treated with fluorescently labelled acLDL and their ability to uptake acLDL was determined by flow cytometry. MIFNγ+LPS and MCXCL4 macrophages ingested significantly less acLDL compared to the other three phenotypes. Furthermore a reduced signal was detected in MoxPAPC cells in comparison to the MIL4 phenotype, which showed the highest uptake ability together with MIL10 macrophages. MUN macrophages uptake mLDL at similar rate compared to IL4, IL10 and oxPAPC phenotypes. (Fig. 4.2)




[bookmark: _Toc431163004][bookmark: _Toc431283327]Figure 4.2 AcLDL uptake of macrophage phenotypes
The graph shows the relative geometric mean fluorescence intensity (MFI) of ingested intracellular 488-acLDL, which was determined by dividing the normalized MFI of each polarised phenotype by the unpolarised MDM (MUN). MFI was normalized to auto-fluorescence. The data shows the mean and the standard error of the mean; n=8, * p<0.05; **** p<0.0001, one-way ANOVA with Tukey’s multiple comparison test. 


[bookmark: _Toc426552213][bookmark: _Toc426552424][bookmark: _Toc431286717]Differential foam cell formation by macrophage phenotypes upon AcLDL loading
In the atherosclerotic plaque environment the retained macrophages constitutively internalize native or modified lipid particles as part of the homeostatic mechanism to maintain reverse cholesterol transport. Excessive intracellular lipid accumulation promotes foam cell formation and during this process the homeostatic mechanism is disturbed, reinforcing lipid accumulation through enhanced lipid uptake and dampened cholesterol efflux. 
To induce foam cell formation in vitro, macrophages were treated with acLDL for 24 h and intracellular lipid accumulation was detected using oil red O (ORO) staining followed by bright field imaging (see representative images on Fig. 4.3). Upon acLDL loading, macrophage phenotypes showed distinct foam cell formation profiles. MIL4 and MIL10 macrophages formed significantly more foam cells compared to MIFNγ+LPS and MoxPAPC phenotypes. Foam cell forming capacity of MUN cells was similar to IL4 and IL10 macrophages. Elevated, 3.68 and 3.78 times higher, but not statistically significant foam cell formation rate was observed in MCXCL4 macrophages in comparison with MIFNγ+LPS and MoxPAPC respectively. (Fig. 4.4) Details of multiple comparison tests of foam cell formation are summarized in Table 4.1. The results generated from this visual observation based quantification method were confirmed by a blinded Image J based analysis of the same images (Fig. 4.5). The correlation coefficient was r2 = 0.963 (p = 0.002) indicating a very strong positive correlation between the two datasets. The only and very consistent difference was the level of determined foam cell percentage which is most probably due to interpersonal differences in judgement of staining (The determined values for dataset 1. = 5-35% and dataset 2. = 20-55%).



[image: ]
[bookmark: _Toc431163005][bookmark: _Toc431283328]Figure 4.3 Representative images and respective quantitation of foam cells
Bright field images (magnification: 200x) of oil red O (ORO) stained macrophage phenotypes either unloaded (control/no additional acLDL) or loaded with 25 μg/ml acLDL and bar graphs showing the quantified foam cell ration on the right respectively. Foam cell formation was quantified based on the ratio between the estimated size of ORO stained lipid and nucleus area (foam cell = size of ORO stained area ≥ size nucleus area). Arrows indicate examples of foam cells. 



[bookmark: _Toc431163006][bookmark: _Toc431283329]Figure 4.4 AcLDL induced foam cell formation of macrophage phenotypes
ORO staining and bright field microscopy were used to assess foam cell formation. Graph shows the ratio of foam cell formation for each phenotype normalized to MUN (% foam cell of MX phenotype / % foam cell of MUN). The data shows the mean and the standard error of the mean; n=5, * p<0.05, one-way ANOVA with Tukey’s multiple comparison test. 

	Tukey's multiple
comparisons test
	Mean Difference
	Adjusted P value
	95% CI of Difference
	Mean Ratio

	MIFNγ+LPS vs. MIL4
	-0.7899
	0.0415
	-1.557 to -0.02309
	4.46

	MIFNγ+LPS vs. MIL10
	-0.8549
	0.0243
	-1.622 to -0.08808
	4.74

	MFNγ+LPS vs. MoxPAPC
	0.006459
	> 0.9999
	-0.7604 to 0.7733
	0.97

	MIFNγ+LPS vs. MCXCL4
	-0.6109
	0.1607
	-1.378 to 0.1559
	3.68

	MIL4 vs. MIL10
	-0.06499
	0.9990
	-0.8318 to 0.7018
	1.06

	MIL4 vs. MoxPAPC
	0.7964
	0.0394
	0.02955 to 1.563
	0.22

	MIL4 vs. MCXCL4
	0.179
	0.9544
	-0.5878 to 0.9458
	0.82

	MIL10 vs. MoxPAPC
	0.8614
	0.0230
	0.09454 to 1.628
	0.20

	MIL10 vs. MCXCL4
	0.244
	0.8729
	-0.5228 to 1.011
	0.77

	MoxPAPC vs. MCXCL4
	-0.6174
	0.1537
	-1.384 to 0.1495
	3.78


[bookmark: _Toc431283381]Table 4.1 Summary of Tukey’s multiple comparison tests for acLDL induced foam cell formation
Table shows the observed mean differences, adjusted P value, confidence intervals (CI) and the ratio between means. Mean ratio calculated by mean 2 / mean 1 e.g. first raw MIFNγ+LPS vs. MIL4 comparison: MIL4 / MIFNγ+LPS. Comparisons showing statistically significant are highlighted with blue Significant level for multiple comparisons (adjusted P value) set to 0.05. 




[bookmark: _Toc431163007][bookmark: _Toc431283330]Figure 4.5 Comparison of results from two independent foam cell quantitation analyses
Graphs represent the proportion of foam cells (%) determined based on the ratio of ORO stained lipid area with respect to the nucleus area. Ratio quantification was obtained either by visual observation based method (A) or Image J measurement (B). The two analyses resulted in highly correlating data showing similar foam cell formation profile; r2 = 0.963 (p = 0.002) (Pearson correlation). 


[bookmark: _Toc426552214][bookmark: _Toc426552425][bookmark: _Toc431286718]The expression of CD36 and CD204 scavenger receptors correlates with AcLDL uptake and foam cell formation respectively
Scavenger receptors are reported to be involved in modified LDL uptake and the subsequent induction of inflammatory processes during atherosclerosis [336-338]. The surface expression of three scavenger receptors, namely CD204/SR-A1, CD36/SR-B1 and LRP-1 were characterized on macrophage phenotypes (Fig. 4.6). The highest CD36 expression was detected on MIL10 macrophages showing statistical difference in comparison to all phenotypes except MIL4 which was the second highest CD36 expressing phenotype. MIL4 macrophages showed significantly higher CD36 expression compared to MIFNγ+LPS and MCXCL4, furthermore 1.5 times more CD36 molecules detection in comparison with MoxPAPC phenotype. While no significant differences were observed between macrophage phenotypes for surface expression of CD204 (Fig. 4.6 (A)) or LRP-1 (Fig. 4.6 (C)),  MIFNγ+LPS expressed approximately 1.7 times lower CD204 compared to MIL4, MIL10 and MCXCL4. The multiple comparison tests of CD36 and CD204 surface expression are summarized in Table 4.2.





[bookmark: _Toc431163008][bookmark: _Toc431283331]Figure 4.6 Cell surface expressions of scavenger receptors 
Bar charts show the relative cell surface expression of CD204 (A), CD36 (B) and LRP-1 (C) to MUN (normalized geometric MFI of MX phenotype / normalized geometric MFI of MUN). MFI was normalized to auto-fluorescence. The data shows the mean and the standard error of the mean; n=5, ** p<0.01; *** p<0.001, ****, p<0.0001; one-way ANOVA with Tukey’s multiple comparison test..



	Tukey's multiple 
comparisons test
	Mean Difference
	Adjusted P value
	95% CI of Difference
	Mean Ratio

	CD36 surface expression

	MIFNγ+LPS vs. MIL4
	-0.46
	0.0038
	-0.7893 to -0.1307
	2.12

	MIFNγ+LPS vs. MIL10
	-0.682
	< 0.0001
	-1.011 to -0.3527
	2.66

	MFNγ+LPS vs. MoxPAPC
	-0.15
	0.657
	-0.4793 to 0.1793
	1.36

	MIFNγ+LPS vs. MCXCL4
	-0.034
	0.9978
	-0.3633 to 0.2953
	1.08

	MIL4 vs. MIL10
	-0.222
	0.294
	-0.5513 to 0.1073
	1.25

	MIL4 vs. MoxPAPC
	0.31
	0.0712
	-0.01935 to 0.6393
	0.64

	MIL4 vs. MCXCL4
	0.426
	0.0075
	0.09665 to 0.7553
	0.51

	MIL10 vs. MoxPAPC
	0.532
	0.0009
	0.2027 to 0.8613
	0.51

	MIL10 vs. MCXCL4
	0.648
	< 0.0001
	0.3187 to 0.9773
	0.41

	MoxPAPC vs. MCXCL4
	0.116
	0.8272
	-0.2133 to 0.4453
	0.79

	CD204 surface expression

	MIFNγ+LPS vs. MIL4
	-0.416
	0.2254
	-0.9857 to 0.1537
	1.72

	MIFNγ+LPS vs. MIL10
	-0.414
	0.2293
	-0.9837 to 0.1557
	1.71

	MFNγ+LPS vs. MoxPAPC
	-0.174
	0.8882
	-0.7437 to 0.3957
	1.30

	MIFNγ+LPS vs. MCXCL4
	-0.384
	0.2939
	-0.9537 to 0.1857
	1.66

	MIL4 vs. MIL10
	0.002
	> 0.9999
	-0.5677 to 0.5717
	1.00

	MIL4 vs. MoxPAPC
	0.242
	0.711
	-0.3277 to 0.8117
	1.32

	MIL4 vs. MCXCL4
	0.032
	0.9998
	-0.5377 to 0.6017
	1.03

	MIL10 vs. MoxPAPC
	0.24
	0.7171
	-0.3297 to 0.8097
	1.32

	MIL10 vs. MCXCL4
	0.03
	0.9998
	-0.5397 to 0.5997
	1.03

	MoxPAPC vs. MCXCL4
	-0.21
	0.8029
	-0.7797 to 0.3597
	1.28


[bookmark: _Toc431283382]Table 4.2 Summary of Tukey’s multiple comparison tests for CD36 and CD204 cell surface expression
Table shows the observed mean differences, adjusted P value, confidence intervals (CI) and the ratio between means. Mean ratio calculated by mean 2 / mean 1 e.g. first raw MIFNγ+LPS vs. MIL4 comparison: MIL4 / MIFNγ+LPS. Comparisons showing statistically significant are highlighted with blue. Significant level for multiple comparisons (adjusted P value) set to 0.05. 


[bookmark: _Toc426552215][bookmark: _Toc426552426][bookmark: _Toc431286719]Intracellular total cholesterol content and free cholesterol / cholesterol ester ratio
The transformation of internalized lipids into free cholesterol could either result in foam cell formation or reverse cholesterol transport. Based on the functional properties of the cell, free cholesterol is either transported into the extracellular space (cholesterol efflux) or esterified by ACAT1 and stored in cytoplasmic lipid droplets. Since the macrophage phenotypes exhibited differential ability to form foam cells, the level of total cholesterol and the proportional distribution of free cholesterol and cholesterol ester were investigated at baseline and following acLDL loading (Fig. 4.7). The baseline total cholesterol content was not statistically different between the phenotypes (Fig. 4.7 (A)). However, MIFNγ+LPS macrophages showed 1.3 to 1.8 times higher level of total cholesterol in comparison with MIL4, MIL10, MoxPAPC and MCXCL4 (Table 4.3). Upon acLDL loading, the total cholesterol level was significantly increased in MUN macrophages and when the different phenotypes were compared to their respective controls (i.e. unloaded cells), the lowest increase was observed for MIFNγ+LPS phenotype (Fig. 4.7 (A) right panel). Upon normalization to MUN, no significant difference was observed for the acLDL - induced cholesterol increase in macrophage phenotypes but a 1.5 to 4 times lower increase was observed in cholesterol content of MIFNγ+LPS macrophages compared to the other phenotypes (Table 4.4).
Free cholesterol proportion was not increased significantly in response to acLDL treatment and there were no significant differences in phenotypes (Fig. 4.7 (B)). However, compared to MIL4 macrophages 6.3, 3.6 and 4.8 times higher free cholesterol increase was detected in MIL10, MoxPAPC and MCXCL4 phenotypes, respectively (Table 4.4). Moreover, instead of an increase, MIFNγ+LPS cells showed a slight reduction in free cholesterol level following acLDL loading (Fig. 4.7 (B) left panel, Table 4.4). Cholesterol ester (Fig. 4.7 (C) left panel) production significantly increased with acLDL treatment in all phenotypes except MIL4, however, the observed mean difference (-17.10 [95% C.I.: -34.68-0.49] p=0.06) indicates a 5.4 times enhancement in this phenotype. No significance was detected between phenotypes (Fig. 4.7 (C) right panel) but the observed mean difference indicates higher cholesterol ester production in MIL10 and MCXCL4 macrophages (Table 4.4). 




[bookmark: _Toc431163009][bookmark: _Toc431283332]Figure 4.7 Intracellular cholesterol contents of macrophage phenotypes
Colorimetric assay were used to determine cholesterol content of polarised phenotypes. Graphs present the total cholesterol content (A) and the ratio of free cholesterol (B) and cholesterol ester (C) at baseline (control) and upon acLDL loading (left panels). Right panels show the respective lipid induced increase relative to MUN macrophages. The data shows the mean and the standard error of the mean; n=4, n.s. not significant; * p<0.05; ** p<0.01; *** p<0.001, **** p<0.0001 two-way ANOVA with Sidak’s multiple comparison test (left panels) and one-way ANOVA with Tukey’s multiple comparison test (right panels).  



	Tukey's multiple
comparisons test
	Mean Difference
	Adjusted P value
	95% CI of Difference
	Mean Ratio

	MIFNγ+LPS vs. MIL4
	0.7213
	0.5561
	-0.7280 to 2.171
	0.58

	MIFNγ+LPS vs. MIL10
	0.464
	0.8563
	-0.9852 to 1.913
	0.73

	MFNγ+LPS vs. MoxPAPC
	0.7604
	0.5077
	-0.6888 to 2.210
	0.56

	MIFNγ+LPS vs. MCXCL4
	0.8085
	0.4503
	-0.6408 to 2.258
	0.53

	MIL4 vs. MIL10
	-0.2573
	0.9805
	-1.707 to 1.192
	1.25

	MIL4 vs. MoxPAPC
	0.03911
	> 0.9999
	-1.410 to 1.488
	0.96

	MIL4 vs. MCXCL4
	0.08717
	0.9997
	-1.362 to 1.536
	0.91

	MIL10 vs. MoxPAPC
	0.2964
	0.9675
	-1.153 to 1.746
	0.77

	MIL10 vs. MCXCL4
	0.3445
	0.9451
	-1.105 to 1.794
	0.73

	MoxPAPC vs. MCXCL4
	0.04806
	> 0.9999
	-1.401 to 1.497
	0.95


[bookmark: _Toc431283383]Table 4.3 Results of multiple comparison tests for baseline total cholesterol content of phenotypes
Table shows the observed mean differences, adjusted P value, confidence intervals (CI) and the ratio between means. Mean ratio calculated by mean 2 / mean 1 e.g. first raw MIFNγ+LPS vs. MIL4 comparison: MIL4 / MIFNγ+LPS. Significant level for multiple comparisons (adjusted P value) set to 0.05. 


