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Introduction:
Large artery atherosclerosis is the most frequent cause of ischaemic stroke and patients with a high atherosclerotic burden are at increased risk of early recurrent ischaemic events.  Atherosclerotic plaque formation and progression are highly influenced by macrophages, which are in turn affected by their microenvironment and medications.
I hypothesised 1) that the two major subtypes of macrophage (M1, M2a) coalesce and are altered within stable vs. unstable atherosclerotic plaques and 2) that statins or an anti-inflammatory compound could modulate these subtypes in humans.
Methods:
A novel immunofluorescence staining (IF) with common macrophage markers (pan macrophage: CD68, M1: CD86, M2: MRC1), and analysis technique were developed to characterise macrophage phenotypes in human carotid plaques (n= 13) taken from patients with recent stroke.
Plaque macrophages were classified with Laser Capture Microdissection & single-cell RNA sequencing (LCM scRNA-seq).
An in vitro model of human monocyte derived macrophages (hMDMs) was used to test the effect of statins and dexamethasone (dex) on macrophage specific genes and proteins with RT-qPCR (n= 4-10) and Western Blot (n= 7). The physiological effect of dex was also tested (n=5) in a biological assay with oxLDL uptake.
Results:
Across all 11 analysed plaques, the macrophage population was dominated by double positive (CD68+CD86+MRC1+) (68%), followed by M1 single positive (CD68+CD86+MRC1-) (16%), M2 single positive (CD68+CD86-MRC1+) (9%) and double negative (CD68+CD86-MRC1-) macrophages (7%). ScRNA-seq data confirmed that individually dissected, CD68+ cells from the plaque were macrophages and they are clustered between M1 and M2a polarised macrophages.
In vitro, statins did not have a significant effect on macrophage specific genes, but dex reprogrammed macrophage subtypes to a less inflammatory state and promoted polarization towards an M2 state as marked by increasing (2-fold) Mannose Receptor C-type 1 (MRC1) gene expression (p= 0.0183). The expression of Macrophage Scavenger Receptor 1 (MSR1) gene was reduced 2-fold (p= 0.0845) in M2a cells, resulting a reduced low- density lipoprotein (LDL) internalization. Oxidized Low Density Lipoprotein Receptor 1 (OLR1) gene (p= 0.0003) and protein (p= 0.0003) expression were significantly reduced 5-fold, following exposure to dex. In functional tests, oxidized low-density lipoprotein (oxLDL) accumulation by dex treated hMDMs was significantly impaired (p= 0.0030). 
Conclusions:
In this study, double positive macrophages had the highest prevalence in the shoulder regions of symptomatic carotid plaques compare to single positive or double negative macrophages. The double negative macrophage subtype may represent a novel and yet uncharacterised population. LCM scRNA-seq followed by a hierarchical clustering algorithm suggested that the microdissected macrophages clustered between M1 and M2a macrophages. Dexamethasone reduced ‘active’ and pathogenic cell behaviours e.g., oxLDL accumulation and promoted the polarisation to the M2 state. These data show that macrophages can be reprogrammed to a less pathogenic state in vitro by dex, which opens the exciting possibility that this drug could be used to stabilise unstable plaque to reduce the risk of ischaemic stroke.
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1. [bookmark: _Toc101274186][bookmark: _Toc34914791]Chapter 1. 
Introduction

1.1. [bookmark: _Toc101274187]Stroke

1.1.1. [bookmark: _Toc101274188] Epidemiology
In 2017, the American Heart Association (AHA) found that 104 million people had a stroke, worldwide. Stroke was the second leading cause of death and was fatal in 6.5 million cases in 2013 (Benjamin et al., 2017). Additionally, stroke is one of the leading causes of disability and dementia (Deb et al., 2010). The prevalence of stroke in women is higher than in men, except between the age of 60 and 79. Globally, the incidence of stroke increases gradually with age, after 80 years in both genders it is approximately 14% (Benjamin et al., 2017).
It was reported that in the United Kingdom there are more than 100,000 strokes each year and this serious life-threatening medical condition is the fourth leading cause of death (Lee et al., 2011). Childhood stroke is one of the top ten causes of childhood death and incidence rates vary from 1.3 to 13.0 per 100.000 (Mallick and O'Callaghan, 2010). 
Therefore, both basic and clinical research of stroke are fundamental due to its high prevalence and mortality rate. 

1.1.2. [bookmark: _Toc101274189]Definition of stroke and TIA
Stroke is a neurological condition caused by an acute injury of the central nervous system (CNS). The CNS consists of the brain and spinal cord, divided into white and grey matter and controls thoughts, movements and registers sensations. The stroke injury is caused by vascular occlusion, intracerebral haemorrhage (ICH), or subarachnoid haemorrhage (SAH) (Sacco et al., 2013). 
The term “stroke” was first used in 1689 by William Cole in A Physico-Medical Essay Concerning the Late Frequencies of Apoplexies (Cole, 1995).  The diagnosis of stroke and the related term “Transient Ischaemic Attack (TIA)” were based on the duration of symptoms (Sacco et al., 2013). For instance, in the early 1970s the World Health Organization (WHO) introduced the following stroke definition: “rapidly developed clinical signs of focal (or global) disturbance of cerebral function, lasting more than 24 hours or leading to death, with no apparent cause other than of vascular origin” (Aho et al., 1980). According to Fisher (Fisher, 1958), a TIA “may last from a few seconds up to several hours, the most common duration being between a few seconds up to 5 or 10 minutes.” In 1975, an Ad Hoc Committee on Cerebrovascular Disease published the following definition: “Transient ischemic attacks are episodes of temporary and focal dysfunction of vascular origin, which are variable in duration, commonly lasting from 2 to 15 minutes, but occasionally lasting as long as a day (24 hours). They leave no persistent neurological deficit” (American Heart Association, 1975). With the advent of high-resolution brain imaging such as diffusion-weighted magnetic resonance imaging (MRI), areas of ischaemia on the brain appear within seconds and can be easily visualised radiologically (Easton et al., 2009). Consequently, a new definition of TIA has emerged- The American Heart Association /American Stroke Association (ASA) in 2009 defined TIA as “a transient episode of neurological dysfunction caused by focal brain, spinal cord, or retinal ischemia without acute infarction on brain imaging” (Easton et al., 2009). However, the clinical (symptoms <24 hours) definition of TIA remains the most used in clinical practice and in research studies (Easton et al., 2009). In effect, a TIA is a warning that the person is at risk of future stroke. Certain clinical features predict TIAs which are at high versus low risk of a further ischaemic event e.g., advanced age, diabetes and the presence of carotid stenosis or atrial fibrillation (see section: 1.1.6) (Rothwell et al., 2005). 

1.1.3. [bookmark: _Ref38989016][bookmark: _Toc101274190] Risk factors for stroke
Many modifiable and non-modifiable risk factors can lead to stroke. Modifiable risk factors include medical conditions and behavioural factors. Medical condition risk factors include high blood pressure/hypertension, type 2 diabetes mellitus, atrial fibrillation, carotid stenosis, low high-density lipoprotein cholesterol and hyperlipidaemia. Risks due to lifestyle factors include smoking, alcohol abuse, unhealthy diet, low physical activity levels, and obesity. Non-modifiable risk factors are race, age, gender, prior TIA or stroke and heritability. (Galkina and Ley, 2009, Sacco et al., 1997).
According to recent studies, diabetes mellitus and smoking can double the risk of stroke (Sarwar et al., 2010) (Thun, 2013). Smoking can lower high- density lipoprotein (HDL) level and higher low- density lipoprotein (LDL) levels in the blood stream (Thun, 2013). Regular alcohol consumption can trigger high blood pressure, obesity, type 2 diabetes mellitus or atrial fibrillation which can cause stroke (Guiraud, 2010). 
Men have an increased risk of having a stroke at a younger age than women, and it is mostly because of the combination of medical conditions and lifestyle. On the other hand, women had more severe stroke than men (Dehlendorff et al., 2015).
Black people are more likely to have a stroke than white people but white people frequently smoke or drink alcohol more than other ethnicities, which can increase the risk of stroke (Wang, 2013). 