	Tukey's multiple
comparisons test
	Mean Difference
	Adjusted P value
	95% CI of Difference
	Mean Ratio

	Total cholesterol increase following acLDL loading

	MIFNγ+LPS vs. MIL4
	-0.1201
	0.9933
	-1.021 to 0.7813
	1.57

	MIFNγ+LPS vs. MIL10
	-0.6372
	0.2382
	-1.539 to 0.2642
	4.02

	MFNγ+LPS vs. MoxPAPC
	-0.367
	0.7197
	-1.268 to 0.5344
	2.74

	MIFNγ+LPS vs. MCXCL4
	-0.4564
	0.5405
	-1.358 to 0.4450
	3.17

	MIL4 vs. MIL10
	-0.5171
	0.4239
	-1.418 to 0.3842
	0.39

	MIL4 vs. MoxPAPC
	-0.2469
	0.9118
	-1.148 to 0.6545
	0.57

	MIL4 vs. MCXCL4
	-0.3363
	0.7771
	-1.238 to 0.5650
	0.50

	MIL10 vs. MoxPAPC
	0.2702
	0.8825
	-0.6311 to 1.172
	1.47

	MIL10 vs. MCXCL4
	0.1808
	0.9697
	-0.7205 to 1.082
	1.27

	MoxPAPC vs. MCXCL4
	-0.08941
	0.9979
	-0.9908 to 0.8120
	1.15

	Free cholesterol increase following acLDL loading

	MIFNγ+LPS vs. MIL4
	-0.1666
	0.9986
	-2.035 to 1.701
	5.24

	MIFNγ+LPS vs. MIL10
	-1.226
	0.3006
	-3.094 to 0.6420
	32.16

	MFNγ+LPS vs. MoxPAPC
	-0.6839
	0.7884
	-2.552 to 1.184
	18.38

	MIFNγ+LPS vs. MCXCL4
	-0.9277
	0.558
	-2.796 to 0.9403
	24.58

	MIL4 vs. MIL10
	-1.059
	0.4349
	-2.927 to 0.8087
	6.14

	MIL4 vs. MoxPAPC
	-0.5172
	0.9087
	-2.385 to 1.351
	3.51

	MIL4 vs. MCXCL4
	-0.761
	0.7192
	-2.629 to 1.107
	4.69

	MIL10 vs. MoxPAPC
	0.542
	0.894
	-1.326 to 2.410
	0.57

	MIL10 vs. MCXCL4
	0.2982
	0.9868
	-1.570 to 2.166
	0.76

	MoxPAPC vs. MCXCL4
	-0.2438
	0.9938
	-2.112 to 1.624
	1.34

	Cholesterol ester increase following acLDL loading

	MIFNγ+LPS vs. MIL4
	0.06355
	0.9996
	-0.9257 to 1.053
	0.92

	MIFNγ+LPS vs. MIL10
	-0.3213
	0.8499
	-1.311 to 0.6679
	1.42

	MFNγ+LPS vs. MoxPAPC
	0.06306
	0.9996
	-0.9262 to 1.052
	0.92

	MIFNγ+LPS vs. MCXCL4
	-0.0986
	0.9978
	-1.088 to 0.8906
	1.13

	MIL4 vs. MIL10
	-0.3849
	0.7506
	-1.374 to 0.6043
	1.55

	MIL4 vs. MoxPAPC
	-0.000485
	> 0.9999
	-0.9897 to 0.9887
	1.00

	MIL4 vs. MCXCL4
	-0.1621
	0.9855
	-1.151 to 0.8271
	1.23

	MIL10 vs. MoxPAPC
	0.3844
	0.7515
	-0.6048 to 1.374
	0.65

	MIL10 vs. MCXCL4
	0.2227
	0.9544
	-0.7665 to 1.212
	0.80

	MoxPAPC vs. MCXCL4
	-0.1617
	0.9856
	-1.151 to 0.8276
	1.23


[bookmark: _Toc431283384]Table 4.4 Tukey’s multiple comparison tests for cholesterol increase following acLDL loading
Table shows the observed mean differences, adjusted P value, confidence intervals (CI) and the ratio between means. Mean ratio calculated by mean 2 / mean 1 e.g. first raw MIFNγ+LPS vs. MIL4 comparison: MIL4 / MIFNγ+LPS. Significant level for multiple comparisons (adjusted P value) set to 0.05. 
[bookmark: _Toc426552216][bookmark: _Toc426552427][bookmark: _Toc431286720]Cholesterol efflux of macrophage phenotypes
There are several means for the export of cholesterol out of a cells e.g. passive efflux, ABC transporter-mediated or SR-BI-mediated efflux have all been described [330]. The main cholesterol acceptors are HDL particles and free lipid-poor apoA-1. Mature HDL particles promote efflux via ABCG1, while apoA-1 stimulates ABCA1-mediated efflux [339, 340].  The highly heterogeneous compositions of protein and lipid content in HDL could highly affect the efflux efficiency [341].  It was shown in human macrophages that the cholesterol efflux is predominantly mediated by ABCA1 [342]. Therefore additional to the net HDL driven efflux the specific ABCA1 mediated apoA-1 driven cholesterol efflux was also characterized in macrophage phenotypes to investigate the contribution of ABCA1 mediated efflux to the total (Figure 4.9). The time course for efflux was evaluated in order to identify a time point where there were greater differences in efflux between macrophage phenotypes. The final efflux was observed to gradually increase over time for all phenotypes, both for HDL and apoA-1 mediated efflux. The 24h time point was selected to compare phenotypes for HDL and apoA-1 based on the kinetics shown on Fig. 4.8 (A) and (B). Significantly reduced HDL (Fig. 4.8 (C)) and apoA-1 (Fig. 4.8 (D)) driven cholesterol efflux was detected in MIFNγ+LPS macrophages compared to MIL4, MIL10 and MoxPAPC phenotypes. Whilst it was not statistically significant, MCXCL4 macrophages also exhibited a trend towards reduced (approximately 1.4 times) efflux while it showed 2.2 times higher efflux rate compared to MIFNγ+LPS cells (Table 4.5). As HDL particles are able to stimulate efflux through all pathways, the HDL induced efflux was significantly higher compared to the apoA-1 driven / ABCA1 mediated efflux (Fig. 4.8 (E)).



[bookmark: _Toc431163010][bookmark: _Toc431283333]Figure 4.8 HDL and apoA-1 driven efflux of macrophage phenotypes 
Graphs present the HDL (A, C) and apoA-1 (B, D) driven efflux of macrophage phenotypes, showing the time kinetics of final efflux % (A, B) and the final efflux % at 24 h relative to MUN (C, D). The data shows the mean and the standard error of the mean; n=4, * p<0.05; ** p<0.01; one-way ANOVA with Tukey’s multiple comparison test. Comparison of HDL and apoA-1 driven efflux was performed using two-way ANOVA with Sidak’s multiple comparisons test (E).



	Tukey's multiple
comparisons test
	Mean Difference
	Adjusted P value
	95% CI of Difference
	Mean Ratio

	MIFNγ+LPS vs. MIL4
	-0.7725
	0.0309
	-1.478 to -0.06654
	3.07

	MIFNγ+LPS vs. MIL10
	-0.7541
	0.0353
	-1.460 to -0.04816
	3.02

	MFNγ+LPS vs. MoxPAPC
	-0.7545
	0.0352
	-1.460 to -0.04862
	3.02

	MIFNγ+LPS vs. MCXCL4
	-0.4552
	0.2826
	-1.161 to 0.2507
	2.22

	MIL4 vs. MIL10
	0.01838
	> 0.9999
	-0.6875 to 0.7243
	0.98

	MIL4 vs. MoxPAPC
	0.01793
	> 0.9999
	-0.6880 to 0.7238
	0.98

	MIL4 vs. MCXCL4
	0.3172
	0.5965
	-0.3887 to 1.023
	0.72

	MIL10 vs. MoxPAPC
	-0.0004597
	> 0.9999
	-0.7064 to 0.7055
	1.00

	MIL10 vs. MCXCL4
	0.2988
	0.645
	-0.4071 to 1.005
	0.74

	MoxPAPC vs. MCXCL4
	0.2993
	0.6437
	-0.4066 to 1.005
	0.73


[bookmark: _Toc431283385]Table 4.5 Tukey’s multiple comparison tests for apoA-1 cholesterol efflux (24h)
Table shows the observed mean differences, adjusted P value, confidence intervals (CI) and the ratio between means. Mean ratio calculated by mean 2 / mean 1 e.g. first raw MIFNγ+LPS vs. MIL4 comparison: MIL4 / MIFNγ+LPS. Comparisons showing statistical significance are highlighted with blue. Significant level for multiple comparisons (adjusted P value) set to 0.05


[bookmark: _Toc426552217][bookmark: _Toc426552428][bookmark: _Toc431286721]Expression of ABC transporters of macrophage phenotypes
To investigate whether the efflux profile by macrophage phenotypes is associated with cell surface expression of ABC cholesterol transporters, flow cytometry was used to determine the ABCA1 and ABCG1 expression on the different phenotypes. The expression profile of ABCA1 and ABCG1 correlated closely to each other (Fig. 4.9), the observed correlation coefficient was r2 = 0.975 (p = 0.001). Polarisation induced significant enhancement in the expression of ABCA1 (Fig. 4.9 (A)) and ABCG1 (Fig. 4.9 (C)) in MIL4 and MCXCL4 macrophages compared to unpolarised macrophages. Comparison between phenotypes showed significantly higher level of ABCA1 in MIL4 macrophages relative to MoxPAPC furthermore MIL4 also showed elevated transporter level compared to the other phenotypes while in MoxPAPC it was 1.5-1.9 times lower (Fig. 4.9 (B)). A distinct significantly increased ABCG1 cell surface expression was detected on MIL4 macrophages in comparison with MIFNγ+LPS and MoxPAPC phenotypes (Fig. 4.9 (D)). The ABCG1 expression of MoxPAPC macrophages was also significantly lower relative to MCXCL4, while it showed a reduced but not significantly different level compared to MIL10 (Fig. 4.9 (D)). Results of multiple comparison analysis presented in Table 4.6.




[bookmark: _Toc431163011][bookmark: _Toc431283334]Figure 4.9 Expression of ABCA1 and ABCG1 in macrophage phenotypes
Graphs show the geometric mean fluorescence intensity (MFI) (A, C) and the relative MFI showing the relative change in expression upon polarisation compared to MUN(B, D) of ABCA1 and ABCG1 cell surface expression. MFI was normalized to auto-fluorescence in each sample. The data shows the mean and the standard error of the mean; n=3-4, * p<0.05; ** p<0.01; *** p<0.001; one-way ANOVA with Tukey’s multiple comparison test.


	Tukey's multiple
comparisons test
	Mean Difference
	Adjusted P value
	95% CI of Difference
	Mean Ratio

	ABCA1  surface expression

	MIFNg-LPS vs. MIL4
	-0.7538
	0.1403
	-1.681 to 0.1734
	1.53

	MIFNg-LPS vs. MIL10
	-0.1699
	0.9781
	-1.097 to 0.7573
	1.12

	MIFNg-LPS vs. MoxPAPC
	0.4955
	0.4906
	-0.4317 to 1.423
	0.65

	MIFNg-LPS vs. MCXCL4
	-0.3433
	0.7818
	-1.271 to 0.5840
	1.24

	MIL4 vs. MIL10
	0.5839
	0.3374
	-0.3433 to 1.511
	0.73

	MIL4 vs. MoxPAPC
	1.249
	0.0064
	0.3221 to 2.177
	0.42

	MIL4 vs. MCXCL4
	0.4106
	0.6561
	-0.5167 to 1.338
	0.81

	MIL10 vs. MoxPAPC
	0.6655
	0.2264
	-0.2618 to 1.593
	0.58

	MIL10 vs. MCXCL4
	-0.1734
	0.9765
	-1.101 to 0.7539
	1.11

	MoxPAPC vs. MCXCL4
	-0.8388
	0.0857
	-1.766 to 0.08845
	1.91

	ABCG1 surface expression

	MIFNg-LPS vs. MIL4
	-0.7288
	0.0482
	-1.453 to -0.004231
	1.61

	MIFNg-LPS vs. MIL10
	-0.2621
	0.8133
	-0.9866 to 0.4624
	1.22

	MIFNg-LPS vs. MoxPAPC
	0.338
	0.6372
	-0.3866 to 1.063
	0.72

	MIFNg-LPS vs. MCXCL4
	-0.3942
	0.4978
	-1.119 to 0.3304
	1.33

	MIL4 vs. MIL10
	0.4667
	0.3357
	-0.2579 to 1.191
	0.76

	MIL4 vs. MoxPAPC
	1.067
	0.0023
	0.3422 to 1.791
	0.44

	MIL4 vs. MCXCL4
	0.3346
	0.6456
	-0.3899 to 1.059
	0.83

	MIL10 vs. MoxPAPC
	0.6001
	0.1357
	-0.1245 to 1.325
	0.59

	MIL10 vs. MCXCL4
	-0.1321
	0.9813
	-0.8566 to 0.5925
	1.09

	MoxPAPC vs. MCXCL4
	-0.7321
	0.0469
	-1.457 to -0.007599
	1.86


[bookmark: _Toc431283386]Table 4.6 Tukey’s multiple comparison tests for the expression of ABCA1 and ABCG1 cholesterol transporters
Table shows the observed mean differences, adjusted P value, confidence intervals (CI) and the ratio between means. Mean ratio calculated by mean 2 / mean 1 e.g. first raw MIFNγ+LPS vs. MIL4 comparison: MIL4 / MIFNγ+LPS. Comparisons showing statistical significance are highlighted with blue. Significant level for multiple comparisons (adjusted P value) set to 0.05

[bookmark: _Toc426552218][bookmark: _Toc426552429][bookmark: _Toc431286722]Summary
In this study the modified LDL uptake, cholesterol content, foam cell formation and cholesterol efflux potential of 5 selected macrophage phenotypes were characterised. The essential points of outcome summarised in Table 4.7.

	
	AcLDL
UPTAKE
	TOTAL
CHOLESTEROL
	FOAM CELL FORMATION
	CHOLESTEROL EFFLUX (24hr)

	MIFNγ-LPS
	low
	high, no increase
	low
	low

	MIL4
	high
	low,
moderate increase
	high
	high

	MIL10
	high
	high, highest cholesterol ester
	high
	high

	MoxPAPC
	high
	moderate,
high increase in
free cholesterol
	low
	high

	MCXCL4
	low
	moderate,
high increase in
free cholesterol
	moderate
	moderate


[bookmark: _Toc431283387]Table 4.7 Lipid metabolism related functional characteristics of macrophage phenotypes