1.1.4. [bookmark: _Toc520399324][bookmark: _Toc101274191] Types of stroke
There are two main categories of stroke, ischemic and haemorrhagic (Figure 1). Ischemic stroke is caused by a combination of fatty blockages in arteries and blood clots. Such an obstruction in a carotid artery is one of the most common causes of ischaemic stroke. This type of stroke accounts for about 90% of all cases. The Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification system of acute ischemic strokes described 5 subcategories: large-artery atherosclerosis (most common), cardio embolism, small-vessel occlusion, stroke of other determined aetiology and stroke of undetermined aetiology, based on computed tomography (CT), MRI, cardiac imaging and arteriography (Adams et al., 1993).
Haemorrhagic stroke is due to rupture of a weakened artery and comprises approximately 10% of strokes. The effluent blood compresses the surrounding brain tissue and damages cells (Ojaghihaghighi et al., 2017). A CT head scan in the first few hours after a stroke can reliably identify a haemorrhage but ischaemic changes can take several hours or days to become evident on a CT. In contrast, an MRI scan in the first few hours can detect acute ischaemia, but the scan takes a long time and not all hospitals have rapid access to MRI facilities (Adams et al., 1993).
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[bookmark: _Ref99452576][bookmark: _Toc101269203]Figure 1: A schematic illustration of haemorrhagic and ischemic stroke
Haemorrhagic stroke is due to rupture of a weakened artery while ischemic stroke happens when a blood clot blocks the blood flow.
1.1.5. [bookmark: _Toc520399325][bookmark: _Toc101274192] Diagnosis and treatment of stroke
The diagnosis of the correct type of stroke and specific treatment is important and can prevent disability and save lives. Patients with stroke due to carotid stenosis often require surgical treatment and the options in the acute phase after ischaemic stroke versus haemorrhagic strokes are very different from one another. 
Ischaemic stroke is treated with thrombolysis, thrombectomy, endarterectomy or stenting (tube inserted into a vessel lumen). Thrombolysis is an emergency treatment to dissolve a blood-clot with an injection of clot-busting drugs into a vein, through a catheter (direct) or intravenous line depending on the circumstances.  These thrombolytic agents can be alteplase, recombinant tissue plasminogen activator or anistreplase (Adams et al., 2003, Hacke et al., 2008). Thrombectomy is a method to physically break up and remove the clot by a catheter-based intervention from the large arteries. The catheter is supplied with an ultrasound device, rotating device, or a suction cup (Berkhemer et al., 2015). Carotid stenosis is treated with endarterectomy (CEA) under general or local anaesthetic. In the course of the surgery, an 8-10 cm long incision is made on the skin then, the artery is clamped to reduce blood flow. A small cut is made across the length of the narrowed part of the carotid artery and the atherosclerotic plaque is carefully removed as seen in Figure 2. (Wijeyaratne et al., 2002). Antiplatelets such as aspirin or clopidogrel are also prescribed to reduce the chance of another blood clot forming. In patients who have a presumed cardioembolic source for their stroke e.g., those with atrial fibrillation, anticoagulants such as warfarin or one of the novel anticoagulation drugs (e.g., rivaroxaban, apixaban) are more effective than antiplatelets at reducing recurrent stroke and are prescribed instead, although they are usually commenced 1-2 weeks after an ischaemic stroke to reduce the chance of bleeding into the ischaemic brain. Longer term secondary stroke prevention involves treatment of vascular risk factors such as hypertension and hypercholesterolaemia. Antihypertensives (calcium-channel blockers, beta-blockers) are used to lower high blood pressure while statins reduce low-density lipoprotein–cholesterol (LDL-C), improve endothelial function and lower the immune response (Kwak et al., 2003). 
Haemorrhagic stroke is usually associated with an increase in blood pressure which can in turn accelerate growth of the haematoma. Therefore, the mainstay of emergency treatment is to bring the blood pressure down to <160 mmHg systolic within the first 6 hours. In patients who have a brain haemorrhage on warfarin, the warfarin action needs to be reversed with agents such as beriplex and vitamin K. Sometimes, surgeons can intervene, e.g., if the haematoma is peripheral and large and causes brain swelling. Surgery can be performed to remove blood from the brain and/or to repair the injured blood vessel. These patients also receive antihypertensives  in the longer term as hypertension is a common underlying cause of haemorrhagic stroke (Adams et al., 2003).
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[bookmark: _Ref77439570][bookmark: _Toc101269204]Figure 2: The technique of carotid endarterectomy
The surgeon makes a small incision along the artery and removes the plaque. 
Image from: https://www.circulationfoundation.org.uk under a Creative Commons License


1.1.6. [bookmark: _Ref519872112][bookmark: _Toc520399326][bookmark: _Ref38989056][bookmark: _Ref86063168][bookmark: _Toc101274193] Stroke recurrence and risk of stroke after TIA
Having a stroke confers an increased risk to the individual of having a further stroke in the future. The risk of stroke from 30 days to 10 years after first stroke was analysed in a detailed systematic review. It was reported that the pooled risk was 3.1% at 30 days, 11.1% at 1 year, 26.4 % at 5 years and 39.2 % at 10 years after stroke (Mohan et al., 2011). However, recurrent stroke risk varies between subtyped strokes by aetiology. It was found that, stroke due to large artery atherosclerosis had the highest early risk of early recurrent ischaemic events (Lovett et al., 2004a). Most of these repeated events are due to recurrent emboli. However, in some cases, there is restenosis of a carotid artery after an apparently successful endarterectomy (Lovett et al., 2004a). In a large study (n= 829 patients undergoing carotid endarterectomy), 4% of patients were diagnosed with restenosis, after 1 year of CEA (Li et al., 2020b). Based on the analysis of carotid plaques from 21 studies, it was found that, an inflammatory, lipid rich plaque has a reduced risk of restenosis, while patients with calcified plaques have a higher risk for restenosis, after CEA (Zhou et al., 2020).
TIA is frequently followed by ischaemic stroke and about the 10-20% of patients had a stroke within 90 days. Prognostic scores are used to predict who is at higher risk for recurrent stroke. Both the California score (Johnston et al., 2000) and the ABCD score (Rothwell et al., 2005) can reliably predict short-term risk of stroke after TIA. These scores rely on points associated with clinical symptoms and risk factors such as age, sex, ethnicity, diabetes, coronary artery disease, arterial fibrillation, prior TIA or stroke and TIA symptoms (duration, weakness, numbness, vision, speech). The California score examined the prevalence of stroke within 90 days after TIA, while the ABCD score studied a 7-day risk of stroke. These 2 similar scores work reliably, without a significant difference, but a new system was needed for the immediate evaluation for stroke prevention in high-risk patients. The unified ABCD2 score is an improved, more accurate system which can predict 2-day risk of stroke and serve as standard in clinic. Individual components are used in this simple system to score points for 5 factors: 60 years or older (1 point), blood pressure (systolic ﻿≥ 140 mmHg or diastolic ﻿≥ 90; 1 point), diabetes (1 point), duration of TIA ﻿(≥ 60 minutes, 2 points; or 10–59 minutes, 1 point), ﻿clinical features of TIA (unilateral weakness, 2 points; or speech impairment without weakness, 1 point). Patients with score of 6 had a chance of stroke within 2 days if not commenced on best medical treatment (Johnston et al., 2007).

1.1.7. [bookmark: _Toc101274194]COVID-19 and stroke
Several studies suggested that, confirmed Coronavirus Disease (COVID-19) can lead to acute stroke. In a study by Avula et al. (2020), four patients were reported with acute ischemic stroke (radiographic confirmation) and with COVID-19 (polymerase chain reaction (PCR) confirmed). It was also reported that 36.4% of COVID-19 positive patients (n= 214) had neurological symptoms and 5.7% of patients developed a cerebrovascular disease (Mao et al., 2020). 
Patients with COVID-19 may be susceptible to cardiovascular disease (CVD) mediated by inflammation, platelet activation or endothelial dysfunction (Ntaios et al., 2020). Laboratory confirmed COVID-19 and ischaemic stroke patients (n=174) were pooled together to determine whether there was a difference in stroke severity and outcomes between patients with or without COVID-19. COVID-19 was confirmed with PCR in 96% of the cases, and by serology in the rest. As a control group, patients were matched from the Acute Stroke Registry and Analyses of Lausanne (ATLAS) based on stroke risk factors and comorbidities. Overall, it was found that COVID-19 associated ischemic strokes were more severe with a higher mortality rate and with worse functional outcomes than non-COVID-19 ischemic strokes. The potential reasons for this could be a strengthened prothrombotic environment via infection induced cardiac arrhythmias or immune mediated platelet activation (Ntaios et al., 2020).  
Ischemic stroke can also occur with a higher chance at younger age within COVID-19 positive patients (Oxley et al., 2020). In another study, five patients, all younger than 50 years old, tested positive for COVID-19 and presented with ischemic stroke symptoms. As a comparison, before COVID-19 only 0.73 patients, younger then 50 years old were hospitalized with stroke. The average National Institutes of Health Stroke Scale (NIHSS) score of these 5 patients was 17 which means they had a severe large-vessel stroke. Interestingly, large-vessel stroke was also reported during the 2004 severe acute respiratory syndrome coronavirus (SARS-CoV-1) outbreak. There could be an association between ischemic stroke and COVID-19, but this requires further investigation (Oxley et al., 2020).
With regards to mechanisms, stroke in COVID-19 positive patients may occur due to the usual causes (atherosclerosis, atrial fibrillation, hypertension) but there could include additional mechanisms directly related to COVID-19, such as a hypercoagulable state, vasculitis and cardiomyopathy. One of the newly identified main mechanisms responsible for ischemic stroke in COVID-19 is a hypercoagulable state (increased tendency towards blood clotting) (Spence et al., 2020). About 20-55% of hospitalized patients with COVID-19 have a coagulopathy which correlates with the severity of the disease.  This is due to an increased level of D-dimer (D-dimer is a fibrin degradation product in blood and risk factor for CVD (Folsom et al., 2016)), thrombocytopenia, prolonged prothrombin time and decreased fibrinogen level (Lee et al., 2020).  Several studies have confirmed an increase in the level of D-dimers in hospitalized COVID-19 patients (Jecko Thachil, 2020, Tang et al., 2020, Huang et al., 2020, Guan et al., 2020). Yaghi et al. (2020) described outcomes in a study examining 3556 hospitalized patients with diagnosis of COVID-19, observing that in COVID-19 patients with ischemic stroke (n= 32; imaging proven), D-dimer levels were high and there was significantly higher mortality in these than control group (patients without COVID-19). The second mechanism which may play an additional role in the pathogenesis of ischemic stroke in COVID-19 patients is vasculitis (inflammation of the blood vessels) (Spence et al., 2020). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has a high affinity to angiotensin-converting enzyme 2 (ACE2) receptors which are found in the lungs, heart, kidney and in the vascular endothelium. In the vessel wall, infection (viral inclusions via ACE2 receptor) can cause immune cell recruitment and inflammatory response which can lead to thrombotic complications (Spence et al., 2020). In a recent pathological study, these viral inclusions were documented in endothelial cells, hearts and lungs with associated endothelial dysfunction (Varga et al., 2020). Viral inclusions are specific intracellular compartments which provide a platform for viral replication and assembly to increase efficiency of virus production (Netherton et al., 2007). The other identified possible cause for ischemic stroke in hospitalized patients with diagnosis of COVID-19 is cardiomyopathy. Cardiomyopathy can be caused by different mechanisms in COVID-19 diagnosed patients, such as myocarditis which can lead to the death of cardiomyocytes. Hypoxemia and respiratory failure can cause increased cardiac stress, promoting cardiomyopathy. Cardiac arrythmias and cardiomyopathy can also happen due to the stimulation of the sympathetic nervous system (Spence et al., 2020). 


1.2. [bookmark: _Toc101274195]Atherosclerosis

1.2.1. [bookmark: _Toc101274196]Historical background of atherosclerosis and histology
Atherosclerosis is the main biological process leading to ischaemic stroke. This pathological disorder occurs in arteries and it is not only typical of modern people (Figure 3).
One of the first known atherosclerotic patients was King Menephtah, who showed the same signs as the present-day  men (Insull, 2009). He lived more than 3200 years ago and was found in the tomb of Amuenhotep at Biban-el-Muluk, Thebes, in Egypt by M. Loret in 1898  (Shattok, 1909). Sir Marc Ruffer in the early 1900s described that this mummy had severe atheromatous disease and degenerative arterial changes which indicated atherosclerosis (Brown et al., 2017).
More recently, the “hardening of the arteries” was first reported in the 16th century (Long, 1933) moreover, William Heberden, Edward Jenner and Caleb Hillier Parry in the late 1700s found that this process included calcification of the coronary arteries  (Warren, 1812). As well, Jean Lobstein in 1829 was the first who introduced the term “arteriosclerosis”, which is the hardening and thickening of the arterial wall (Galkina and Ley, 2009). In the 19th century, it was described that inflammatory cells have a role in atherosclerosis, Rudolf Virchow considered that inflammatory changes have a primary role, while Carl von Rokitansky suggested that these changes are secondary after the initial injury of the vessel wall (Mayerl, 2006) (Galkina and Ley, 2009). Recently, CD3+ cell accumulation was proved in early lesions on human samples from Rokitansky’s collection which supports Virchow’s view on the importance of inflammation (Mayerl, 2006). Moreover, Virchow named 3 components that together lead to pulmonary embolism. Today, these concepts are known as Virchow’s Triad which together can cause thrombogenesis (thrombus formation): vessel wall injury (endothelial dysfunction), hypercoagulability and altered blood flow (Lip and Blann, 2000). Ludvig Hektoen in 1879 discovered that myocardial infarction is caused by coronary thrombosis. Based on the important discoveries made by Virchow and Hektoen, today we know that coronary plaque disruption and thrombus formation are leading to myocardial ischemia and can cause myocardial infarction (Hajar, 2016).
Thompson et al. (2013) examined 137 mummies (1600 BCE-1900CE) from Egypt, Peru, southwest America (Ancestral Puebloans), and the Aleutian Islands (Unangan) with CT scans. Definite atherosclerosis was reported in 47 mummies (34%) from all cultures so atherosclerosis was a common disease in ancient populations (Thompson et al., 2013). These individuals did not have a marine-based diet which was thought to be protective (described in detail below).
 Fornaciari et al. (2013) questioned these details because these rates are too high and opposite to the behaviours in these cultures (hunter-gatherer diet, no cigarette smoking). On the other hand, chronic infection or inflammation is not investigated and ancient people were subject to environmental smoke, by using indoor fires, which is a risk factor for atherosclerosis (Wann et al., 2019). Both genetic and environmental risk factors could take part in the development of atherosclerosis which need to be investigated (Thompson et al., 2014). It was further suggested that vascular calcification can be related to disorders of calcium and phosphorus metabolism, diabetes or chronic microinflammation not just atherosclerosis. 
Atherosclerosis was also characterized in remains from a Chinese burial (700 BCE) and in Canadian circumpolar people (1500-400 BCE) (indigenous circumpolar people are formerly known as Eskimos) (Heagerty, 2013). In 1970, hunters and/or fishermen Greenlandic Inuit (n=130) were examined, whose food (mostly meat of whales, fish, seals and seabirds) is extremely rich in protein and fat moreover poor in carbohydrates. This diet is rich in  omega-3 fatty acids which can reduce platelet aggregation, coagulation and thrombosis (DiNicolantonio and OKeefe, 2019). It was found that they had lower levels of total lipid, cholesterol, triglycerides and pre-B-lipoprotein than healthy Danish controls. It may explain the low number of ischaemic heart diseases and the absence of diabetes mellitus (Bang et al., 1971). Clinical studies showed that marine omega 3 fatty acids can reduce platelet aggregation, coagulation and thrombosis (DiNicolantonio and OKeefe, 2019).
It was also described that Alaskan Inuits (before 1950s) develop much milder atherosclerosis, compared to the westernised population, and it did not account for major causes of death (DiNicolantonio and O'Keefe, 2017, Feldman et al., 1972). Interestingly, the disease rate of the Alaskan natives changed to a similar rate to US whites in the second half of the 20th century due to the increased intake of sugars and refined carbohydrates (DiNicolantonio and O'Keefe, 2017, Feldman et al., 1972), which proves the fact that unhealthy diet is a risk factor for the development of atherosclerosis. 
Therefore, atherosclerosis has been around for a considerable period of time and scientists have studied the pathology and mechanisms in order to develop new treatments. Some of the most successful treatments are the use of statins (see section: 1.6.8)  to lower the cholesterol level in arteries and decrease vascular inflammation (Kwak et al., 2003, Amarenco et al., 2004).
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[bookmark: _Ref98927530][bookmark: _Toc101269205]Figure 3: Historical records of atherosclerosis in humans
Atherosclerosis is not only typical of modern people. The oldest remain with atherosclerosis lived around 3200 BCE.