[bookmark: _Toc426552219][bookmark: _Toc426552430][bookmark: _Toc431286723]Discussion
The importance of macrophages in the development and progression of atherosclerosis is well established. Macrophages are highly plastic and adapt to their environment. Due to the complex environment within the plaque, the macrophage population is heterogeneous showing different phenotype based on their local milieu. Based on both human and mouse studies, six macrophage phenotypes have been recently described that are either directly or indirectly linked to atherosclerosis. They are MIFNγ+LPS [226], MIL4 [226, 274], MIL10 [343] , MoxPAPC [344], MCXCL4  [345, 346] and Mhem [228, 229].  The clinical significance and contribution of these phenotypes to plaque development and progression are still not entirely understood, especially in humans. To contribute further knowledge and understanding of the function of these distinct phenotypes in atherosclerosis, five of these phenotypes, MIFNγ+LPS, MIL4, MIL10, MoxPAPC and MCXCL4 were generated using in vitro blood monocyte differentiated macrophages and were characterized with respect to lipid metabolism and foam cell formation.
Prior to polarisation the cell surface expression of polarising factor receptors on monocyte-derived macrophages (MUN) was determined. The data confirmed that the 7 day old MDMs express receptors for the respective polarisation factors and have the potential to polarise into the selected phenotypes. The lowest positive cell proportions were observed for IFNγR1 and IL4RA but due to the compensatory effect of the associated CD14 and IL13RA the MCXCL4 phenotype may show the highest heterogeneity. 
It is important to note that MUN macrophage showed high similarity to IL4 and IL10 induced phenotypes in all assays due to the differentiation factor M-CSF, which induces a phenotype closely related to the other two. 
One of the main features of the development of atherosclerotic plaque is the excessive cholesterol accumulation and macrophage-derived foam cells. Macrophage phenotypes exhibited significantly distinct modified LDL uptake and propensity to form foam cells. MIFNγ+LPS and MCXCL4 cells showed significantly reduced acLDL uptake capacity compared to the other phenotypes. Following this, a significantly reduced foam cell formation was detected in MIFNγ+LPS and MoxPAPC macrophages compared to MIL4 and MIL10 cells, while MCXCL4 showed an intermediate but not significantly differential foam cell forming capacity. The cell surface expression of CD36 was parallel with acLDL ingestion, suggesting a role of CD36 in receptor-mediated acLDL uptake and in promotion of consequent lipid accumulation. CD204 expression profiles corresponded to foam cell formation of macrophage phenotypes indicating its contribution to lipid accumulation. These observations are in line with the literature reporting that the expression of CD36 and CD204 as well as lipid accumulation are inhibited by IFNγ [264, 265] and CXCL4 [209, 235]. In the case of MIFNγ+LPS, MIL4 and MIL10 macrophage phenotypes, a consistent and significant correlation was observed throughout the receptor expression – acLDL uptake – foam cell formation axis. The lower CD36 and CD204 expression on MIFNγ+LPS macrophages may explain for the decreased lipid uptake capacity and foam cell forming ability compared to MIL4 and MIL10 phenotypes, which express higher CD36 and CD204 levels. In contrast, MoxPAPC and MCXCL4 macrophages exhibited negative correlation of lipid uptake and foam cell formation, i.e. high lipid uptake but reduced foam cell formation in MoxPAPC and vice versa for MCXCL4. Cholesterol metabolism is a complex process that is highly dependent on the balance between re-esterification and cholesterol efflux rate. To gain more insight into these mechanisms, total cholesterol and the proportional distribution of free cholesterol and cholesterol ester were characterized in unloaded and acLDL loaded macrophages. Lipid metabolism and adequate cholesterol content are essential for the process of phagocytosis, intracellular trafficking and immune signalling responses to acute bacterial infections through regulating and maintaining lipid rafts [347-349].  These are characteristics are signature to MIFNγ+LPS phenotype, which may explain their highest baseline total cholesterol content. However, the functional activities of MIFNγ+LPS requires lipids; this phenotype utilises glycolysis to generate energy [350]. In contrast, MIL4 macrophages obtain their energy through fatty acid oxidation which may contribute to their relatively lower cholesterol content despite their high lipid uptake and foam cell forming capacities [350]. Upon lipid loading, these two phenotypes, MIFNγ+LPS and MIL4 showed the least increase in total cholesterol content. The observed high baseline total cholesterol content may result this minimal increase in MIFNγ+LPS phenotype by saturating the system and leading to lower LDL uptake and foam cell formation capacity. The high efflux capacity and fatty acid based metabolism of MIL4 macrophages may explain their relatively low increase in total cholesterol content. At baseline, the total cholesterol was mostly in free cholesterol form, which further increased with acLDL treatment in all phenotypes except MIFNγ+LPS because of the shift towards more cholesterol ester production resulted in decreased free cholesterol level in this phenotype. An increased lipid environment resulted in enhanced cholesterol ester levels in all phenotypes suggesting that each phenotype is able to form intracellular lipid droplets. Furthermore the highest cholesterol ester induction was detected in MIL10 cells correlating with foam cell formation capacity.
During the foam cell formation assay reduced cell viablility were observed on IFNγ+LPS and CXCL4 polarised macrophages which may due to their higher baseline lipid loading / foam cell forming capacities compared to the unpolarised or other phenotypes. Differences in native or other modified LDL uptake from foetal calf serum and in lipid metabolism may cause elevated lipid accumulation without any additional acLDL. This increased lipid content may induce intracellular stress and consequent cell toxicity in IFNγ+LPS and CXCL4 macrophages which could explain the observed cell loss in these polarisation conditions. 
Intracellular cholesterol content and the free cholesterol/cholesterol ester ratio could also be influenced by efflux mechanisms. The cholesterol efflux model showed an increased efflux capacity by each phenotype at 24 h compared to earlier time points, in response to both acceptors HDL and apoA-1. HDL is a potent acceptor for multiple cholesterol efflux mechanisms (e.g. passive (aqueous diffusion), ABC transporters or SR-B1 mediated efflux). In fact, apoA-1 is the most abundant protein in HDL, constituting about 65% of HDL total protein content. HDL can be subdivided into five subclasses (HDL-VL, HDL-L, HDL-M, HDL-S, HDL-VS) based on their densities and their lipid component can affect their function [139, 341, 351]. Total HDL (density 1.063 – 1.21 g/ml, containing all HDL particles) was used in this study for efflux experiments to investigate the net efflux rate of macrophage phenotypes. HDL driven efflux was significantly higher in MIL4, MIL10 and MoxPAPC phenotypes compared to MIFNγ+LPS, while MCXCL4 showed a moderate increase. Since ABCA1 pathway has been reported to be the main efflux mechanism in human macrophages [352], efflux by free apoA-1 (acceptor specific for ABCA1 mediated efflux) was also characterized. ABCA1 driven efflux showed correlation with HDL induced efflux profile but the final efflux ratio was significantly lower. This indicated that efflux by macrophage phenotypes is also mediated through other pathways in addition to ABCA1. The ABC transporter protein family has several members, the most studied of which are ABCA1 and ABCG1 in relation to cholesterol transfer into the extracellular space. In macrophages and foam cells ABCA1 and ABCG1 play a central role to support reverse cholesterol transport by effluxing free cholesterol to HDL or other serum particles e.g. apoA-1, apoE. The cell surface expression of these transporters in MIFNγ+LPS and MIL4 cells showed correlation with their respective efflux ratio suggesting that these two phenotypes may preferentially utilise ABC transporters while in MIL10, MoxPAPC and MCXCL4 macrophages, other mechanisms may significantly contribute to the net efflux. The data shown here partially correlate with the literature as IFNγ has been shown to reduce ABCA1 production and cholesterol efflux rate [266, 269]. Furthermore the observed high cholesterol efflux by MIL10 supported by the literature showed that IL10 facilitates cholesterol efflux [275, 343]. Chinetti-Gbaduidi et al [274] reported reduced foam cell formation and efflux capacities in IL-4 polarised ‘alternative’ macrophages compared to unpolarised ‘resting’ macrophages and classical macrophages polarised using either IL-1β or TNF-α in their study. In contrast to this report, MIL4 macrophages showed significantly higher foam cell formation and cholesterol efflux compared to MIFNγ+LPS cells. The difference in findings could be due to the differential polarisation protocol to generate classical macrophages in the 2 studies. However, when comparing MIL4 macrophages to unpolarised macrophages, our findings are consistent but unfortunately classical macrophage data is not provided. Due to the limited characterisation done on human macrophage phenotypes particularly with respect to foam cell formation and cholesterol efflux capacities, further investigations are needed to clarify the observed discrepancies. 
In conclusion, the characterization of lipid handling by human macrophage phenotypes suggests a differential role for them in the development and progression of atherosclerosis. AcLDL uptake and cholesterol efflux results indicate the potential importance of MIL4, MIL10 and MoxPAPC phenotypes in lipid clearance and reverse cholesterol transport. The high propensity of MIL4 and MIL10 macrophages to form foam cells may strongly suggest their contribution towards atheroma growth. MIFNγ+LPS macrophages exhibit low lipid uptake, low foam cell formation and low efflux capacity and most unlikely to promote plaque growth or reverse cholesterol transport while the contribution of MCXCL4 phenotype is less clear as they show intermediate lipid handling abilities. Hence, a better identification of these macrophage phenotypes within the atherosclerotic plaque will help to shed light on their potential contribution towards disease protection or pathogenesis.


[bookmark: _Toc426552220][bookmark: _Toc426552431][bookmark: _Toc431286724]Identification of specific markers of human macrophage phenotypes

[bookmark: _Toc426552221][bookmark: _Toc426552432][bookmark: _Toc431286725]Introduction
The activity and plasticity of macrophages has been widely reported but remains a confusing area of immunology; until now there is no clear consensus on the nomenclature, activation protocols and markers of macrophage polarisation. Fortunately, a recent publication provides guidelines about terminology and experimental systems to address these inconsistencies [227], which will hopefully lead to better standardization and comparable studies in the future. Murray et al. also highlighted the importance of inter-species [151, 199, 353-355] and tissue-related [356] differences, which further complicate comparisons between studies. Several markers have been selected and established based on murine studies but many of these markers failed to be translated to human macrophages, e.g. ARG1 or iNOS which are not stimulated in human macrophages with the respective polarising factors compared to murine macrophages [357-359].  Due to these issues the number of confirmed and well-characterized phenotypic markers for human macrophages is limited, especially for recently described phenotypes, e.g. MoxPAPC or MCXCL4. There are only a few studies that have performed side-by-side comparison of human macrophage phenotypes thus far and they mainly characterised the classical ‘M1’ and alternative ‘M2’ activation models [199, 360, 361].  
The literature suggests the involvement of potentially 6 macrophage phenotypes, namely MIFNγ+LPS [226], MIL4 [226, 274], MIL10 [275], MoxPAPC [344], MCXCL4 [345, 362] and Mhem [228] in atherosclerosis. However, these phenotypes have been poorly characterized in humans. Distinct macrophage phenotypes have been detected in human atherosclerotic plaques and the differential distribution of classically and alternatively activated macrophages has also been shown [226, 228, 274, 363]. These studies are limited by the fact that the markers used to for phenotypes identification in fact overlap between phenotypes (e.g. CD206, CD163, HLA-DR). Hence, they are not specific enough to differentiate between phenotypes e.g. MIL4 or MIL10. Recently, the presence of MCXCL4 macrophages was described in human atherosclerotic plaques with a marker set (matrix metalloproteinase 7 (MMP7+) S100 calcium-binding protein A8 (S100A8+) glycoprotein (CD68+) cells) identified using microarray analysis [209, 225, 362]; however, the comparison involved only MIFNγ and ‘MIL4 macrophages, which does not prove the absolute specificity of this marker signature.
The aim of this study was to identify unique markers or marker signatures from a comprehensive and unbiased proteomics analysis of in vitro polarised MIFNγ+LPS, MIL4, MIL10, MoxPAPC and MCXCL4 human macrophages. Following in vitro validation, the identified markers will be tested on human atherosclerotic plaque sections to confirm the prevalence of the target phenotypes and to identify their localisation and proportional distribution. Furthermore, we aim to correlate the localisation/distribution data with the previously described lipid handling characteristics of specific macrophage phenotypes (chapter 4) in order to obtain a more comprehensive understanding of their contribution to disease. This will provide an important link between the optimized in vitro polarisation model and human atherosclerosis.


[bookmark: _Toc426552222][bookmark: _Toc426552433][bookmark: _Toc431286726]Results
[bookmark: _Toc426552223][bookmark: _Toc426552434][bookmark: _Toc431286727]Identification of macrophage phenotype specific protein markers
SILAC (stable isotope labelling with amino acid in cell culture) based quantitative mass spectrometry was performed to compare the membrane proteome of macrophage phenotypes.
For sample labelling, differentiated MDMs were cultured with either medium or heavy stable isotope labelled amino acid cocktails containing medium with or without polarisation factors. Proteins synthesized during control and polarisation conditions incorporate stable isotope labelled amino acids and can be followed using mass spectrometry due to the differential isotope pattern. Following mass spectrometry and protein identification the data set was thresholded (10% incorporation) then polarisation induced protein synthesis was determined. Finally, quartile normalisation was performed to avoid outliners. (details in Chapter 2 (2.3.1.5 (p. 51))  After thresholding and normalisation steps, 1441 identified proteins were remaining for further analysis.  To reduce false positive events, protein induction threshold was set to 20%. To assess the proteome profile of the various phenotypes, clustering was performed and intersections were calculated and visualized as Venn diagrams (Fig. 5.1). The overall number of proteins in each cluster (i.e. the protein was detected at least in one phenotype) is presented in the workflow graph in Fig. 5.1 (A) while the number of proteins detected in each phenotype at different cluster levels is summarized in Table 5.1. In each phenotype, a small group of proteins showed inconsistent readout between the two donors (Table 5.1). These proteins were excluded from further analysis.  Analysis of the whole dataset revealed that approximately 50% of the detected proteins (i.e. 725 out of 1441) were shared between all phenotypes while the range of percentage for proteins unique to a phenotype were only between 1.3% to 5% (Fig. 5.1 (B / 1)). On the basis of fold induction, proteins were clustered into regulated or non-regulated groups (Fig. 5.1 (B /2)). This clustering combined all the phenotype related data so that a protein, which is regulated in one phenotype still could be non-regulated in another phenotype. The intersection of non-regulated proteins for each phenotype showed 30 common proteins, whose cluster could provide a pool to be tested as general macrophage marker selection (Fig. 5.1 (B / 3)). Regulated proteins were grouped into up- and down-regulated clusters and, according to the Venn diagram, macrophage phenotypes had distinct proteomic profiles (Fig. 5.1 (B / 4-5)).To identify and select phenotype-specific polarisation induced markers, the up-regulated cluster was further investigated. Overall, 918 up-regulated proteins were detected while phenotype-specific distribution was the following: 308 in MIFNγ+LPS, 303 in MIL4, 245 in MIL10, 280 in MoxPAPC and 339 in MCXCL4 (Table 5.1). As shown on the Venn diagram, the number of differentially induced proteins was 104 (33.7%), 136 (44.8%), 71 (28.9%), 91 (32.5%) and 118 (34.8%) respectively (Fig. 5.1 (B / 5)). 
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[bookmark: _Toc431163012][bookmark: _Toc431283335]Figure 5.1 Identification of phenotype specific proteomic profile
 (A) Analysis workflow of quantitative mass spectrometry data. Following normalisation and thresholding, identified proteins were clustered to identify differentially regulated proteins.. Next regulated proteins were clustered based on the direction of the change to determine the phenotype specifically induced proteins.. (B) Venn diagrams represent the number of shared and unique proteins between phenotypes based on different clusters of data sets: (1) entire data; (3) non-regulated; (4) downregulated and (5) upregulated proteins. (2) Identified proteins were clustered based on induction. Commonly expressed and phenotype specific proteins were identified for further analysis.
	Protein No./ cluster/phenotype
	MINFγ+LPS
	MIL4
	MIL10
	MoxPAPC
	MCXCL4

	TOTAL
	1057
	1062
	947
	1116
	1088

	UNREGULATED
	374
	364
	335
	463
	394

	REGULATED
	654
	640
	580
	603
	654

	UP
	308
	303
	245
	280
	339

	DOWN
	337
	337
	335
	323
	315

	CONTROVERSIAL
	38
	58
	32
	50
	40


[bookmark: _Toc431283388]Table 5.1 Number of proteins determined at different clustering groups in phenotypes


[bookmark: _Toc426552224][bookmark: _Toc426552435][bookmark: _Toc431286728]Selection and validation of proteins uniquely induced in macrophage phenotypes
In total, 15 proteins (3 for each phenotype) were selected based on the criteria described in Chapter 2 2.3.2 (p. 52) for validation. Details of selected markers are summarized in Table 5.2. Validation was performed using in vitro polarised macrophages obtained from donors different from the one used in the proteome analysis through immunofluorescence staining. To minimise inter-individual variations, the expression pattern of each protein was determined for all phenotypes generated from the same donor (Fig. 5.2 - 5.16).  Out of the 15 markers tested, only three, the MIFNγ+LPS related IFIT3, FAM26F and the MCXCL4 related AP2B1 could be validated and FAM26F appears to be the most specific to the respective phenotype. Due to the poor validation rate, correlation analysis was performed on the expression data of proteins detected in the same donor to test whether any phenotype related non-specific binding (e.g. FcR binding effect) could have biased the expression profile. Macrophages were derived from 4 healthy donors and staining was performed in randomly created groups: (Donor 1) ARF5, FAM26F and ATP5I; (Donor 2) IFIT3, DHCR7, SLC25A46 and TMEM70; (Donor 3) DSG1, COL6A1, JUP and AP2B1; (Donor 4) LTB4R, NCF4, SMURF2 and ALG6. IFIT3 showed strong correlation with DHCR7 (r2 = 0.92, p = 0.009) and SLC25A46 (r2 = 0.95, p = 0.003) but not with TMEM70 and neither of the other profiles correlated with each other. Strong positive correlation was also detected between SMURF2 and LTB4R (r2 = 0.87, p = 0.023) and ALG6 (r2 = 0.85, p = 0.031) but the other profiles were not corresponding to each other. These analysis results, showing non-comprehensive correlation within donors, suggest that non-specific binding is not the cause of the significant alteration in expression profiles. 
After excluding the potential of non-specific binding effect, the analysis method used to determine protein induction was reconsidered. During mass spectrometry sample preparation, each polarised macrophage sample was mixed with its respective differentially labelled control (i.e. unpolarised) macrophages. Protein induction was calculated based on amino acid incorporation ratio of polarised phenotype to coupled internal control. Basically, these internal controls are technical replicates expected to show highly similar expression profile. But plotting the incorporation values of each control samples showed high deviation in case of some proteins. Outliers were not linked to donor or a specific control. This variability could lead to false positive or negative results. To overcome this problem, a new analysis was performed using Kruskal-Wallis test to compare the median incorporation observed in polarised samples (n=2) with the median of incorporation level of all controls (n=10). Due to the feature of this test, at least 2 data points are required for analysis, hence missing values were replaced by the value ‘0’ making the assumption that the detection of that protein failed due to low (below detection level) or not existing incorporation. Potential limitation or detriment of this analysis is that the replacement of missing values with 0 may enhance differences between groups. Whilst this inflating effect is reasonable for analysing incorporation, it needs to be taken into consideration during the process of marker selection. In the case of fold induction calculation inflating effect could be more problematic resulting in biased data and selection due to the enhanced differences. Therefore, only detected values were used for determining the induction level of new protein synthesis. Results from the two analyses methods and the IF validation were comprehensively compared. ARF5 expression profile data is shown as a representative set for comparative analysis (Figure 5.17). The ARF5 induction profile calculated based on the incorporation of polarised sample to incorporation of the respective control showed increase in expression only in MIL4 phenotype and no change in other phenotypes (Fig. 5.17 (A)). The immunofluorescence staining of in vitro polarised macrophages failed to validate these results and, in contrast to expectations, a higher signal was detected in MIFNγ+LPS, MoxPAPC and MCXCL4 cells compared to MIL4 and MIL10 phenotypes (B). Kruskal-Wallis median based analysis showed no significant difference between phenotypes (H = 3.07, p = 0.689, chi-square value=4.639) and the visualized incorporation profile was similar to immunofluorescence staining results (Fig. 5.17 (C)). Correlation analysis showed a strong correlation (r2 = 0.931, p = 0.022) of ARF5 induction profiles between Kruskal-Wallis and immunofluorescence data set.  The results of the comparative analysis showed that Kruskal-Wallis analysis method using the incorporation data is more reliable and suitable for further downstream analysis (e.g. marker selection). 
Heat-map and cluster analysis were carried out, based on the average of incorporation values determined in the 2 donors (Fig. 5.18). Heat-map clearly showed differences in proteomic profiles of macrophage phenotypes. UPGMA (Unweighted Pair Group Method with Arithmetic Mean) hierarchical clustering was performed with the aim of identifying sets of protein-signatures for the various macrophage phenotypes. The datasets could provide a potential source for marker discoveries and functional analysis.