Furthermore, histological stains are important to study cell types and structures therefore atherosclerosis at the microscopic level. Aniline is an aromatic amine consist of a benzene ring along with an amino group and aniline dye was first used in the 19th century to stain tissue sections (Titford, 1993). Aniline blue is an acidic synthetic dye that stain acidophilic cell structures e.g., cytoplasm to a blue colour. Other synthetic dyes were discovered later, like azo dyes which have red or yellow colour (Titford, 1993). 
The development of microscopes is another essential part of all biological studies and it cannot be attributed to any one person (Amos, 2000). In the 11th century, convex lenses were used to magnify manuscripts and Hans Janssen built the first compound microscope in the 16th century which could be adjusted between 3 and 9x magnification (Araki, 2017). Interestingly, Galileo Galilei converted one of his telescopes to make a microscope in 1609. The first published work on microscopy was written by Robert Hooke in 1667, whose drawings contained observations at 50x magnifications, while Leeuwenhoek was the first who observed living bacteria cells in the early 18th century (Araki, 2017). Principals of fluorescent microscopy and technology were established in the first half of the 20th century. The first phase contract microscope was constructed by Fritz Zernike in 1941 and the first confocal microscope by Marvin Minsky in 1957 (Araki, 2017).

1.2.2. [bookmark: _Ref519502886][bookmark: _Ref519621963][bookmark: _Ref519621969][bookmark: _Toc520399329][bookmark: _Toc101274197]Pathogenesis of atherosclerosis 
Atherosclerosis is a systemic inflammatory disease, where a lipid plaque is formed within an artery (Ross, 1999). In the course of atherosclerosis, major arteries narrow, and an atherosclerotic plaque develops. Atherosclerotic plaques occur in large and medium arteries at the site of arterial bifurcation, where oscillatory or low shear stress pattern form (Mahmoud et al., 2017). Plaques are made up of cholesterol- rich lipids, macrophages, foam cells, T-cells, dendritic cells, smooth muscle cells, collagen, elastin and cholesterol crystals (Figure 4) (Brown et al., 2017). Generally, the plaque starts to develop in teenage years in the carotid, coronary, cerebral, iliac or femoral arteries (Brown et al., 2017). 

1.2.3. [bookmark: _Toc520399330][bookmark: _Toc101274198] Endothelial dysfunction and injury
Several studies have suggested that the formation of atherosclerotic plaque starts with damage to the inner layer of an artery and a qualitative change of the endothelium, because of the previously mentioned risk factors (see section: 1.1.3). Plaque development is caused by endothelial cell dysfunction, an increased number of surface adhesion molecules (e.g.: VCAM, ICAM; see section: 1.3.3) and altered vascular permeability (Pello et al., 2011, Jashari et al., 2013). Steinberg and Witzum (2010) described that oxidized low-density lipoprotein (oxLDL) in the arterial wall stimulates atherogenesis. In addition, there is a chemokine gradient which attracts circulatory monocytes into the vessel wall (Moore et al., 2013). Once inside the media, monocytes differentiate into macrophages stimulated by colony-stimulating factor 1 (see section: 1.3.4). An inflammatory environment is formed by the released proinflammatory cytokines (monocyte chemoattractant protein-1 (MCP-1), IL-6, IL-1) from macrophages (Singh et al., 2002).
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[bookmark: _Toc101269206]Figure 4: The pathogenesis of atherosclerosis
The main steps of atherosclerosis are the adhesion of monocytes to the injured endothelial monolayer, their migration into the intima, differentiation into macrophages, ox-LDL uptake and foam cell formation. During lesion progression SMCs migrate from the media to the intima, synthesize extracellular matrix and form a fibrous cap. In advanced lesions macrophages and SMCs die through apoptosis and together with LDL it is called necrotic core. These plaques also contain micro vessels, calcium and cholesterol crystals. If the fibrous cap erodes, it causes a rupture. If the lipid core gets into the circulation, it induces platelet accumulation and activation which leads to fibrin enrichment, thrombus formation and may cause thrombosis.
1.2.4. [bookmark: _Toc99474093][bookmark: _Toc99474319][bookmark: _Toc101274016][bookmark: _Toc101274199][bookmark: _Toc520399332][bookmark: _Ref63931640][bookmark: _Ref64459188][bookmark: _Ref64459246][bookmark: _Ref64562938][bookmark: _Ref67568398][bookmark: _Ref95906910][bookmark: _Ref95906922][bookmark: _Toc101274200]Foam cell formation
In early atherosclerosis, foam cell formation is deemed to be protective, because of the uptake of cytotoxic LDL, but later, as a result of continuous monocyte migration, macrophage differentiation and foam cell production become unwanted as atherosclerotic lesion increases (Brown et al., 2017, Bobryshev, 2006). Foam cell formation in the tunica intima is mediated by scavenger receptors (see section: 1.6.6) which mediate cholesterol uptake from oxidized LDL. These lipids are digested in lysosomes, resulting free fatty acids and free cholesterol. The free cholesterol then re-esterified and becoming cholesterol fatty acid esters and stored in lipid droplets in the cytosol. These lipid droplets are the “foamy” part of the foam cells (Figure 9) (Remmerie, 2018). 
Liver X receptor (LXR) is an important factor during lipid metabolism (activate genes involved in cholesterol efflux), therefore in foam cell formation. LXR genes were activated after the accumulation of desmosterol which is an intermediate in the cholesterol biosynthetic pathway (Spann et al., 2012). It was also proved that LXR support cholesterol outflow and decreases the expression of proinflammatory factors in macrophages (Bobryshev et al., 2016). 
Several studies have found that, the major pathway for oxidized LDL uptake and atherogenesis promotion is induced by class A scavenger receptor I/II (SR-A) expression and SR-B CD36 in mouse models (Babaev et al., 2000, Febbraio et al., 2000). In contrast, Moore et al. (2005) showed that there is a possible alternative lipid uptake mechanism, because lipid uptake occurs in the macrophages of Apoe–/– mice lacking SR-A or CD36. In the last 15 years, the peroxisome proliferator-activated receptor (PPAR) family of nuclear receptors have been prominent and PPAR deficiency increases atherosclerosis (Babaev et al., 2005). Additionally, PPAR inhibits the dendritic cell migration (Angeli et al., 2003) and suppresses immune responses (Nencioni et al., 2003).

1.2.5. [bookmark: _Toc520399333][bookmark: _Toc101274201] Necrotic core formation
Foam cell aggregation leads to the formation of an atheromatous core and in the centre of it, apoptotic foam cells accumulate. It is widely reported that oxidized- LDL can cause DNA damage and cell death by apoptosis, induced by the expression of p53 or Fas/Fas ligand (Hegyi et al., 2001, Takahashi, 2002, Akishima et al., 2005). The apoptosis of macrophages was examined with the detection of apoptotic cells after immunostaining with antibodies against terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labelling (TUNEL), single-stranded DNA (clone F7-26), and active caspase-3 (Akishima et al., 2005).
This is controversial since according to Bobryshev et al. (1997) foam cells die through necrosis, not apoptosis (13 atherosclerotic lesions were examined for typical expression of apoptotic death with an electron microscope). However, a recent study has found that necroptosis, a non-apoptotic programmed cell-death can cause necrosis-like morphologic changes and triggers inflammation (Ruan et al., 2019). A new type of cell death, ferroptosis was discovered recently which is an iron-dependent form of necrosis (Li et al., 2020a). It is characterised by oxidative damage to phospholipids and promotes advanced atherosclerosis formation by accelerating endothelial cell dysfunction (Ouyang et al., 2021).
These various types of cell death led to dead cell accumulation, plaque growth and necrotic core formation. During this process, a so-called plaque shoulder starts to shape. The plaque shoulder is defined as the region where the fibrous cap meets the normal adventitia wall (Bobryshev, 2006).

1.2.6. [bookmark: _Toc99474096][bookmark: _Toc99474322][bookmark: _Toc101274019][bookmark: _Toc101274202][bookmark: _Toc99474097][bookmark: _Toc99474323][bookmark: _Toc101274020][bookmark: _Toc101274203][bookmark: _Toc520399334][bookmark: _Toc101274204]Smooth muscle cell proliferation and migration 
As a result of foam cell formation, cytokines and growth factors are produced by macrophages, which cause vascular smooth muscle cell (VSMC) and macrophage recruitment. The intimal smooth muscle cells (SMCs) start to proliferate, moreover SMCs from the media proliferate and migrate to the intima as a response to platelet-derived growth factor (PDGF) secreted by endothelial cells and release of factors such as IL-1 and tumour necrosis factor alpha (TNF). SMC proliferation is also promoted by lipoprotein lipase and matrix metalloproteinases (MMP), both produced by activated endothelial cells, macrophages and smooth muscle cells (Singh et al., 2002).

1.2.7. [bookmark: _Toc520399335][bookmark: _Toc101274205]Fibrous cap formation
Due to lesion progression, synthesis of extracellular matrix molecules (proteoglycan, collagen, elastin) is increased (Brown et al., 2017) which helps to create a stable atherosclerotic plaque (Singh et al., 2002). These processes form a firm fibrous cap (Figure 4) (Bobryshev, 2006). Collagen production and the inhibition of SMC proliferation is due to transforming growth factor beta (TGF-) (Weissberg, 2000). The developing plaque also contains apoptotic macrophages, T cells, cholesterol crystals and new blood vessels (Weissberg, 2000).




1.2.8. [bookmark: _Toc520399336][bookmark: _Ref67585841][bookmark: _Toc101274206] Atherosclerotic plaque characteristics and instability
The most widely used predictor for ischaemic stroke is the severity of stenosis in carotid arteries. However, several studies have found that plaque components such as the extent of disease, plaque instability, large lipid core and thin, ruptured cap are useful predictors for future stroke determination in asymptomatic populations (Rothwell, 2000). Nowadays MRI, ﻿ computed tomography and ultrasound are the best techniques to delineate plaque components and therefore stratify the risk of subsequent stroke in patients with carotid stenosis (Hennerici and Meairs, 2000). Using these, it would be clinically useful to identify unstable atherosclerotic plaques and this research is underway. such non-invasive techniques, if validated in longitudinal studies could be used in clinical practice to select patients for carotid endarterectomy and/or aggressive medical interventions e.g., high dose statins.
In a large histological study (Lovett et al., 2004c) of recently symptomatic carotid plaques, the majority of vulnerable plaque features (e.g., rupture and haemorrhage), if present anywhere within the plaque, were found within 3 mm of the bifurcation. According to these findings, the best way for detection of most of the histological features (lipid core, calcification, haemorrhage, rupture, surface thrombus) is to divide the plaque for four (or more) 3mm thick sections centred from the bifurcation (Figure 11) (Lovett et al., 2004c). 
Histological features and overall stability of carotid plaques can be defined by a semiquantitative grading scale (e.g., lipid core, haemorrhage, calcification, inflammatory cells (IX.9) (Lovett et al., 2004b). Plaque stability depends on the extent of inflammation, composition and fibrous cap thickness (Figure 5) (Wang and Bennett, 2012). A stable plaque has a thick fibrous cap which provides structural stability and prevents contact between thrombogenic necrotic core and blood (Singh et al., 2002). VSMCs can create the fibrous cap, through secreting ECM proteins, therefore they have historically been considered responsible for one of the key roles to preserve the plaque stability and prevent rupture (Clarke and Bennett, 2006) (Harman and Jørgensen, 2019, Bentzon et al., 2014). Interestingly, in the past few years, it was discovered that VSMCs could both promote plaque stability and rupture because of their wide-ranging plasticity. VSMCs can alter their phenotype to a more active (synthetic) state which is characterised by the upregulation of pro-inflammatory cytokines and MMPs, resulting to cell migration and cell proliferation (Alexander and Owens, 2012).  Increased MMP activity (MMP3, MMP9, MMP12) were detected in plaque shoulder and foam cell rich regions, which is responsible for degrading ECM components and weakening fibrous cap (Müller et al., 2014, Johnson, 2017). Furthermore, plaque VSMCs can amend their gene expression to mimic other cell types, like macrophages (CD68, MAC2, MAC3 expression) (Dobnikar et al., 2018). Like macrophages, these cells also take up oxLDL, form foam cells and tribute to necrotic core formation (Feil et al., 2014).
In contrast, unstable plaques have a thin fibrous cap, more inflammatory cells and big lipid pool, therefore these plaques are more susceptible to erosion than stable ones (Weissberg, 2000). It was also found that VSMC apoptosis is increased in unstable plaques compared to stable plaques (Bauriedel et al., 1999).
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[bookmark: _Ref77439664][bookmark: _Toc101269207]Figure 5: Differences between the histologically classified stable and unstable atherosclerotic plaques
Stable lesions have smaller lipid core and thick fibrous cap, while the unstable lesion has a necrotic core, thin fibrous cap, high cellular content, calcification and intraplaque haemorrhage.