	Phenotype
	Protein name (ID)
	Fold induction

	
MIFNγ + LPS
	IFIT3 (O14879)
	Interferon-induced protein with tetratricopeptide repeats 3
	1.8

	
	FAM26F (Q5R3K3)
	Protein FAM26F
	8.3

	
	NCF4 (Q15080)
	Neutrophil cytosol factor 4
	5

	
MIL4
	ALG6 (Q9Y672)
	Dolichyl pyrophosphate Man9Glcc2 alpha-1,3-glucosyltransferase
	8.2

	
	ARF5 (P84085)
	ADP-ribosylation factor 5
	3

	
	SMURF2 (Q9HAU4)
	E3 ubiquitin-protein ligase SMURF2
	5.4

	MIL10
	DHCR7 (Q9UBM7) 
	7-dehydrocholesterol reductase
	4.8

	
	LTB4R (G3V4Q5)
	Leukotriene B4 receptor 1
	1.9

	
	TMEM70 (Q9BUB7)
	Transmembrane protein 70, mitochondrial
	4

	
MoxPAPC
	ATP5I (P56385)
	ATP synthase subunit e, mitochondrial
	3.8

	
	SLC25A46 (E7EVY2)
	Solute carrier family 25 member 46
	8.7

	
	DSG1 (Q02413)
	Desmoglein-1
	4.6

	
MCXCL4
	JUP (P14923)
	Junction plakoglobin
	2.8

	
	COL6A1 (P12109)
	Collagen alpha-1(VI) chain
	5.1

	
	AP2B1 (P63010)
	AP-2 complex subunit beta
	2.6


[bookmark: _Toc431283389]Table 5.2 Phenotype specific proteins selected for validation
The table contains the official gene name, protein ID (in bracket), protein name and the determined fold induction calculated by the comparison of the incorporation level in polarised cells to the incorporation level in the respective internal control, in each respective column.
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[bookmark: _Toc431163013][bookmark: _Toc431283336]Figure 5.2 MIFNγ+LPS related IFIT3 protein expression profile in macrophage phenotypes
 (A) Representative images of immunofluorescence staining for IFIT3 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. The highest IFIT3 expression was detected in MIFNγ+LPS macrophages followed by MCXCL4 phenotype. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163014][bookmark: _Toc431283337]Figure 5.3 MIFNγ+LPS related FAM26F protein expression profile
 (A) Representative images of immunofluorescence staining for FAM26F on macrophage phenotypes (scale bar: 30 μm, Exposure: 1.5 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. The highest FAM26F expression was detected in MIFNγ+LPS macrophages. Except MIL10 phenotype FAM26F was hardly detectable in the rest of the phenotypes. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163015][bookmark: _Toc431283338]Figure 5.4 MIFNγ+LPS related NCF4 protein expression profile
 (A) Representative images of immunofluorescence staining for NCF4 on macrophage phenotypes (scale bar: 30 μm, Exposure: 500 ms, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. NCF4 was not unique for MIFNγ+LPS, all phenotypes showed high expression. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163016][bookmark: _Toc431283339]Figure 5.5 MIL4 related ALG6 protein expression profile
 (A) Representative images of immunofluorescence staining for ALG6 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1.8 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. Instead of MIL4 macrophages, MIFNγ+LPS cells showed the highest ALG6 expression furthermore relatively high protein level was detected in the other phenotypes too. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163017][bookmark: _Toc431283340]Figure 5.6 MIL4 related ARF5 protein expression profile
 (A) Representative picture of immunofluorescence staining for ARF5 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. ARF5 protein was detected in each polarised macrophage showing stron induction compared to unpolarised control macrophages. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163018][bookmark: _Toc431283341]Figure 5.7 MIL4 related SMURF2 protein expression profile
 (A) Representative picture of immunofluorescence staining for SMURF2 on macrophage phenotypes (scale bar: 30 μm, Exposure: 300 ms, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. SMURF2 showed the highest expression on MIFNγ+LPS cells compared to the other phenotypes. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163019][bookmark: _Toc431283342]Figure 5.8 MIL10 related DHCR7 protein expression profile
 (A) Representative picture of immunofluorescence staining for DHCR7 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. DHCR7 showed the highest expression on MIFNγ+LPS and MCXCL4 cells compared to the other phenotypes. The data shows the mean and the standard error of the mean; n= 1
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[bookmark: _Toc431163020][bookmark: _Toc431283343]Figure 5.9 MIL10 related LTB4R protein expression profile
 (A) Representative picture of immunofluorescence staining for LTB4R on macrophage phenotypes (scale bar: 30 μm, Exposure: 2.5 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. LTB4R expression was detected on all phenotypes. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163021][bookmark: _Toc431283344]Figure 5.10  MIL10 related TMEM70 protein expression profile
 (A) Representative picture of immunofluorescence staining for TMEM70 on macrophage phenotypes (scale bar: 30 μm, Exposure: 500 ms, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. Macrophages showed similar TMEM70 expression. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163022][bookmark: _Toc431283345]Figure 5.11 MoxPAPC related ATP5I protein expression profile
 (A) Representative picture of immunofluorescence staining for ATP5I on macrophage phenotypes (scale bar: 30 μm, Exposure: 1.5 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. Higher ATP5I expression was determined on MIL4 and MIFNγ+LPS cells in comparison with the target MoxPAPC phenotype. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163023][bookmark: _Toc431283346]Figure 5.12 MoxPAPC related SLC25A46 protein expression profile
 (A) Representative picture of immunofluorescence staining for SLC25A46 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. SLC25A46 expression was the highest on MIFNγ+LPS macrophages compared to the other phenotypes. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163024][bookmark: _Toc431283347]Figure 5.13 MoxPAPC related DSG1 protein expression profile
 (A) Representative picture of immunofluorescence staining for DSG1 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. DSG1 expression was the highest on MCXCL4 macrophages compared to the other phenotypes. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163025][bookmark: _Toc431283348]Figure 5.14 MCXCL4 related JUP protein expression profile
 (A) Representative picture of immunofluorescence staining for JUP on macrophage phenotypes (scale bar: 30 μm, Exposure: 800 ms, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. JUP expression was detected in each phenotype with highest level in MIFNγ+LPS cells. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163026][bookmark: _Toc431283349]Figure 5.15 MCXCL4 related COL6A1 protein expression profile
(A) Representative picture of immunofluorescence staining for COL6A1 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1.2 s, Gain: 1x). (B) Bar chart represents the cell number normalised integrated densities determined with semi-quantitative Image J analysis for each phenotype. MIL4 macrophages showed the highest COL6A1 protein level. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163027][bookmark: _Toc431283350]Figure 5.16 MCXCL4 related AP2B1 protein expression profile
 (A) Representative picture of immunofluorescence staining for AP2B1 on macrophage phenotypes (scale bar: 30 μm, Exposure: 1.2 s, Gain: 1x). (B) Bar chart represents the integrated densities determined with semi-quantitative Image J analysis for each phenotype. However MCXCL4 macrophages showed the highest AP2B1 protein level but it is not uniquely expressed compared to the other phenotypes. The data shows the mean and the standard error of the mean; n=1
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[bookmark: _Toc431163028][bookmark: _Toc431283351]Figure 5.17 Comparison of analysis methods and immunofluorescence validation through ARF5 protein
 (A) Graphs show the results of calculating protein induction over the respective internal control. Incorporation data for each sample plotted on the left showing the coupled control and polarised samples (red lines). Unique induction of ARF5 was observed in MIL4 phenotype (right graph), the respective plots circled with blue lines. (B) Immunofluorescence analysis failed to validate the induction profile calculated with the internal control comparison method but it showed strong correlation with the results of the median based Kruskal-Wallis analysis (C). The data shows the mean (A, B) or median (C), n = 1 (B) or n = 2 (A, C)
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[bookmark: _Toc431163029][bookmark: _Toc431283352]Figure 5.18 Heat map and dendrogram of macrophage membrane proteome
Hierarchical analysis of the macrophage membrane proteome: the figure shows the heat map and dendrogram generated from incorporation data.
Heat map showed differential proteomic profile of macrophage phenotypes and UPGMA method was able to determine clusters uniquely expressed in one of the phenotypes.
[bookmark: _Toc426552225][bookmark: _Toc426552436][bookmark: _Toc431286729]Discussion
Whilst the presence of distinct macrophage phenotypes has been confirmed in human atherosclerotic plaques [226, 228, 274, 362, 363], most of the described markers are not unique to the target phenotypes, therefore are unable to differentiate between more closely related phenotypes (e.g. MIL4 or MIL10). Another challenge with using overlapping markers is that it makes it difficult to distinguish the specific phenotypes, particularly with immune staining as the analysis method since it is only semi-quantitative and highly affected by technical issues (e.g. the staining is not uniform over all of the sample). Furthermore potential markers have not been widely characterized in all phenotypes resulting in a marker selection that may not distinguish between these. Therefore a comprehensive proteomics analysis was performed to identify unique single or signature markers for 5 target phenotypes, namely MIFNγ+LPS, MIL4, MIL10, MoxPAPC and MCXCL4.
Mass spectrometry based membrane proteome analysis was performed using Stable Isotope Labelling with Amino Acid in Cell Culture (SILAC) metabolic labelling technique. Following data processing and normalization 1441 proteins were identified. Further analysis was performed to assess the specific proteome profile for each phenotype. Clustering analysis showed that 50% of the proteins were expressed by all phenotypes. Based on the fold induction calculated in comparison with the respective internal control, intersections were determined and visualized as Venn diagrams. The number of uniquely upregulated proteins was 104 in MIFNγ+LPS, 136 in MIL4, 71 in MIL10, 91 in MoxPAPC and 118 in MCXCL4. To validate the proteomics data, 3 markers were selected for each phenotype, and immunofluorescence staining was performed on in vitro polarised macrophages. Fold induction was calculated from the determined integrated density values with respect to control then the results were compared to the proteomics data. IF staining validated only 3 out of 15 proteins, IFIT3 (MIFNγ+LPS), FAM26F (MIFNγ+LPS) and AP2B1 (MCXCL4) however only FAM26F was shown to be uniquely expressed by its target phenotype. FAM26F has been reported as an IFNγ responsive protein [364]; furthermore IFIT3 was shown to be a LPS and IFNγ inducible gene [199] which correspond to our data showing the highest expression in MIFNγ+LPS macrophages. To decipher the cause of poor validation, first the correlation of fold induction profiles of proteins measured on the same donor was calculated to determine if any donor specific effect biased the immunofluorescence results, e.g. FcR linked non-specific antibody binding.
Results showed no absolute correlation between proteins detected on the same donor suggesting that non-specific binding was not the underlying cause of the contradicting data. After reviewing the dataset and analysis method using respective internal controls to determine fold induction, it was revealed that due to random outlier measurement events of internal controls false negative and false positive fold induction levels were determined. This analysis method was based on the assumption that the internal controls show similar incorporation level in all samples therefore it thought to be a good control for potential batch effects or other technical related differences. The observed deviation of controls was a random event and did not link to donor, specific samples or proteins. 
To overcome this issue, a new analysis method, Kruskal-Wallis test was performed on the incorporation data. This median based comparison method proved to be more reliable for potential marker selection, which was represented through a comprehensive analysis of ARF5 expression and induction profiles. Results from Kruskal-Wallis test showed strong correlation of ARF5 expression with the immunofluorescence staining data. Heat map was generated and UPGMA hierarchical clustering was performed using incorporation data to identify unique marker signatures. Heat map showed uniquely expressed protein clusters in each phenotype confirming that the polarisation protocol leads to distinct proteome profile specific to phenotypes.  
In summary, the generated results using the new analysis method could provide a comprehensive database for potential phenotype specific marker discovery and in silico analyses e.g. function-related analysis. 
Once the new marker selection is validated, they could be used to confirm the presence of the target phenotypes in human normal coronary artery and atherosclerotic plaque sections. The localization and distribution of these phenotypes with the artery could also be characterized. The selected markers could also be used to investigate macrophage phenotypes in other tissues and diseases to prove the validity of in vitro polarised macrophage phenotypes as model system for functional assays. Furthermore the produced proteomic data might contribute to the better understanding of the origin of macrophages and dynamic proportional changes of residential and monocyte-derived macrophages in homeostasis and disease conditions by providing core markers for blood derived macrophages.


[bookmark: _Toc426552226][bookmark: _Toc426552437][bookmark: _Toc431286730]Monocyte subsets have differential response to TLR priming and subsequent ATP treatment

[bookmark: _Toc426552227][bookmark: _Toc426552438][bookmark: _Toc431286731]Introduction
Circulating monocytes promote lesion development by accumulating and replenishing / maintaining the pool of MDMs [40] and MDCs [43]. Furthermore, monocytes are also known to contribute to the atherosclerotic process by orchestrating the immune response and by initiating and maintaining inflammation through the release of cytokines, chemokines and inflammatory mediators. IL-1β is one of the pro-inflammatory cytokines that is produced early by activated monocytes and plays a crucial role in the recruitment and activation of immune cells. It is also a key driving factor of plaque microenvironment through inducing processes such as macrophage polarisation [365] or smooth muscle cell proliferation [366, 367].
IL-1β is a leaderless, non-conventionally secreted protein, predominantly produced by activated monocytes and macrophages. According to the two-step secretion model: the primary stimulus leads to an increased synthesis and accumulation of pro-IL-1β and inflammasome compartments, while the secondary stimulus is required for caspase-1 induced activation and secretion of mature IL-1β (Fig. 6.1). However, monocytes are able to release mature IL-1β in the absence of secondary stimuli. This was proposed to be a consequence of their endogenous ATP release induced constitutive caspase-1 activity [75, 163]. However, ATP-independent secretion has also been demonstrated in monocytes, in response to TLR4 and TLR 7/8 challenges [76]. The underlying mechanisms have not been entirely clarified yet but the TLR4 internalization-TRIF pathway [78], TRIF-caspase-8 [368] and cytoplasmic LPS [91, 369] induced non-canonical caspase-11 (caspase-4/5 in humans) driven caspase-1 activation was recently linked to ATP independent IL-1β release. Non-canonical IL-1β secretion is poorly investigated in response to viral challenges. However, the suspected signalling pathways linked to inflammasome independent caspase-1 activation have been shown to be induced following the activation of virus sensing TLR3, TLR7/8 or TLR9 [368, 370]. The contradictory studies about the involvement of endogenous ATP (e.g. Piccini et al. [163] and Ward et al. [76]) used differential monocyte isolation methods resulting in the enrichment of distinct monocyte populations. This suggests that monocyte subsets may produce and release IL-1β via specialised mechanisms.  
Monocyte heterogeneity is well known and according to the recent nomenclature [47], three subsets can be distinguished, namely classical (CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14dim/-CD16++) subsets. Characterisation of monocyte subsets has revealed several subset specific cell surface markers and sets of differentially expressed genes [51, 52, 54, 56, 58, 72]. However, there have been contradictory data on the production of cytokines, including IL-1β by monocyte subsets. Until now, IL-1β secretion and its underlying mechanisms are poorly investigated in monocyte subsets. 
Based on the recent knowledge it was hypothesized that monocyte subsets have differential IL-1β secretion in response to stimulation with TLR ligands and ATP. 
To address this question and investigate the subset specific immune response, TLR4 specific LPS (E. coli, 0111:B4 clone) or TLR 7/8 ligand CL075 were used to mimic Gram-negative bacterial or viral challenges, respectively.
Our aims were to (1) characterise the IL-1β production and release in the three monocyte subsets in response to TLR4 or TLR7/8 stimulation in the presence or absence of ATP and (2) reveal the underlying regulatory mechanisms of these responses.
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[bookmark: _Toc431163030][bookmark: _Toc431283353]Figure 6.1 Schematic diagram of a two-step IL-1β release sequence
TLR activation induced by PAMPs leads to an increased synthesis and accumulation of pro-IL-1β and pro-caspase-1 precursors. The secondary stimuli e.g. extracellular ATP induces an inflammasome activation cascade, resulting in the maturation and release of IL-1β. 


[bookmark: _Toc426552228][bookmark: _Toc426552439][bookmark: _Toc431286732]Results
[bookmark: _Toc426552229][bookmark: _Toc426552440][bookmark: _Toc431286733]IL-1β production by human monocytes and monocyte subsets
In order to resolve the conflict in the literature on IL-1β release by monocytes derived from adherence enrichment [163] and CD16- magnetic beads selection [76], ATP-dependency of IL-1β secretion was tested in magnetically selected total monocytes. Consistent with the literature, elevated IL-1β was detected without any secondary stimuli in both LPS and CL075 primed monocytes, which was significantly increased by the addition of BzATP. P2X7R blocking agent, A438079 was used to exclude the effect of endogenous ATP (Fig. 6.2). 




[bookmark: _Toc431163031][bookmark: _Toc431283354]Figure 6.2 IL-1β secretion by total monocytes in response to LPS and CL075
IL-1β release by monocytes stimulated with 1 ng/ml LPS for 24 h (A) or 1 μg/ml CL075 for 3 h (B) in the presence or absence A438079, followed by BzATP secondary stimulation. The data shows the mean and the standard error of the mean, n=3-4; *p< 0.05; **p<0.01; ***p<0.001; one-way ANOVA, Tukey’s multiple comparison test

To investigate the subset specific IL-1β release mechanism hypothesis and resolve the discrepancies about IL-1β secretion by monocyte subsets, the three subsets were separated by fluorescence-activated cell sorting (FACS), based on the relative CD14 and CD16 expression. The purity (as determined by post-sort runs) was consistently over 98% for each subset (Fig. 6.3). The subsets proportions corresponded to the literature, where the mean of percentage of sorted subsets based on 10 sorting were 82.9±6 % for classical, 6.5±2.4 % for intermediate and 8.3±4.5 % for non-classical subset.
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[bookmark: _Toc431163032][bookmark: _Toc431283355]Figure 6.3 Fluorescence-activated cell sorting of human monocyte subsets
Representative pseudo-colour density plots of (A) the three human monocyte subsets gated based on their relative expression of CD14 and CD16.  (B) Post-sort runs of subsets separated by FACS showed purity of over 98% for each subset.


P2X7R dependent and independent IL-1β release by the sorted monocyte subsets was investigated by ELISA after stimulation with LPS for 24 h or CL075 for 3 h in the presence or absence of A438079 (P2X7R antagonist) followed by BzATP treatment for 20 mins. Monocyte subsets responded differently to TLR priming and subsequent ATP treatment (Fig. 6.4). In response to LPS (Fig. 6.4 (A)) stimulation, classical and intermediate subsets had statistically significant P2X7R dependent and independent IL-1β release in comparison to their respective control, while non-classical subset released only elevated but not significantly increased level of IL-1β. CL075 stimulation (Fig. 6.4 (B)) resulted in statistically significant P2X7R dependent IL-1β release in each subset, while P2X7R independent IL-1β secretion was only significantly induced in the intermediate subset. Comparison between subsets revealed that the non-classical subset responded with the lowest P2X7R dependent IL-1β secretion, both to LPS (Fig. 6.4 (C)) and CL075 (Fig. 6.4 (D)) stimulation. In respect of ATP independent IL-1β release, in response to LPS treatment non-classical subsets showed significantly lower IL-1β. In contrast, upon CL075 stimulation, the highest independent release was observed in intermediate cells, followed by non-classical and then classical subset. 




[bookmark: _Toc431163033][bookmark: _Toc431283356]Figure 6.4 Differential IL1-β release by human monocyte subsets in response to LPS and CL075
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]IL-1β release by monocyte subsets stimulated with 1ng/ml LPS for 24 h (A, C) or 1 μg/ml CL075 for 3 h (B, D) in the presence or absence of A438079, followed by the presence or absence of secondary stimulation of BzATP. The effect of treatment within subsets is shown on graphs (A) and (B), the subset specific comparison is shown on graphs (C) and (D). CL: classical, INT: intermediate, NC: non-classical. The data shows the mean and the standard error of the mean; n=8, *p< 0.05; **p<0.01; ***p<0.001; ****p<0.0001; two-way ANOVA with Tukey’s multiple comparison test.

As well as using a P2X7R antagonist, it was also investigated whether LPS and CL075 induced IL-1β release was linked to extracellular ATP production. ATP levels were determined in the collected supernatants. This was generally under 200 pM and the ATP release was not affected by the treatment (Fig. 6.5). These data further demonstrate that TLR induced IL-1β secretion can occur via an ATP-independent mechanism.




[bookmark: _Toc431163034][bookmark: _Toc431283357]Figure 6.5 ATP release from monocyte subsets upon LPS and CL075 treatments
ATP release by monocytes stimulated with 1 ng/ml LPS for 24 h (A) or 1 μg/ml CL075 for 3 h (B) in the presence or absence A438079. The data shows the mean and the standard error of the mean, n=3; CL: classical, INT: intermediate, NC: non-classical.  n.s., not significant, one-way ANOVA, Tukey’s multiple comparison test.
[bookmark: _Toc426552230][bookmark: _Toc426552441][bookmark: _Toc431286734]
Responsiveness of non-classical subset to LPS and CL075 stimulation 
The abundance of receptors and their regulatory proteins that sense LPS or CL075 will determine the responsiveness of the stimulated cell. LPS signals via the CD14/TLR4/MD2 receptor complex, where its accessibility is highly affected by the expression level of CD14. CD14 is one of the differentiating markers between subsets [371], based on the gradual decrease in expression from classical/intermediate to non-classical. Surface CD14 and TLR4 expression was measured by flow cytometry. The non-classical subset had a significantly lower CD14 expression compared to the intermediate and classical ones, while TLR4 expression was nearly equal between subsets (Fig. 6.6 (A-B)). Based on the lower CD14 expression in the non-classical subset, a reduced LPS induction would be expected. Surprisingly, this subset showed a fast response and induced the highest IL-1β mRNA expression upon LPS stimulation at 2 h. While induction in the classical and intermediate subsets was delayed, both had exceeded non-classical production at 24 h (Fig. 6.6 (E)). 
CL075 stimulates TLR7 and TLR8 endosomal receptors. Based on the microarray analysis of the three subsets performed previously by a previous lab member in Singapore [52], TLR7 and TLR8 have similar mRNA expression levels in each subsets. (Fig. 6.6 (C-D) The protein expression of TLR7 and TLR8 were not presented because antibodies against these 2 TLRs, widely tested in our Institute, were found to be highly non-specific. Recently, a study was published showing similar TLR8 protein expression level in subsets [372] in agreement with the detected mRNA levels.
Furthermore, the characterization of other pro-inflammatory cytokines, namely IL-6, IL-8 and TNF-α, showed that non-classical cells are able to respond with higher cytokine production as compared to the other two subsets (Fig. 6.7). TNF-α secretion was significantly higher in the non-classical subset compared to classical and intermediate subsets in response to both LPS and CL075. IL-6 and IL-8 secretion was significantly lower in the non-classical subset showing a similar pattern observed with IL-1β.
These results demonstrate that non-classical subsets are activated in our in vitro system and the differential IL-1β production is not due to poor signal transduction or lower receptor availability. 






[bookmark: _Toc431163035][bookmark: _Toc431283358]Figure 6.6 Expression of LPS and CL075 sensing receptors
[bookmark: OLE_LINK8]Cell surface expression of CD14 (A) and TLR4 (B) was measured by flow cytometry.  The normalized intensity values from microarray data are shown for TLR8 (C) and TLR7 (D). Representative line graph showing the time kinetics of LPS induced IL-1β mRNA level in monocyte subsets (E). The data shows the mean and the standard error of the mean; n=2-4, CL: classical, INT: intermediate, NC: non-classical. n.s not significant.;**p<0.01; one-way ANOVA with Tukey’s multiple comparison test. 





[bookmark: _Toc431163036][bookmark: _Toc431283359]Figure 6.7 Pro-inflammatory cytokines secretion by monocyte subsets
[bookmark: OLE_LINK12]LPS (1 ng/ml, 24 h) and CL075 (1 μg/ml, 3 h) induced TNF-α (A), IL-6 (B) and IL-8 (C) secretion by monocyte subsets. The data shows the mean and the standard error of the mean; n=3-4, CL: classical, INT: intermediate, NC: non-classical. n.s. not significant.; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; two-way ANOVA with Tukey’s multiple comparison test. 

[bookmark: OLE_LINK5]
IL-1β production and release are tightly regulated, multi-level processes involving diverse mechanisms and modulating factors. To elucidate the underlying causes of the observed subset specific IL-1β secretion with respect to the canonical pathway, we investigated the following potential target molecules and mechanisms: 
· Cell surface expression and activity of P2X7R (6.2.3)
· Caspase-1 activity (6.2.4)
· Total IL-1β production (6.2.5)
· IL-1β transcription (6.2.6)
· mRNA degradation rate (6.2.7)
[bookmark: _Toc426552231][bookmark: _Toc426552442][bookmark: _Toc431286735]P2X7R cell surface expression and activity on monocyte subsets
Elevated levels of extracellular ATP act as a highly potent endogenous mediator of cell stress and damage leading to inflammatory processes. The P2X7R is selectively activated by ATP; leading to maturation and release of IL-1β via the activation of inflammasome complex and membrane dynamics (e.g. microvesicle shedding or exocytosis). As the IL-1β release is tightly regulated by the P2X7R, we characterised its cell surface expression and activity on monocyte subsets by flow cytometry (Fig. 6.8). Cell surface expression of P2X7R was significantly lower in the non-classical subset compared to the classical, while the intermediate subset showed a midway expression (Fig. 6.8 (A)). The total YOPRO uptake, as a function of P2X7 activity (Fig. 6.8 (B)), correlated well with the receptor expression levels as significantly reduced dye uptake was observed in the non-classical subset. However, after normalising the BzATP induction to the baseline uptake, no significant difference was observed between the three subsets (Fig. 6.8 (C)). Blocking of P2X7R attenuated the baseline uptake and significantly decreased BzATP induced YOPRO uptake (Figs. 6.8 (D-E)), however this did not reduce the level to baseline. In the presence of A438079, the dye uptake was reduced to 7.6 ± 2.4% in classical, 7.7 ± 2.27% in intermediate and 7.2 ± 2.6 % in non-classical subset, meaning that approximately 92% of BzATP induced dye uptake was blocked with the addition of A438079 confirming that YoPro uptake was specific to P2X7R activation.





[bookmark: _Toc431163037][bookmark: _Toc431283360]Figure 6.8 Cell surface expression and activity of P2X7R on monocyte subsets
The cell surface expression of P2X7R (A) and the YOPRO dye uptake (B-E) were measured by flow cytometry. Fold change of BzATP induced YOPRO uptake (C) was determined by normalizing the BzATP induced YOPRO uptake (B) to the subset specific baseline uptake.
[bookmark: OLE_LINK11][bookmark: OLE_LINK6][bookmark: OLE_LINK7]A438079 was used to determine the P2X7R specific baseline (D) and BzATP induced YOPRO uptake (E). The data shows the mean and the standard error of the mean; n=5-7, CL: classical, INT: intermediate, NC: non-classical. n.s., not significant; *p< 0.05; **p<0.01; ***p<0.001; one-way ANOVA with Tukey’s multiple comparison test (A-C) and two-way ANOVA with Sidak’s multiple comparison test (D, E)


[bookmark: _Toc426552232][bookmark: _Toc426552443][bookmark: _Toc431286736]Characterisation of caspase-1 activity in monocyte subsets.
IL-1β maturation is a caspase-1 dependent process.  Constitutive caspase-1 activity has been previously described in freshly isolated monocytes [75, 130], therefore, it was important to investigate whether the subsets exhibit different caspase-1 activities at baseline.
Caspase-1 activity was determined by measuring the active forms of caspase-1 (p20 and p10 subunits) using Western blotting and flow cytometry (Fig. 6.9). A similar level of active caspase-1 (p20 subunit) was detected in freshly sorted subsets. The quantified data showed a slightly higher p10 expression in the non-classical subset but overall, no significant difference between the three subsets was seen (Fig. 6.9 (A)). Intracellular staining of caspase-1 p10 subunit was performed in total monocytes. Subsets were identified based on their CD14 and CD16 expression, then the expression of caspase-1 p10 subunit was determined for each gated subset. Based on flow cytometry data, no significant differences in p10 subunit levels were detected between the subsets, supporting the data obtained by Western blotting (Fig. 6.9 (D)). 
To characterise whether subset specific caspase-1 activation was dependent upon stimulus, the effect of LPS and CL075 treatments on caspase-1 activity was tested by Western blot (Fig. 6.9 (C)). The effect of nigericin, a potassium efflux inflammasome-activating toxin, on caspase-1 activation was determined using flow cytometry (Fig. 6.9 (D)). The induction of caspase-1 activity was also similar between subsets, in both data sets. Neither LPS nor CL075 treatment induced differential caspase-1 activation in the subsets and the kinetics of nigericin induction was also similar in each subset.



[bookmark: _Toc431163038][bookmark: _Toc431283361]Figure 6.9 Caspase-1 activity in monocyte subsets
The baseline activity of caspase-1 in the monocyte subsets was measured by Western blot (A) and flow cytometry (B). LPS and CL075 induced pro-caspase-1 cleavage was measured by Western blot (caspase-1, p20) (C). The induction of caspase-1 activity by nigericin over time was determined by flow cytometry for each subset (D). The data shows the mean and the standard error of the mean; n=2-7, CL: classical, INT: intermediate, NC: non-classical. No significance was observed. One-way ANOVA (A-C) and two-way ANOVA (D) with Tukey’s multiple comparison test.


The P2X7R and caspase-1 activities result suggest that the subset specific IL-1β secretion is a consequence of differential regulation of pro-IL-1β synthesis. Therefore, the total pro-IL-1β production was investigated in the three monocyte subsets, both at the transcript and protein levels.
[bookmark: _Toc426552233][bookmark: _Toc426552444][bookmark: _Toc431286737]Total pro-IL-1β production
Pro-IL-1β production can be induced by different microbial agents or molecules acting on PRRs and related signalling pathways. Upon primary stimulation, the cells will accumulate the precursor pro-IL-1β transcript in the cytoplasm [373].
ELISA was performed on cell lysates following LPS or CL075 priming. Our results showed that the non-classical subset has a lower pro-IL-1β production as compared to the other two subsets. Pro-IL-1β was undetectable in non-stimulated cells (data not shown).




[bookmark: _Toc431163039][bookmark: _Toc431283362]Figure 6.10 Total pro-IL-1β production of monocyte subsets upon TLRs stimulation
Pro-IL-1β production in monocytes subsets stimulated with 1 ng/ml LPS for 24 h (A) or 1 μg/ml CL075 (B) for 3 h. The data shows the mean and the standard error of the mean; n=3, CL: classical, INT: intermediate, NC: non-classical.*p< 0.05; **p<0.01; one-way ANOVA with Tukey’s multiple comparison test



In addition, Western blotting was used to determine the relative proportion of pro- and mature – IL-1β based on the molecular weight products for both cell lysates and secreted fraction from supernatant (Fig. 6.11).  Overall, the data are corresponding to qPCR and ELISA results and the molecular weight separation resulted in further observations. Beside the precursor form of ~31 kDa (p31), we also consistently detect 2 unconventional forms of IL-1β around 25 kDa (p25) and 20 kDa (p20) in monocyte cell lysates. Interestingly, these unconventional forms were differentially expressed in the different monocyte subsets and correlated with relative levels of the pro- and mature- IL1β forms observed in the subsets. The non-classical subset produced a lower, hardly detectable level of these forms following stimulation. 
Western blot data showed that in response to LPS (Fig. 6.11 (A)) and CL075 (Fig. 6.11 (E)), the classical and intermediate subsets produced more pro-IL-1β, leading to a higher mature IL-1β release upon BzATP stimulation compared to the non-classical subset. But following densitometric analysis and normalization to the loading control the precursor 31kDa form showed similar levels between the subsets (Fig. 6.11 (B, F)). Overall the combined analysis of the 31 kDa and 25 kDa forms correlate with the ELISA results obtained, indicating that there is a significantly lower level of pro-IL-1β in the non-classical subset (Fig. 6.11(C, G)).  