1.2.9. [bookmark: _Toc101274207] Vulnerable plaque and vulnerable patient
The term “vulnerable plaque” became widespread in the 2000s, and has now largely replaced the term "unstable plaque" but Naghavi et al. (2003) initiated a new definition. Briefly, this says that thrombosis-prone plaques are susceptible to rapid progression and complications. There are several criteria to define a vulnerable plaque such as active inflammation, platelet aggregation, intraplaque haemorrhage, thin fibrous cap, large lipid core, fissure, endothelial dysfunction and yellow colour on angioscopy. The more factors from these are observable, the greater the risk of complication. In addition, the concept of a “vulnerable patient” is introduced where the person may have vulnerable plaques together with vulnerable blood and myocardium. Such patients are more susceptible to cardiac death or acute coronary syndrome (Naghavi et al., 2003). 
Most of the vulnerable plaques are similar to type IV atherosclerotic lesions in the AHA pathological classification. (see section: 1.2.11) (Stary et al., 1995).

1.2.10. [bookmark: _Ref39758507][bookmark: _Toc101274208]Atherosclerotic plaque erosion and rupture
Atherosclerotic plaques can lead to thrombus formation by the mechanisms of rupture or erosion. Circumferential stress, inflammatory cells and the previously mentioned MMP activation can destroy the fibrous cap and cause plaque rupture (Singh et al., 2002). Ruptured plaques usually have a thin fibrous cap containing a low number of VSMCs and their apoptosis can be induced by macrophages, through cell-cell contact (Boyle et al., 2001). An eroded plaque can lead to a fissure, and if blood enters the fissure, it may form a clot. If the lipid core contacts the circulating blood, platelets will accumulate and will get activated which leads to fibrin enrichment and thrombus formation (Weissberg, 2000). The resulting complex clot can cause significant damage to organs, such as heart attack or stroke in the brain (Libby et al., 2011).

1.2.11. [bookmark: _Ref39599110][bookmark: _Toc101274209]Histological classification of atherosclerosis by the American Heart Association
Characterization and classification of human intimal thickening, atherosclerotic lesion development and histological components is made by ﻿the Committee on Vascular Lesions of the Council on Arteriosclerosis, American Heart Association (AHA). In this classification, lesions are labelled by Roman numbers which indicate plaque progression (summarised in Table 1) (Stary, 1994, Stary et al., 1995). 
Type I, II and III are early lesion types, which are relatively small, clinically silent, contain cholesterol esters and grow by lipid accumulation. These lesion types can be the silent precursor of possible future diseases, such as stroke. Type I and type II lesions are the only lesions which are present in children. Within type I plaques, the number of the intimal macrophages are increased, and foam cells started to form, which are microscopically detectable. Type II lesions are the first visible ones to the unaided eye, which include a fatty streak. These are defined by layers of macrophages, foam cells and lipid-laden SMCs. Lipids are cholesterol esters, cholesterol and phospholipids and the droplets are mostly in cells and not extracellular. Mast cells and T lymphocytes are also found in these lesions, but fewer than macrophages. Type III lesions contain pools of extracellular lipid droplets which are free, or membrane bound. These lipid pools are under the macrophage and foam cell layers. Extracellular lipid droplets disrupt the coherence of intimal SMC layers. 
Advanced lesions are type IV, V, VI and are associated with accumulation of cells, lipids, minerals, thickening of the intima and deformity of the arterial wall. These lesions can be clinically significant and symptom-producing. Type IV lesions are known as atheroma and characterized by accumulation of extracellular lipids which is called a lipid core. Lipid core formation can induce fibrous tissue development and the disorganization and thickening of the proteoglycan-rich layer of the intima. Vascular SMCs are also present but may be calcified and calcium crystals are also identified inside the lipid core. Mast cells and lymphocytes are often found in this region. In type V lesions a new fibrous connective tissue formed. This new tissue is increased in collagen, rough-surfaced endoplasmic reticulum and SMCs. Capillaries and microhaemorrhages may be present and lymphocytes, macrophages and other plasma cells are associated with them. Type Va lesions are often referred to as multi-layered fibroatheroma, in which more lipid cores are separated by fibrous connective tissue and layered irregularly on each other. Mechanical forces initiate the formation of these lesions and can cause asymmetric vascular narrowing and changes in the lumen. Type Vb lesions are calcified and have an increased amount of fibrous connective tissue. Calcium can replace extracellular lipid even the entire lipid core and dead cells. Type Vc lesions are characterized by thickened fibrous tissue and minimal or absent lipid. Extension of the fibrous tissue, formation of a thrombus or lipid core regression can form these types of lesions. Type VI plaques are often referred to as complicated lesions because more of the type IV and V lesion features are present. Type VIa described as rupture, type VIb characterized by haemorrhage and type VIc identified as thrombosis. These complicated lesions may occur because of differences in blood composition and individual risk factors (Stary, 1994, Stary et al., 1995).












[bookmark: _Ref505084467][bookmark: _Toc520399419][bookmark: _Toc99474286][bookmark: _Toc101273927][bookmark: _Toc505694287][bookmark: _Toc505084783][bookmark: _Toc518922048]Table 1: Types of atherosclerotic lesions and classification 
Shaded areas represent collected and analysed carotid plaques studied in this thesis. Adapted from: (Stary et al., 1995, Virmani et al., 2002a); 

	
	Lesion Type
	Characteristics
	Growth mechanism

	Early Plaque
	Type I
	lipid droplets
	atherogenic lipoprotein; increase in macrophage number; foam cell formation
	growth by lipid accumulation

	
	Type II
	fatty streak
	visible, primer layer of foam cells and lipid laden SMCs
	

	
	Type III
	extracellular lipid
	extracellular lipid droplets; small lipid pools
	

	Intermediate plaque
	Type IV
	lipid core atheroma
	accumulation of extracellular lipid
	

	Late lesion
	Type Va
	multilayer fibrous atheroma with core
	new fibrous tissue
	SMC and collagen increase

	
	Type Vb
	calcification
	calcification
	

	
	Type Vc
	fibrotic without lipid core
	fibrotic lesion with minimal lipid
	

	Complicated features
	Type VIa
	rupture
	surface disruption
	thrombosis, hematoma

	
	Type VIb
	haemorrhage
	intraplaque haemorrhage
	

	
	Type VIc
	thrombosis
	thrombosis
	




1.3. [bookmark: _Toc101274210]Inflammatory cells in atherosclerotic lesions

Although it is not completely understood, inflammation is increasingly being shown to be a critical driver of plaque status. In this section, I focus on inflammatory cells and describe in detail the latest information on monocytes and macrophage subtypes which contribute to inflammation inside plaques.

1.3.1. [bookmark: _Toc520399341][bookmark: _Toc101274211] Inflammatory cells
Inflammatory cells (granulocytes, monocytes, lymphocytes, macrophages) are the main components of the atherosclerotic plaque, reported first in pigs in 1979 (Gerrity et al., 1979). Where the aortic intima has an increased permeability, monocytes adhere to the endothelium and foam cell lesions develop. Monocytes, macrophages and dendritic cells are categorized as part of the mononuclear phagocyte system, and these derive from the same monocyte macrophage dendritic cell progenitor called the common myeloid progenitor (CMP) (van Furth and Cohn, 1968, Geissmann et al., 2010). Lymphocytes, granulocytes and monocytes take part in all stages of plaque formation, presenting a link between atherosclerosis and inflammation (Geovanini and Libby, 2018). 