[bookmark: _Toc431163040][bookmark: _Toc431283363]Figure 6.11 Western blot analysis of total IL-1β production in monocyte subsets
[bookmark: OLE_LINK13]Representative Western blot data of LPS (A) and CL075 (E) induced pro-IL-1β production in the presence of absence of BzATP. Quantification was performed for 31 kDa (p31) (B, F); 31 kDa and 25 kDa (p25) (C, G) and mature 17 kDa (p17) (D, H) forms. The densitometric data shows the mean and the standard error of the mean. Relative density was calculated to non-classical subset.  n=2-3, CL: classical, INT: intermediate, NC: non-classical.*p< 0.05; **p<0.01; one-way ANOVA with Tukey’s multiple comparison test


[bookmark: _Toc426552234][bookmark: _Toc426552445][bookmark: _Toc431286738]Monocyte subsets express distinct IL1B mRNA at baseline and upon activation
Microarray studies using two [56, 58] and three [52] subsets have shown that the CD16+/non-classical subset produces less IL1B transcript suggesting that IL1B is differentially expressed between monocyte subsets. To further address this, real-time qPCR was performed on the three subsets stimulated with either 10 ng/ml LPS or 1 μg/ml CL075 for 2 h (Fig. 6.12). In untreated cells, the baseline IL1B mRNA levels were significantly different between subsets with the highest transcript levels in the classical followed by intermediate then non-classical monocytes (Fig. 6.12 (A)). The incubation time was selected according to the time course performed using total monocytes showing that both LPS and CL075 significantly induced IL1B transcription within 2 h (Fig. 6.12 (B)). To reduce donor variability, the change in relative expression was normalised to the classical subset in each donor, respectively (Fig. 6.12 (C, E)). Despite the high induction (Fig. 6.12 (D, F)) the non-classical subset showed significantly lower levels of IL1B transcript upon TLR activation (Fig. 6.12 (C, E)). Following the 2 h stimulation, the highest gene expression was detected in the classical subset. Despite the high IL-1β secretion observed in the intermediate subset (Fig. 6.4 (C, D)) significantly less IL1B transcript was observed; this may be explained in part by its slower induction time as described in section 6.2.2 (Fig. 6.6 (E)). Furthermore, the intermediate subset showed the lowest inducibility.
Based on these results we proposed that posttranscriptional regulatory mechanisms may further underlie the differences in transcript and protein expression profiles between the monocyte subsets. Therefore, mRNA decay was subsequently tested in LPS and CL075 stimulated cells. 



[bookmark: _Toc431163041][bookmark: _Toc431283364]Figure 6.12 LPS and CL075 induced IL1B transcription
Gene expression of IL1B in monocyte subsets at baseline (A), and upon stimulation with 10  ng/ml LPS (C, D) or 1 μg/ml CL075 (E, F) for 2 h. Baseline IL1B expression was determined relative to housekeeping control HPRT (A). Time kinetics of LPS and CL075 stimulation on total monocytes (B), gene expression was normalised to unstimulated cells (UN). Fold change was calculated in relation to classical subset (C, E).  Fold induction was determined in comparison to 2 h untreated controls for each subset (D, F). The data shows the mean and the standard error of the mean; n=3, CL: classical, INT: intermediate, NC: non-classical. n.s., not significant; *p< 0.05; **p<0.01; ***p<0.001;****p<0.0001; one-way ANOVA with Tukey’s multiple comparison test.


[bookmark: _Toc426552235][bookmark: _Toc426552446][bookmark: _Toc431286739]Differential IL1B mRNA degradation rates in monocyte subsets 
mRNA degradation is a posttranscriptional regulatory mechanism for cells to control transcripts copy number and protein level as a consequence. To determine the half-life of IL1B mRNA in subsets following 2 h of stimulation with either 10 ng/ml LPS or 1μg/ml CL075, generation of new transcripts was inhibited by the addition of actinomycin D and mRNA levels were measured in samples collected at 1, 2, 3 and 4 h thereafter. Non-linear regression one phase decay analysis was used to calculate the half-life of IL1B mRNA in monocyte subsets. (Fig. 6.13). Upon LPS stimulation the IL1B mRNA exhibited a half-life (t½) of 4.3 h, 2.6 h and 2 h in classical, intermediate and non-classical subsets, respectively, resulting in a 2.15-fold more stable transcript in classical and 1.3-fold in intermediate cells compared to non-classical (Fig. 6.13 (A)). Following CL075 stimulation IL1B mRNA stability was 3.75-fold and 1.4-fold higher in classical and intermediate subsets respectively. The half-life of CL075 induced IL1B mRNA was 10.5, 3.9 and 2.8 in classical, intermediate and non-classical subsets (Fig. 6.13 (B)). IL-1β transcript was degrading in a significantly faster rate in non-classical subset as compared to classical and intermediate subsets. At 4 h, non-classical monocytes showed significantly lower percentage of remaining IL1B mRNA following both LPS (Fig. 6.13 (C)) and CL075 (Fig. 6.13 (D)) stimulation. 


[bookmark: _Toc431163042][bookmark: _Toc431283365]Figure 6.13 IL1B mRNA decay in monocyte subsets
Subsets were stimulated with 10 ng/ml LPS and 1 μg/ml CL075 for 2 h followed by the addition of 10 μg/ml actinomycin D to stop de novo transcription. mRNA levels were determined by qPCR in samples collected at 1, 2, 3 and 4 h thereafter. Half-life (t1/2) of mRNA was calculated in Prism using non-linear regression, one phase decay analysis. (A) and (B) show the remaining IL1B mRNA ratio compared to starting IL1B mRNA (t0) at the respective collection times. (C) and (D) show that percentage of remaining IL1B mRNA at 4 h. The data shows the mean and the standard error of the mean; n=3, *p< 0.05; **p<0.01; one-way ANOVA with Tukey’s multiple comparison test.


[bookmark: _Toc426552236][bookmark: _Toc426552447][bookmark: _Toc431286740]Discussion

IL-1β production from monocytes and macrophages is critical to initiate and maintain inflammatory responses both in acute and chronic inflammation. The maturation and release of IL-1β has been extensively investigated over decades and it was established that IL-1β secretion from monocytes and macrophages is substantially different. It was previously described that monocytes are able to release IL-1β in response to TLR ligands alone while macrophages require a secondary stimulation [75]. Furthermore, it was also shown that the TLR induced IL-1β release in monocytes is an ATP independent process [76]. Results from this project using primary human monocytes were consistent with these studies showing that LPS or CL075 induced ATP/P2X7R independent IL-1β secretion, which was rapidly increased by the addition of ATP. Unlike what was previously reported [163], the level of extracellular ATP measured from the supernatant of TLR ligand stimulated cells was found to be below the physiological limit for P2X7R activation [374, 375]. Furthermore, the addition of the P2X7R blocking agent did not alter the amount of TLR ligands induced IL-1β secretion, proving that our model system does not affect endogenous ATP release mechanisms.
Monocyte heterogeneity has been recognised decades ago [371] and the recent nomenclature divides them into 3 subsets, classical, intermediate and non-classical. Several publications [51, 52, 67, 376] provide data about IL-1β production in monocyte subsets but these are conflicting, potentially due to differences in gating strategies and instrument settings during subset sorting. The usage of differential stimulating factors (e.g. LPS from differential species or strains etc.) may have also contributed to these discrepancies. The data of LPS induced IL-1β production in monocyte subsets reported by Shantsila et al. [51], and more recently by Sharma et al. [376], are similar to the findings in this project; however these other studies measured only intracellular cytokine production without any focus on IL-1β secretion. In the presented experimental model, the classical and intermediate subset showed significantly higher IL-1β secretion upon ATP stimulation, compared to the non-classical subset. In response to LPS, the non-classical subset released a significantly lower level of mature IL-1β, in both an ATP dependent and independent manner. CL075 stimulation induced a slightly higher ATP independent IL-1β release in the intermediate subset, and a similar level in the classical and non-classical monocytes. The dissimilarity between LPS and CL075 induced ATP independent IL-1β release may be the result of the differential signal transduction signalling pathway activation in monocyte subsets by viruses and nucleic acids [67]. Cros et al. [67] showed higher IL-1β secretion by CD14dim monocytes due to a potential differences in downstream signalling mechanisms. Upon TLR7/8 stimulation rapid p38 phosphorylation was observed in CD14+ monocytes while in contrast CD14dim subset showed a specific MEK1/JNK activation but not p38 phosphorylation [67]. These differences might contribute to distinct ATP independent caspase-1 activation and consequent IL-1β secretion via non-canonical activation pathways as showed by some studies demonstrating the involvement of TRIF signalling pathway and downstream caspase-4/5 (caspase-11 in mice) or caspase-8 activation resulting in enhanced IL-1β processing [78, 377]. A comprehensive investigation of these pathways in monocyte subsets would be essential for further clarification. In addition, the kinetic differences showed by monocyte subsets upon stimulation (6.2.2 Fig. 6.6 (E) (p. 127)) suggest that experimental setup (e.g. stimulation length, dose) might contribute to the observed differences.  
The three monocyte subsets are differentiated based on their CD14 and CD16 expression profile [371]. CD14 molecule, whose expression is gradually decreased from classical through intermediate to the non-classical subset, is one of the components of the LPS sensing receptor complex (CD14/TLR4/MD2). The cell surface expression of TLR4 was similar between subsets. In spite of the significantly lower CD14 expression and IL1B mRNA production in the non-classical subset, after 2 h LPS stimulation the highest IL1B mRNA induction was detected in this subset. Classical and intermediate cells showed a moderate induction of gene expression at 2 h but with time both subsets exceeded the non-classical induction. The delayed IL1B mRNA induction upon stimulation, observed in classical and intermediate subsets compared to non-classical, may be the result of LPS internalization leading to TRIF activation. More recent publications demonstrate that CD14 is required for LPS induced TLR4 internalization [378], and that the disruption of TLR4 endocytosis and trafficking results in increased LPS-induced pro-inflammatory cytokine production in THP-1 and human primary macrophages [379]. Furthermore, recent knock-out mouse studies described a divergent role of MyD88 and TRIF pathways in inflammatory responses, suggesting an inhibitory role of TRIF on TLR mediated cell activation [380, 381].   
It was interesting to note that the non-classical monocytes responded poorest to CL075 despite all three monocyte subsets having similar gene expression of TLR7 and TLR8. Recently similar TLR8 expression was detected in monocyte subsets by flow cytometry [372]. Although two other pro-inflammatory cytokines, IL-6 and IL-8 exhibited similar secretion profile as IL-1β between the monocyte subsets, it is not because the NC has a poorer response to TLR agonists. This subset, in fact, secretes a significantly higher amount of TNF-α among the three subsets. All these results prove that non-classical subsets are also activated and highly responsive in our experimental system. 
The production of IL-1β is a tightly regulated process at the level of transcription through to secretion. This section has focused on characterisation of the components of the canonical NLRP3 inflammasome induced IL-1β cleavage and release. The ATP induced inflammasome assembly, subsequent caspase-1 activation and caspase-1 mediated IL-1β maturation and release are highly dependent on the ATP selective cation channel, P2X7R. The cell surface expression of P2X7R was significantly different between classical and non-classical subsets, showing a decreasing trend from classical to non-classical, with a medium level in intermediate cells. P2X7R activity correlated to the expression level as significantly reduced YOPRO dye uptake was observed in the non-classical subset. However, the normalised induction rate of BzATP mediated dye uptake was similar in all three subsets suggesting that the downstream effects of inflammasome activation and caspase-1 cleavage may also be similar. The addition of P2X7R blocking agent could lower the baseline YOPRO dye uptake in each subset but significant decrease was only observed in classical monocytes. Upon ATP stimulation in the presence of A438079 approximately 92% of dye uptake was blocked in each subset confirming that ATP induced downstream mechanisms are predominantly P2X7R dependent. 
As previously reported [75, 130], monocytes exhibit constitutive caspase-1 activity. Similarly, in this study using freshly isolated and sorted monocytes, levels of the active caspase-1 forms (p20 and p10) were not different at baseline in each subset. The TLR ligand-induced caspase-1 activation was also similar across the subsets. The similar activation of caspase-1 between the three subsets was further substantiated by the treatment with nigericin, strongly suggesting that the differential subset specific IL-1β production is not a consequence of differential inflammasome activation.
Having ruled out inflammasome and caspase-1 activity in the differential IL-1β secretion levels in the different subsets, the total pro-IL-1β production following LPS and CL075 stimulations was investigated. Based on ELISA data, pro-IL-1β levels were the lowest in non-classical subset and significantly different to classical monocytes in response to each of the TLR ligands. While the pro-IL-1β levels, as assessed using Western blotting were also lower in the non-classical monocytes than in the classical subset, the difference were marginal. In addition to the conventional cleaved IL-1β (17 kDa) there were also two unconventional forms of size around 25 kDa and 20 kDa detected in the cell lysates. Cleavage sites and cleavage products of pro-IL-1β are poorly characterised and documented in the literature. Until now only the 20 kDa (p20) form has been studied in macrophages [382-384] and microglial cells [385-387]. According to Takenouchi et al. [385], p20 IL-1β form is generated extracellularly from leaked pro-IL-1β via cathepsin D cleavage under acidic conditions. It is believed that the p20 form competes with mature IL-1β for receptor binding to attenuate IL-1β signalling and reduce the adverse effects of inflammation. In a more recent publication, Edye et al. [387], confirmed the findings of Takenouchi et al [385], showing the release of p20 from LPS primed THP-1 and mouse mixed glial cells at acidic pH (pH 6.2). Both studies proved the involvement of cathepsin D by blocking the production of p20 with the cathepsin D inhibitor pepstatin A. In contrast with their data this study has never detected p20 in the supernatant but only in the lysate, which may be due to the physiological pH environment, of which pepstatin A treatment only resulted in a slight reduction in LPS stimulated cells (data is not shown). However, upon BzATP treatment, both p25 and p20 were highly decreased or entirely diminished.  Edye et al. [387] showed that approximately 25 kDa bands were also detected independently from pH and cathepsin D blocking but this p25 form was not investigated.  The p25 theoretically could be a cross reaction with IL-1Ra, which is approximately 25 kDa and has 26% sequence homologous to IL-1β. However, the IL-1β antibody (R&D, MAB201 clone 8516) does not cross-react with human IL-1Ra. Interestingly, both p25 and p20 forms showed differential expression levels in monocyte subsets with a corresponding trend to IL-1β production. Therefore in my view it would be worthwhile to investigate further these forms in human monocytes and monocyte subsets in the future. 
 The microarray study performed on the three monocyte subset in Singapore [52] showed differential IL1B gene expression in subsets at baseline. Upon LPS or CL075 treatment, transcript levels of IL1B determined by qPCR showed significantly lower relative expression in intermediate and non-classical subsets compared to in the classical subset. The intermediate subset showed significantly higher IL1B gene expression compared to the non-classical cells only following CL075 stimulation. Furthermore, intermediate cells were induced the least at 2 h although, the difference to the other two subsets was not significant. These results suggest a potential delayed kinetics of IL1B induction in the intermediate subset (6.2.2 Fig. 6.6 (E) (p. 127)). The significantly different baseline levels of IL1B mRNA in unstimulated monocyte subsets led to the investigation of mRNA decay. Post-transcriptional modification is important in the regulation of gene expression and one of the major regulatory mechanisms is in mRNA turnover. Modulating mRNA stability is a rapid and efficient way of controlling of gene expression and it has been reported as an important regulator of cytokine expression (e.g. IL6, IL8, TNFA or IL1B) in immune cells [388]. It appears that the differential expression of IL1B between the subsets that could be seen even in unstimulated cells was also regulated through post-transcriptional alteration of mRNA stability. The degradation rate of IL1B mRNA was characterised in monocyte subsets following LPS and CL075 stimulation. The highest mRNA stability was observed in the classical subset followed by the intermediate and non-classical monocytes. The half-life of IL1B mRNA was significantly lower in the non-classical subset and this faster degradation rate resulted in significantly lower remaining IL1B mRNA, at 4 h following the inhibition of de novo transcription. The IL1B mRNA half-life was only slightly longer in the intermediate subset compared to the non-classical, which may result in the delayed accumulation of IL1B transcripts as observed in this subset.   
In conclusion this chapter covers the characterization of IL-1β production by monocyte subsets and the analysis of the underlying mechanisms. It was described that LPS and CL075 stimulated classical and intermediate subsets are able to produce and secrete significantly more IL-1β compared to the non-classical both in the ATP-dependent and ATP-independent settings. These subset specific differences were already detected at the transcriptional level. Monocyte subsets showed differential IL1B mRNA levels at baseline; these differences were further increased by stimulation, showing higher transcript levels in the classical and intermediate subsets. Investigation of the mRNA degradation rate showed that the half-life of IL1B mRNA is significantly shorter in the non-classical subset, resulting in a lower level of transcript accumulation following LPS or CL075 stimulation. The differential mRNA stability in the different subsets was identified as the main cause of their varying IL-1β production. Based on these results, the final conclusion is that the mRNA degradation is one of the main regulatory mechanisms of IL-1β and potentially other cytokine production in monocyte subsets.
The novelty of this study is the comprehensive comparison of IL-1β secretion by monocyte subsets in model systems mimicking either gram negative bacterial or viral challenges. The findings that mRNA stability is the main mechanism for the differential production of IL1B by the monocyte subsets have not been described before. 
[bookmark: _Toc330827249][bookmark: _Toc426552237][bookmark: _Toc426552448][bookmark: _Toc431286741]
Alternatively differentiated THP-1 cells are able to mimic P2X7R dependent and independent IL-1β release mechanisms

0. [bookmark: _Toc426552238][bookmark: _Toc426552449][bookmark: _Toc431286742]Introduction
Working with human primary monocytes and monocyte-derived macrophages is challenging due to several technical or ethical factors. Working with primary monocytes is highly dependent on volunteer blood donations while for primary macrophage isolation more invasive procedures (e.g. tissue biopsies) are required. The bottleneck in primary cell research is the limited number of cells available for experiments. Furthermore viability, life span, capacity for manipulation, donor variability, generally high heterogeneity within cell population and rapid change in morphology, differentiation state and function after culturing often present major limitations. Therefore established cell lines are frequently used in studies measuring function and regulatory signalling mechanisms of monocytes/macrophages as an alternative solution. Advantages of using immortalized cell lines are that they are fast growing, have an indefinite proliferation capacity, high homogeneity, high transfection efficiency and reproducibility. Cell lines are better characterized and therefore are able to provide more controllable and predictable models for mechanistic studies. Despite these advantages it is important to be aware that cell lines do not completely reflect the function of primary cells. The main limitations of cell lines are that generally they present a more premature phenotype and it is hard to mimic tissue specific effects and environment.[389]
The main aim of this project was to establish a differentiation model system on a monocytic cell line to simulate ATP dependent and independent IL-1β release mechanisms of primary monocytes and macrophages [76] in response to TLR ligands for downstream analysis of putative regulatory signalling molecules and validation studies. One of the major targets would be on pathways involved in the ATP dependent and independent release mechanisms.
Several cell lines (e.g. THP-1, U937, ML-2, HL-60 and Mono Mac 6) have been used for modelling monocytes/macrophages in research. THP-1, an acute monocytic leukaemia cell line [390], is one of the most widely used human monocytic cell lines in functional analyses and characterization of immune mechanisms. It has been shown that LPS stimulation induces gene expression in THP-1 cells similar to primary macrophages [391] furthermore the level and kinetics of LPS induced IL-1β secretion of THP-1 cells was strongly corresponds to that of primary monocytes [392, 393]. These data support a rationale for the use of this THP-1 cell line as a model to investigate the underlying mechanisms of IL-1β production and release. Promonocytic THP-1 cells can be differentiated into monocyte-like cells by 1α25-dihydroxyvitamin D3 (VD3) or macrophage-like cells by phrobol-12-myristate-13-acetate (PMA) [394]. A comprehensive characterization and comparison of VD3 or PMA differentiated THP-1 cells with primary human monocytes and monocyte-derived macrophages were published by Daigneault et al. [395]. This study proposed a new PMA differentiation protocol to model monocyte derived or tissue macrophages. Morphological and functional analyses showed that VD3 treatment resulted in a more monocytic type differentiation profile while PMA differentiated THP-1 cells more closely resembled a primary MDM phenotype.
I hypothesized that the differentiation protocol described in Daigneault et al. [395] provides a suitable model for simulating the monocyte and macrophage specific IL-1β production.
Furthermore to test the strength of the model tribbles proteins were selected as target molecules for further analysis. The family of tribbles consists of three proteins: trb1, trb2 and trb3. These are evolutionally highly conserved pseudokinase proteins. Tribbles have already been linked to leukemogenesis, autoimmune disorders, osteoarthritis, insulin resistance and type-2 diabetes and diabetic cardiomyopathy [396]. Their involvement in atherosclerosis is also supported by several studies. Trb1 was shown to control the proliferation and chemotaxis of vascular smooth muscle cell [397], and it was demonstrated that trb2 regulates the activation of monocytes in response to LPS [398]. Furthermore over-expression of trb2 was reported in macrophages from unstable parts of plaques [399]. They were shown to interact with several transcription factors, including the two signalling molecules involved in IL-1β production, namely MAPKs [400] and NF-kB [401, 402]. Tribbles proteins are regulators of signalling pathways and according to the hypothesis the IL-1β production may be disturbed by tribbles through the suppression or inhibition of MAPKs and NF-kB signalling. This idea is partly built upon a previous study which showed that trb-2 is an important negative regulator of IL-8 production of monocytes in response to LPS through its interaction with MKK7 and MEK1 [398].
Therefore it was hypothesised that knock-down of tribbles proteins results in increased IL-1β secretion in both VD3 and PMA differentiated THP-1cells. 


[bookmark: _Toc426552239][bookmark: _Toc426552450][bookmark: _Toc431286743]Results
To simulate monocyte and macrophage type IL-1β release, a model system for alternative differentiation was set up in THP-1 cells. The differentiation methods described in Daigneault et al. [395] served as the basis for the treatment conditions that were tested. Based on the paper of Park et al. [403] using PMA differentiation, the final concentration of 200 nM was altered to 8 nM to reduce the high baseline IL-1β secretion and increase consistency. The starting and the optimised differentiation conditions are summarized in Fig. 7.1.
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[bookmark: _Toc431163043][bookmark: _Toc431283366]Figure 7.1 Differentiation conditions
[bookmark: _Toc330336030](A) Differentiation protocol described in Daigneault et al. (B) Optimized differentiation conditions based on Park et al. [403].


In THP-1 cells, the P2X7R dependent and independent IL-1β secretion responses were tested using CL075 for 3 h and LPS for 3 h or 24 h in the presence or absence of a P2X7R antagonist, followed by secondary ATP stimulation (Fig. 7.2). Results for PMA treated THP-1 cells are only shown where LPS priming was used at 3 h, as the 24 h LPS stimulation responses directly reflected those of the 3 h treatment (Fig. 7.3).
Using a final concentration of 200 nM for PMA resulted in excessive cell loss, a relatively high baseline but overall low IL-1β secretion and inconsistent results (Fig. 7.2.). During optimisation of the cell treatments, in addition to varying the stimulus concentration, the resting period was also reduced as cells tended to lose their degree of differentiation and showed reversion to a more monocyte-like IL-1β release pattern over a 3 days resting period (data not shown). Comparing 8 nM PMA treatment with the condition using 200 nM a significantly lower cell loss was observed (Fig. 7.4), furthermore the IL-1β secretion pattern showed only P2X7R dependent release without notable baseline secretion (Fig. 7.5).
The VD3 treatment was extended by 1 day because cells showed P2X7R independent release in response to VD3 only after 4 days. VD3 differentiated THP-1 cells showed statistically significant P2X7R independent IL-1β release, which is feature of monocytic response, in response to both TLR ligands (Fig. 7.5).
Next the robustness of the THP-1 model was tested by performing siRNA transfection to silence TRIB1 expression and to investigate its effect on IL-1β secretion. Transfection was performed 24 h before the stimulation with TLR ligands LPS and CL075. Control siRNA was used to determine the non-specific effect of transfection. Transfected cells showed altered IL-1β secretion profile without any difference between control and target sequence silencing. PMA differentiated cells lost the macrophage-like ATP dependency of IL-1β release and both VD3 and PMA treated cells showed no increase upon additional BzATP (Fig. 7.6).
In summary the optimised PMA differentiation condition resulted a macrophage-like IL-1β secretion pattern showing only P2X7R dependent release, while VD3 differentiated THP-1 cells were able to mimic monocyte-specific secretion characteristics with significant P2X7R dependent and independent release. The aim was to use this model for silencing or overexpression studies but following transfection the profile of IL-1β secretion was highly altered and there were no difference between control siRNA and target sitrb1 transfected cells.
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[bookmark: _Toc431163044][bookmark: _Toc431283367]Figure 7.2 IL-1β release of THP-1 cells differentiated with 200nM PMA in response to TLR ligands priming
Graphs showing IL-1β secretion by THP-1 cells differentiated with 200nM PMA for 3 days followed with 5 day resting period in response to inflammatory modulators, CL075 (A) and LPS (B) in the presence or absence of P2X7R antagonist and agonist. An overall low IL-1β level was detected using this differentiation condition (potentially caused by significant cell loss). The data shown are the mean and the standard error of the mean; n=3, no significant differences were measured by, one-way ANOVA with Tukey’s post-test to compare IL-1β levels under these treatment conditions.





[bookmark: _Toc431163045][bookmark: _Toc431283368]Figure 7.3 No significant difference between 3h and 24h LPS-priming induced IL-1β secretion pattern of PMA differentiated THP-1 cells
Both 3 h and 24 h LPS priming of PMA differentiated cells result in macrophage-like IL-1β release characteristic with significant P2X7R dependent and negligible independent release. Collective statistical analysis was performed to compare independent release of 3 h and 24 h LPS treatments but there was no significant difference. The data shows the mean and the standard error of the mean; n=2, *** p< 0.001; **** p<0.0001; one-way ANOVA with Tukey’s post-test to compare IL-1β level in these treatment conditions.



[bookmark: _Toc431163046][bookmark: _Toc431283369]Figure 7.4 200 nM PMA induces significantly higher cell loss in THP-1 culture
[bookmark: _Toc330336032]Graph of cell loss percentage in 200 nM versus 8 nM PMA treated THP-1 cells. Cells were seeded at 500.000 cell density per well in 24-well plate. After 3 day PMA treatment supernatants were collected, wells were washed with 1ml PBS per well and cell number was determined in the pooled suspension by haemocytometer, then cell loss was calculated. The cell loss was continuous during resting period. The data show the mean and the standard error of mean, n=3, p=0.0002, using an unpaired t-test comparing 200 nM with 8 nM PMA induced cell loss.


[bookmark: _Toc431163047][bookmark: _Toc431283370]Figure 7.5 PMA differentiated THP-1 cells model the characteristics of macrophage-like IL-1β release while VD3 differentiated cells are able to simulate monocyte-like P2X7R independent IL-1β secretion
Graphs present the IL-1β release characteristics of PMA and VD3 differentiated THP-1 cells in response to specific TLR ligands, CL075 (A, C) and LPS (B, C) in the presence or absence of P2X7R antagonist and agonist. PMA differentiated cells (A, B) showed statistically significant P2X7R dependent IL-1β secretion in response to both inflammatory modulators without notable independent release. THP-1 cells differentiated with VD3 for 4 days (C, D) showed statistically significant P2X7R independent IL-1β release which was significantly increased by additional BzATP in response to both TLR 7/8 (p<0.01) and TLR4 ligand (p<0.0001). The data shows the mean and the standard error of the mean; n=3-6, * p< 0.05; *** p<0.001; **** p<0.0001, one-way ANOVA with Tukey’s post-test to compare IL-1β levels in these treatment conditions. 





[bookmark: _Toc431163048][bookmark: _Toc431283371]Figure 7.6 The effect of trb1 silencing on IL-1β secretion in PMA and VD3 differentiated THP-1 cells
Graphs present the IL-1β release characteristics of PMA and VD3 differentiated THP-1 cells in response to specific TLR ligands in control and trb1 silenced cells. PMA differentiated cells (A, B) showed statistically significant ATP-independent IL-1β secretion in response to TLR7/8 ligand without any notable increase upon ATP stimulation. A similar profile was observed in response to LPS. THP-1 cells differentiated with VD3 for 4 days (C,D) showed statistically significant P2X7R independent IL-1β release which was not increased by additional BzATP in response to TLR4 ligand (p<0.0001). The data shows the mean and the standard error of the mean; n=3, * p< 0.05; ** p<0.01, one-way ANOVA with Tukeys post-test to compare IL-1β levels in these treatment conditions. 


[bookmark: _Toc426552240][bookmark: _Toc426552451][bookmark: _Toc431286744]Discussion
The primary aim of this project was to establish a model system on differentiated THP-1 cells to simulate the monocytic and macrophage type IL-1β release for further studies of down-regulatory signalling molecules, e.g. tribbles-1, and subsequent validation studies. To differentiate THP-1 cells the two classic agents, PMA and VD3 were used with the same conditions as described by Daigneault et al. [395]. But as the treatment using PMA in a high concentration was not adequate to study IL-1β release we optimised this treatment based on the study of Park et al.[403]. 
VD3 differentiated cells were able to mimic monocytic type IL-1β release with a significantly high P2X7R independent secretion, while PMA differentiation induced a more macrophage like cell type showing IL-1β release only after secondary stimulation with BzATP. These results are consistent with the observations in primary cells, essentially primary monocytes are capable of releasing IL-1β in response to TLR ligands alone while during differentiation they are losing this ability [404, 405] and macrophages need a secondary stimulus to induce release [75, 76, 406]. The observed morphology showed high similarity to what was described by Daigneault et al. [395] supporting the monocytic and macrophage-like phenotype.
Following establishing the THP-1 model system as above, transfection was performed to investigate the effect of tribbles-1 knock-down on IL-1β production. Following transfection the IL-1β secretion profile of the optimized PMA and VD3 differentiated cells were significantly altered. PMA treated THP-1 cells lost their macrophage-type IL-1β response to TLR ligands. Neither PMA nor VD3 differentiated THP-1 cells showed increase upon additional BzATP. The significant ATP independent IL-1β release from PMA treated cells and the unresponsiveness to BzATP suggest that the transfection may induce a high baseline activation of these cells leading to hyper-responsiveness upon stimulation potentially due to toxicity effect of transfection reagent. Furthermore significantly higher levels of IL-1β were observed in unstimulated conditions following transfection which also suggests that transfection induces activation. Based on these results it was concluded that transfection-based manipulation cannot successfully be used in the optimized THP-1 model system. Further studies are required to investigate the use of other gene editing techniques e.g. the more recent gene engineering technology, CRISPR-Cas9 system [407]. Functional knockout of target molecules THP-1 lines can be generated using RNA-guided CRISPR-Cas9 [408] constructs which could potentially be suitable for the optimized THP-1 model system.


[bookmark: _Toc426552241][bookmark: _Toc426552452][bookmark: _Toc431286745] Overview

The aim of this study was to contribute to a better understanding of the role of macrophage phenotypes and their progenitors may play in the development and progression of atherosclerosis.
Therefore the lipid metabolism and membrane proteome of in vitro polarised human MDM phenotypes, and the molecular mechanisms of IL-1β secretion by monocyte subsets was investigated. Furthermore, a THP-1 differentiation model was optimised for further mechanistic studies of IL-1β production using siRNA knock down.
Major outcomes:
1) A human in vitro model system for 5 monocyte-derived plaque macrophage phenotypes was established showing distinct functional and mechanistic profiles.
2) I have described the lipid-handling characteristics of in vitro polarised human macrophage phenotypes.  Data from the LDL uptake, foam cell formation and cholesterol efflux studies indicate differential roles for these phenotypes in atheroma formation. The high uptake and efflux capacity of MIL4, MIL10 and MoxPAPC cells suggests an anti-atherogenic role by contributing to lipid clearance and cholesterol efflux. However, MIL4 and MIL10 may also promote atheroma growth due to their high foam cell formation capacity. The lipid handling features of MIFNγ+LPS cells suggest a modest involvement in plaque growth or reverse cholesterol transport while MCXCL4 macrophages exhibit an intermediate phenotype. Hence, further characterisation and validation of these phenotypes in situ are required to shed further light on their functional role in atherogenesis.
3) A data set of the membrane proteome of in vitro polarised macrophage phenotypes was generated which can be used for in silico marker selection and functional analyses. At this stage two markers (IFIT3, FAM26F) for MIFNγ+LPS and one marker (AP2B1) for MCXCL4 phenotype have been identified and validated by immunofluorescence staining on in vitro polarised phenotypes. Only FAM26F showed unique and specific expression. However, a further, unique and signature marker selection study needs to be performed using the Kruskal-Wallis test and the “incorporation data” based analysis method to fully exploit the results of the proteomic study.
4) ATP dependent and independent IL-1β secretion by monocyte subsets were characterised in response to TLR ligands, mimicking gram-negative bacterial and viral (RNA viruses) challenge. Significantly reduced production and secretion was detected in the non-classical monocyte subset compared to the other two subsets. Distinct IL1B mRNA decay rate was identified as one of the main underlying regulatory mechanisms of IL-1β production and the cause of differential IL-1β secretion between subsets. The non-classical subset showed a significantly increased IL1B mRNA degradation.
5) I have optimised a THP-1 differentiation model system to mimic monocyte and macrophage like IL-1β secretion profiles. Transfection based siRNA manipulation was unsuccessfully applied in this model due to the significant alteration in secretion profiles. 