1.3.2. [bookmark: _Ref502924177][bookmark: _Ref502924240][bookmark: _Toc520399342][bookmark: _Toc101274212] Monocytes
Human monocytes comprise approximately 10% of total leukocytes (total human leukocytes number: 4.00-11.0 x 109/L), and are produced in the bone marrow from hematopoietic stem cells (HSC), stimulated by colony-stimulating factor-2 (CSF2, also known as GM-CSF), (Burgess and Metcalf, 1980) and are released into the bloodstream. The surface of these cells is irregular, they have a kidney-shaped nucleus and cytoplasmic vesicles, they are phagocytes and respond to pathogens (Italiani and Boraschi, 2014).
The International Union of Immunological Societies (IUIS) together with the WHO presented a new nomenclature of monocytes in human blood and there are three major types in human: the classical (CD14++ CD16-), the intermediate (CD14++ CD16+), and the non-classical (CD14+ CD16++). Non-classical monocytes are pro-inflammatory, while the classical and intermediate cells are the inflammatory monocytes (Ziegler-Heitbrock, 2007).

1.3.3. [bookmark: _Toc520399343][bookmark: _Ref67842366][bookmark: _Toc101274213] Monocyte accumulation in atherosclerotic plaque
In the early stages of atherosclerosis, monocytes are attached to the endothelium due to an arterial injury or shear stress. They migrate into the vessel wall, regulated by cellular adhesion molecules, such as selectins and integrins. L-selectin (expressed in leukocytes), P-selectin (expressed in megakaryocytes, endothelial cells) and E-selectin (expressed in activated endothelium) mediate the linking, but integrins are also necessary for the firm adhesion. Specifically, 1 and 2 integrins are expressed by monocytes, activated by chemokines and bind to intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (Quehenberger, 2005, Galkina and Ley, 2009).
There is also an integrin-independent pathway for monocyte binding described by Bazan et al. (1997) involving a chemokine fractalkine (C-X3-C Motif Chemokine Ligand 1- CX3CL1). CX3CL1 is expressed on the endothelium and is able to make a strong interaction with the CX3CR1 (receptor), which is expressed on leukocytes. 
Another key recruitment molecule is monocyte chemoattractant protein-1 (MCP-1) expressed by macrophages, SMCs, endothelial cells and stimulated by LDL trapped in extracellular matrix (Bazan et al., 1997). Several studies have suggested that this protein is a proinflammatory mediator that plays an important role in monocyte recruitment (Nelken et al., 1991, Ylä-Herttuala et al., 1991).

1.3.4. [bookmark: _Ref503532070][bookmark: _Ref503532090][bookmark: _Ref503532117][bookmark: _Toc520399344][bookmark: _Toc101274214] Monocyte differentiation into macrophages
Monocytes can migrate into a tissue, infected area, or a damaged site, where they differentiate into macrophages (Figure 6) (Monie, 2017). Under homeostatic conditions, macrophage colony-stimulating factor 1 (CSF1, also known as M-CSF) produced by stromal cells (Italiani and Boraschi, 2014), mostly influences the monocyte/macrophage development, whilst during inflammation, colony stimulating factor 2 (CSF2) is responsible for proliferation (Gasson, 1991). During the differentiation process, CD68 expression increases, which is a transmembrane glycoprotein located in lysosomes (Bobryshev, 2006). Monocyte proliferation is regulated by a feedback loop, in which macrophage development is decreased, since macrophages express CSF1 receptors (CSF1-R) and remove circulating CSF1. Monocytes can also differentiate into dendritic cells which found both in normal and atherosclerotic arterial walls (Italiani and Boraschi, 2014).

1.3.5. [bookmark: _Toc520399345][bookmark: _Toc101274215] Polarization and role of macrophages
Macrophages are present in all tissues taking part in the immune response, maintaining tissue homeostasis and monitoring any changes. Several studies have suggested that in atheromatous plaques there are macrophages which participate in all stages of plaque formation and progression (Daugherty et al., 2005, Chinetti-Gbaguidi et al., 2014). 
The transcriptional programme and phenotype of monocytes are influenced by stimuli such as cytokines, lipids and senescent erythrocytes (Daugherty et al., 2005, Chinetti-Gbaguidi et al., 2014). Macrophages express pattern- recognition receptors (PRR), for instance Toll-like receptors, that connect the immune response during atherosclerosis. These white blood cells can phagocytose microbes and modified LDL by using PRRs (Galkina and Ley, 2009).
The macrophage cell population is very heterogeneous and there is increasing evidence that macrophages can switch phenotype between pro-inflammatory M1 and anti-inflammatory M2 subsets in the developing atherosclerotic plaque (Chinetti-Gbaguidi et al., 2014).


[bookmark: _Toc101269208][bookmark: _Ref503189485][bookmark: _Ref504126020][bookmark: _Toc501026248][bookmark: _Toc520399405][bookmark: _Toc504128999][bookmark: _Toc505346532][image: Diagram

Description automatically generated]Figure 6: The differentiation and polarization of macrophages
Hematopoietic stem cells are stimulated by CSF2 and become monocytes. Monocyte differentiation into macrophages is induced by CSF. M1 macrophages are polarized by IFN- and partly with LPS, TNF, or CSF2; they produce proinflammatory cytokines.  M2 anti-inflammatory macrophages are alternatively activated without Th1 cytokines. M2a is activated by IL-4 and IL-13; M2b is stimulated by IL-10 and M2c is triggered by glucocorticoids or secosteroid hormones. Mhem is activated by heme induced HO-1 expression via Nrf2 and ATF-1. Both M2 and Mhem produce IL-10. Mox proinflammatory macrophages are activated by fatty acids and oxidized phospholipids.

1.3.6. [bookmark: _Toc520399346][bookmark: _Ref67938084][bookmark: _Toc101274216]M1 macrophages
Macrophages have to perform different functions and so they are altered into a specific state (called polarisation) by signals from their environment (Moore et al., 2013). The polarization towards M1 and M2 macrophages states depends on two groups of T-lymphocyte-derived cytokines (Figure 6). The M1 macrophage phenotype is classically activated by interferon gamma (IFN-) and partly with lipopolysaccharide (LPS), TNF, or CSF2 (Moore et al., 2013). Macrophage activation was first described by Mackaness in the 1960s (Mackaness, 1962).
M1 macrophages are proinflammatory and take part in atherogenesis and enhance plaque instability as they secrete proinflammatory cytokines such as IL-1, IL-7, IL-8, IL-12 and IL-6 which, increases the chance of myocardial infarction (Kirbiš et al., 2010, Chinetti-Gbaguidi, 2014). These macrophages also produce chemokines, TNFα, reactive oxygen species (ROS), nitric oxide (NO) and bioactive lipids (Wilson, 2010). Moreover, they can activate smooth muscle cell proliferation (Khallou-Laschet et al., 2010) and express vasoactive molecules (nitric oxide) (Aliev et al., 2001). 
M1 macrophages express CD80 and CD86 proteins, which are also upregulated on dendritic cells and B cells (Moore et al., 2013, Ewing et al., 2013). CD28 (expressed on resting T-cells) and Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) (expressed on activated T-cells), with higher affinity bind CD80 and CD86 (Maszyna et al., 2003). The upregulated CTLA-4 compared to CD28, inhibit T cell proliferation leading to decreased IL-2 production (Krummel and Allison, 1995). IL-2 reduction has an atherogenic effect, and it was found that local delivery of IL-2 can significantly reduce the size of an atherosclerotic plaque in Western diet-fed apoE−/− mice (Dietrich et al., 2012).
M1 macrophages express CD68 (a pan macrophage marker) (see section: 1.3.12) and major histocompatibility complex-II (MHC-II) molecules (Moore, 2013). MHC-II molecules are crucial for cell-mediated immunity because they present protein fragments (ingested by macrophages, dendritic cells, B cells) to CD4+ T cells (Rock et al., 2016). MHC-II molecules on dendritic cells present antigen to naive CD4+ T cells to activate them and later MHC-II molecules take part in the interaction of these effector T cells with macrophages and B cells (Unanue et al., 2016). 