The use of a human model system and the comprehensive comparison of macrophage phenotypes are the main strengths and novelty of this macrophage characterisation study which may help to reconcile some of the controversial data on function (e.g. lipid handling or immune response) and may result in a more specific marker repertoire for phenotype identification in human tissues.  While the results of my project are promising there are some limitations which indicate the need for further investigation. First of all, the presented in vitro polarisation model is a two-dimensional monoculture system, which is less suitable to mimic the natural tissue environment and may result in ‘artificial’ phenotypes. Furthermore, the monocyte-derived macrophages might develop markedly distinct phenotypes compared to resident macrophages indicating another limitation in data interpretation. However, this work has the potential to provide a good starting-point for establishing a three dimensional model. Secondly, the relevance of this in vitro polarised MDM model for plaque macrophage phenotypes has not yet been confirmed on human tissue samples. To identify cell surface markers, mass spectrometry analysis was performed on an enriched membrane fraction to improve the specificity for plasma membrane proteins over approaches using whole-cell lysates. It should be noted that significant intracellular contamination was detected. Transcription factor and secretome profiles are widely used in phenotype identification therefore probably a whole-cell proteomic analysis might have provided a more complete characterisation of these phenotypes (e.g. transcription factors, cytokine profile, MMPs profile etc.). Thirdly, characterisation of MMPs and the inflammatory profile of these phenotypes would be ideal in order to gain a better understanding of the role of these macrophages in atherosclerosis. Furthermore it would be beneficial to investigate foam cells in parallel to macrophage phenotypes.
The comparative analysis of IL-1β secretion by monocyte subsets and the underlying mechanisms have not been investigated previously. The novelty of this study is that mRNA degradation has not been described before as an important mechanism to regulate IL-1β levels in the context of monocyte subsets. However, to discover the mechanisms underlying the observed differential mRNA decay, further investigation is needed.
The main limitation of the THP-1 differentiation model presented in my thesis, beside the fact that cell lines are not a completely faithful reflection of primary cells, is the poor stability upon application of siRNA manipulation techniques (e.g. lipid transfection or electroporation transfection). However, use of the CRISPR-Cas9 system, a new gene engineering technology, may resolve this problem so that the THP-1 model could be used for further mechanistic studies.  


[bookmark: _Toc426552242][bookmark: _Toc426552453][bookmark: _Toc431286746]Future work

The findings presented in my thesis raise new questions and, in order to obtain a more complete interpretation of their wider implications, further exploration is required.

[bookmark: _Toc426552243][bookmark: _Toc426552454][bookmark: _Toc431286747]Macrophage phenotype characterisation
Atherosclerosis is a multifactorial disease and macrophages are involved in the regulation of different aspects of plaque development, such as growth of lipid core, inflammation or plaque stability. My work has focused on lipid handling of in vitro polarised macrophage phenotypes characterising lipid uptake, foam cell formation and cholesterol efflux capacity. To obtain a more complete picture of lipid metabolism it would be interesting to investigate: (1) the activity of ACAT-1 and NCEH (proteins that transform intracellular cholesterol to and from cholesterol ester respectively, hence important regulators of foam cell formation), (2) the level of PPAR transcription factors (modulators of cholesterol efflux), and (3) the cholesterol crystal formation ability.  Characterisation of inflammatory profile (cytokine and oxidising agent production) and MMPs/TIMPs production and activity would be essential to more fully interpret and determine the role of the macrophage phenotypes in plaque growth and rupture. Furthermore, I think that investigating all these features in foam cells, in addition to macrophages, would contribute significantly to the understanding of disease progression.

The membrane proteome was created to identify phenotype-specific unique and signature markers with the mid-term aim of using the selected markers in human tissues. As discussed in this thesis, new analysis of the raw data needs to be performed and once the newly selected markers are validated in in vitro polarised macrophage phenotypes, they will need to be tested further on human normal coronary artery and atherosclerotic plaque sections.

[bookmark: _Toc426552244][bookmark: _Toc426552455][bookmark: _Toc431286748]Regulation of IL-1β secretion in monocyte subsets
Differential IL1B mRNA degradation rates were identified as the main cause of distinct IL-1β production within the different monocyte subsets. However, it has not yet been investigated what molecular mechanisms regulate and result in a faster decay in the non-classical subset. Several mRNA decay pathways have been described [409]. In silico analysis of microarray data of monocyte subsets may result in a selection of target genes involved in decay pathways. Furthermore, recent literature demonstrates microRNAs to be major regulators of gene expression [410-414]. Monocyte subsets have been described with differential microRNA expression profile [415] which may result in differential IL1B mRNA degradation via directly targeting IL1B mRNA or regulating the gene expression of components of decay pathways. Based on these the aims for the future are to perform in silico analyses to identify (1) target microRNAs binding to 3’UTR region of IL1B mRNA and also target genes involved in decay pathways (e.g. AUF1) and to determine their expression level in monocyte subsets by in silico analysis (mRNA and microRNA data sets in Dr. Siew Cheng Wong’s lab, Singapore) or qPCR. Manipulation of selected target microRNAs or genes will be performed on primary cells to test and validate their role in IL1B mRNA degradation in monocytes. Furthermore, the CRISPR-Cas9 system will be tested on the THP-1 differentiation model and in case of successful manipulation, this system may be also used to investigate the regulation of IL1B mRNA degradation.

With respect to lesion development most of the studies focus on macrophages and do not consider the role of monocytes other than giving rise to macrophages. Therefore it would be interesting to investigate the importance of monocytes and monocyte subsets in a more complex way in combination with macrophages. Several reports provide rationale to study the role of monocytes in cholesterol accumulation or driving lesion progression.
Monocytosis is a well reported and predictive factor of cardiovascular events e.g. heart attack or stroke [416, 417] and there are several studies showing a proportional shift towards in CD16+ monocytes in patients with coronary artery disease (CAD) [54, 159, 418]. Furthermore, Tallone et al. [54] showed significantly increased cell surface expression of CX3CR1 and CCR2 in classical monocytes in CAD patients compared to control subjects. Elevated levels were observed on intermediate and non-classical subsets suggesting that CAD patient monocytes may have a higher avidity to endothelial cells resulting in increased migration into the plaque. 
Correlation studies also showed a link between serum lipid levels and monocytosis [419, 420] and several animal studies have demonstrated that increased monocyte production is initiated by hypercholesterolemia-induced myelopoiesis [419, 421]. It was shown recently that cholesterol homeostasis and cholesterol efflux are important regulators of myelopoiesis [421-424].
The potential importance of altered monocyte cholesterol metabolism in the onset of atherosclerosis  was demonstrated by Mosig et al. [425] showing that monocytes from patients with familiar hypercholesterolaemia have a higher lipid uptake and content. A recent murine study [426] also supports the role of lipid loaded monocytes in lesion initiation and progression.   Based on this data, balanced cholesterol uptake and efflux is essential already at the progenitor stage, however, cholesterol metabolism and homeostasis is not widely investigated, especially in human primary cells. It would be highly beneficial characterise lipid handling abilities of monocytes and monocyte subsets, by: (1) investigating modified LDL uptake and cholesterol efflux and transmigration capacities of blood monocytes derived from healthy donors and patients or donors with normo- and hyperlipidaemia; (2) in vitro testing for subset switching due to high lipid levels by measuring cell surface expression of CD14, CD16, CX3CR1 and CCR2 by flow cytometry (effect of characterised hyperlipidemic serum on monocytes from healthy donors); (3) studying the effect of hyperlipidaemia on IL-1β production.
Differentiation to macrophages is one of the key contributions of monocytes in atherosclerosis. Krankel et al. [153] showed significantly a higher transmigration ability by classical monocytes. However it has not been widely investigated whether different monocyte subsets give rise to macrophage with distinct a phenotype or if they have differential polarisation ability. More recently Bekkering et al. [427] reported that human monocytes pre-exposed to oxLDL differentiate into a more pro-atherogenic and inflammatory macrophage phenotype which fits nicely with the findings of Epelman et al.[156]. To further investigate this area it would be interesting to: (1) perform a comparative analysis of macrophages and macrophage phenotypes derived from monocytes with and without lipid loading; and also to (2) investigate the functional characteristics of macrophages derived from different monocyte subsets.
Hyperlipidaemia is one of the main initiation factors for atherosclerosis and contributes significantly to the acceleration of lesion development. Napoli et al. [12] demonstrated that maternal hypercholesterolaemia increases foetal fatty streak development and LDL oxidation. Maternal hyperlipidaemia induces epigenetic modifications in offspring resulting in higher atherosclerosis risk and earlier onset of disease, therefore the pre-pregnancy control of lipid levels would be important and highly beneficial [427-432]. This early epigenetical effect raises the question as to whether the embryonic origin of residential macrophages is also affected. Maternal hyperlipidaemia might influence the phenotype of residential macrophages. A fate mapping approach could perhaps be applied to investigate this question.

Several recent studies support the role of monocytes and their cholesterol metabolism in the initiation and progression of atheroma, therefore a better understanding of monocyte responses to hyperlipidaemia and the characterisation of their lipid handling abilities might reveal new therapeutic targets (e.g. inducing cholesterol efflux which negatively regulates hematopoietic stem cell proliferation, monocytosis and consequent accelerated lesion development).  To investigate the full picture via monocyte to macrophage transformation it would be ideal to establish a 3D co-culture model system combining artificial ECM structures with a transwell system. Such a system might allow a complex analysis of monocyte subsets, macrophages and macrophage phenotypes as a continuum. 
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[bookmark: _Toc431286750]Abbrevations

ABCA1/G1 ATP-binding cassette sub-family C member A1/G1
ACAT1 acetyl-CoA acetyltransferase 
ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs
ALG6 alpha-1,3-glucosyltransferase
AP-1 activator protein 1
AP2B1 AP-2 complex subunit beta
APC allophycocyanin 
ApoA1/B /E apoliportotein A1/B/E 
ARF5 ADP-ribosylation factor 5 
Arg arginine
ARG1 arginase 1
ASC apoptosis-associated speck-like protein containing a caspase recruitment domain
ATF1 activating transcription factor 1 
ATM adipose tissue macrophage
ATP adenosine triphosphate 
ATP5I ATP synthase subunit e, mitochondrial
BIR baculovirus IAP repeat 
BMDM bone marrow derived macrophage
BzATP 3'-O-(4-benzoyl)benzoyl adenosine 5'-triphosphate
CAD coronary artery disease
CCL x chemokine ligand
CCL2 / CCL3 chemokine (C-C motif) ligand 2 / 3 
CCR1 / CCR2 / CCR5 chemokine receptor 1 / 2 / 5 
CD cluster of differentiation
CD115 (CSF1R) colony stimulating factor 1 receptor 
CD11b (ITGAM) integrin alpha M
CD14 CD14 molecule, TLR4 co-receptor 
CD16 (FcγRIII) Fc fragment of IgG, low affinity III, receptor
CD163 hemoglobin scavanger receptor
CD204 (MSR1) macrophage scavenger receptor 1
CD294 (GPR44) G protein-coupled receptor 44
CD40 TNF receptor superfamily member 5
CD62L (SELL) selectin L
CD64 (FCGR1) Fc fragment of IgG, high affinity I, receptor 
CD74 major histocompatibility complex, class II invariant chain
CDP common dendritic progenitor
CIITA class II, major histocompatibility complex, transactivator
COL6A1 collagen alpha-1(VI) chain 
CX3CR1 chemokine (C-X3-C motif) receptor 1
CXCL x chemokine (C-X-C motif) ligand x
CXCL4 chemokine (C-X-C motif) ligand 4
CXCR1/CXCR2/CXCR4 chemokine (C-X-C motif) receptor 1 / 2 / 4
Cy cyanine
CYP27A1 sterol 27-hydroxylase 
Da Dalton
DAMP damage associated molecular pattern
DC dendritic cell
DHCR7 7-dehydrocholesterol reductase
DIT diffuse intimal thickening
DSG1 desmoglein-1
ECM extracellular matrix
ERK (MAPK) extracellular signal regulated kinase
FAM26F family with sequence similarity 26, member F 
FITC Fluorescein isothiocyanate
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GCSF colony stimulating factor 3 (granulocyte)
gly glycated
HDL high density lipoprotein
HLA-DR major histocompatibility complex, class II, DR
HO-1 heme oxygenase-1
HPRT hypoxanthine-guanine phosphoribosyl transferase 
HSC haematopoietic stem cell
IC immune complex
IFIT3 Interferon-Induced Protein With Tetratricopeptide Repeats 3
IFNγ interferon gamma
IgG immunoglobulin G
IL10R interleukin 10 receptor
IL13Rα1 interleukin-13 receptor alpha 1;
IL6R interleukin 6 receptor;
IL-x interleukin-x;
iNOS inducible nitric oxide synthase
IPAF NLR family, CARD domain containing 4
IRAK interleukin 1 receptor associated kinase
IRF3/IRF7 interferon regulatory factor 3 / 7
IRFs interferon regulatory factor
JNK Jun N terminal kinase (MAPK8)
JUP / CTNNG junction plakoglobin / catenin gamma
KDR (VEGFR2) kinase insert domain receptor
LDL low-density lipoprotein
LGP2 RIG-I-like receptor LGP2
LPS lipopolysaccharides
LTB4R leukotriene B4 receptor 1
Ly6C lymphocyte antigen 6C
Lys lysine
m modified
MAPKs mitogen activated protein kinases
MCSF macrophage colony-stimulating factor
MD2 myeloid differentiation protein 2
MDP macrophage/dendritic cell progenitor
MEK1 mitogen-activated protein kinase kinase 1
MerTK tyrosine-protein kinase Mer
MHC major histocompatibility complex
MKK7 mitogen-activated protein kinase kinase 7
MMP matrix metalloproteinase
MPS mononuclear phagocyte system
MVB multivesicular body
MyD88 myeloid differentiation primary response gene (88)
n native
NACHT NTPase domain
NAIP NLR family, apoptosis inhibitory protein
NCEH neutral cholesterol ester hydrolase 
NCF4 neutrophil cytosolic factor 4
NFE2L2 (Nrf2) nuclear factor erythroid 2-related factor 2
NF-kB nuclear factor of kappa light polypeptide gene enhancer in B-cells
NKp46 Natural killer cell p46-related protein
NLRP3 NOD-like receptor family, pyrin domain containing 3
NO nitric oxide 
NOD nucleotide-binding oligomerization domain
NP40 nonyl phenoxypolyethoxylethanol
ox oxidised
oxPAPC oxidised 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine
P2RX1 purinergic receptor P2X, ligand-gated ion channel, 1
P2X7R purinergic receptor P2X, ligand-gated ion channel, 7
PAMP pathogen associated / pathogenic molecular patterns
PE phycoerythrin
PPARs peroxisome proliferator-activated receptors 
PRR patter recognition receptor
PVDF poly-vinylidene difluoride 
RANTES chemokine (C-C motif) ligand 5 (CCL5)
RIG-1 retinoid-inducible gene 1
RIPA radio-immunoprecipitation assay
ROS reactive oxygen species
RPMI Roswell Park Memorial Institute
S100A8 S100 calcium-binding protein A8 (
SDS sodium dodecyl sulphate
Siglec10 sialic acid binding Ig-like lectin 10
SLC25A46 solute carrier family 25 member 46
SMC smooth muscle cell
SMURF2 E3 ubiquitin-protein ligase SMURF2 
SR-A1 scavanger receptor A1
STAT1/3/4/6 signal transducer and activator of transcription 1/3/4/6
TAB2 / TAB3 TGF-beta activated kinase 1/MAP3K7 binding protein 2 / 3
TAK1 TGF-beta activated kinase 1 / MAP3K7
TAM tumor associated macrophage
Th1 / Th2 T helper type 1 cell / T helper type 2 cell
THP-1 human acute monocytic leukemia cell line
Tie2 tyrosine-protein kinase receptor, endothelial
TIMP metallopeptidase inhibitor
TLR toll like receptor
TMEM70 transmembrane protein 70, mitochondrial 
TNF tumor necrosis factor
TRAF6 TNF receptor-associated factor 6
Treg regulatory T cell
Trib1 / Trb2 / Trib3 tribbles homolog 1 / 2 / 3
TRIF TIR-domain-containing adapter-inducing interferon-β
TRIF toll-like receptor adaptor molecule 1
UPGMA Unweighted Pair Group Method with Arithmetic Mean
VCAM-1 vascular cell adhesion molecule 1
VEGFR1 vascular endothelial growth factor receptor 1
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