1.3.7. [bookmark: _Toc520399347][bookmark: _Toc101274217]M2 macrophages
M2 macrophages are alternatively activated without T helper 1 (Th1) cytokines. The M2a class is activated by IL-4 and IL-13 and M2b is stimulated by IL-10 and M2c is triggered by glucocorticoids or secosteroid (vitamin D3) hormones (Gordon and Martinez, 2010, Pello et al., 2011). 
M2 macrophages are regulatory and wound-healing macrophages, which carry out tissue reparation and collagen synthesis (Shaikh et al., 2012). They have high endocytic activity, oxidize fatty acids and express the mannose receptor C-type 1 (MRC1, also known as CD206) (Moore et al., 2013). According to Oscar M. Pello (2011), their role in atherosclerosis is uncertain, and they have pro- and anti-atherogenesis roles. They produce anti-inflammatory cytokines and have a potential role in the maintenance of plaque stability, due to their immunoregulatory functions (Wilson, 2010). The released transforming growth factor beta (TGF-) from these cells enhances inflammatory cell accumulation, (Mallat et al., 2001) while the IL-10 is an immunosuppressive cytokine, which inhibits IFN- expression (Mosser and Edwards, 2008). It was found that the IL-4 activated M2 phenotype has pro-atherogenic roles. Atherosclerotic lesions have increased IL-4, which is associated with atherosclerotic progression (Baetta and Corsini, 2010). Furthermore, IL-4 induces the 15-lipooxygenase secretion, which has a role in foam cell formation (Huo et al., 2004).
In humans, M2 macrophage markers are MRC1, Dectin-1 and CD163. MRC1 is a type-1 membrane receptor protein, which mediates glycoprotein endocytosis and is found on the cell surface (de Gaetano et al., 2016).  CD163 is a haemoglobin- haptoglobin scavenger receptor but its expression is not restricted to M2 phenotype. Dectin-1 is lectin-like immune receptor which binds -glucan and is expressed on leukocytes. The M2b macrophage subset has a low level of dectin-1 expression, while M2a has a high expression level (Rőszer, 2015).

1.3.8. [bookmark: _Toc520399348][bookmark: _Toc101274218]M4 macrophages
M4 macrophage differentiation is induced by the chemokine like platelet factor 4 (CXCL4). In M4, the expression of MMP7 and MMP12 is significantly higher while the expression of MMP8 is lower in M-CSF-induced macrophages. MMPs may degrade the extracellular matrix, these molecules can promote plaque destabilization, so they may have an atheroprotective function (Gleissner et al., 2012).
The transcriptome of M4 macrophages is closer to M2 than M1, but it is not clearly pro- or anti-atherogenic. CD163 protein coding gene is downregulated by CXCL4, therefore the haemoglobin-haptoglobin scavenger receptor is lower expressed and leads to fewer oxLDL uptake than M0 macrophages. Because of these changes the heme-oxygenase-1 is upregulated, which has an atheroprotective role (Chinetti-Gbaguidi et al., 2014).

1.3.9. [bookmark: _Toc520399349][bookmark: _Toc101274219] Oxidized phospholipid derived macrophages- Mox
In atherosclerotic lesions, oxidative tissue damage and oxidized phospholipids produce a novel macrophage subtype, the oxidised phospholipid derived macrophages (Mox).  The key regulator is nuclear factor erythroid 2-like 2 (Nrf2), which is a redox regulated transcription factor (Kadl et al., 2010). The monocyte chemotactic activity in Mox is increased compared to M0 but is still lower than in M1 or M2 macrophages. Mox is proinflammatory, since COX-2 and IL-1 are upregulated, but lesser than in M1 phenotype (Kadl et al., 2010).

1.3.10. [bookmark: _Toc520399350][bookmark: _Toc101274220]Haemorrhage-specialist macrophage- Mhem
Atherosclerotic lesion destabilization is influenced by intraplaque haemorrhage (1.2.8). During haemorrhage, extracellular hemoglobin (Hb) is tightly bound to haptoglobin (Hp) and cleared by CD163, a macrophage hemoglobin scavenger receptor (Schaer et al., 2006). (CD163 is a member of the scavenger receptor cysteine-rich (SRCR) superfamily and its function is the endocytosis of haemoglobin/haptoglobin complexes (Virmani et al., 2002b)). This macrophages response to HbHp complex is also linked to heme oxygenase-1 (HO-1) expression (Schaer et al., 2006). 
Boyle et al. (2009) investigated the expression and role of CD163 in atherosclerosis.  It was found that macrophages in plaques with haemorrhage ﻿are either predominantly CD163high HLA-DRlow or CD163low HLA-DRhigh. (Human Leukocyte Antigen- DR isotype (HLA-DR) is an MHC class II molecule which presents peptide antigens for the purpose of eliciting T-helper-cell responses (Jendro et al., 1991)). CD163high macrophages are colocalized with haemorrhage (and CD34+ neovessels) and were defined as a new macrophage subset, the haemorrhage-associated macrophage phenotype (HA-mac). ﻿8-oxo-guanosine (8-oxo-G) and HO-1 stain in plaques confirmed the fact that HO-1 expression is increased, while oxidative stress is reduced in HA-mac compared to foam cells. HO-1 is a necessary enzyme in iron homeostasis, catalyses pro-oxidant heme  and has a role in the production of free iron and biliverdin (Boyle et al., 2009).
To study the role and the pathways leading to the development of HA-mac, human monocytes were differentiated with HbHp complexes to reproduce HA-mac. These in vitro studies proved that HA-mac has an increased hemoglobin uptake and suppressed hydrogen peroxide (H2O2) production compared to control macrophages. This novel macrophage subtype also releases IL-10, an anti-inflammatory cytokine, induced by HbHp complexes. Because of all these properties HA-mac were deemed to be an atheroprotective macrophage subset (Boyle et al., 2009). It was proved that macrophages internalize HbHp complexes and in consequence, release heme. Heme induces HO-1 expression via Nrf2 (transcription factor, activated by cellular oxidative stress) (Boyle et al., 2011) in cooperation with ﻿activating transcription factor 1 (ATF-1) (Boyle, 2012). ATF-1 (﻿closest homologue of CREB1 which mediates cyclic- adenosine monophosphate (cAMP) signalling) pathway is mediated via 5′-AMP–activated protein kinase (AMPK)-dependent phosphorylation (Wan et al., 2013). (Cyclic AMP is a derivative of adenosine triphosphate (ATP) and a versatile signalling molecule. It has a role in glucose and lipid metabolism and regulates cellular death and metabolism (Laudette et al., 2021).) ATF-1 ﻿also stimulate the expression of Liver X receptor beta (LXR-) which is the key transcriptional factor of lipid metabolism. Because of the increased cholesterol export HA-mac is resistant to becoming a foam cell (Boyle et al., 2012). The provoked HO-1 has a role in the increase of CD163 and in decreasing oxidative stress, therefore it is essential to trigger the features of HA-mac. This novel atheroprotective macrophage phenotype can reduce the harmful effect of intraplaque haemorrhage (Boyle et al., 2011).
In the meantime, HA-mac was renamed to haemorrhage-specialist macrophage (Mhem) (Boyle et al., 2012) and was also confirmed by Finn and Virmani and named as hemoglobin-stimulated macrophage (M(Hb)) (Finn et al., 2012).

1.3.11. [bookmark: _Toc101274221]Pan macrophage markers
In humans, there are commonly used markers to detect tissue-specific monocytes and macrophages such as CD68, CD14, CD16 or HLA-DR. CD68 is the most used pan macrophage marker and it is detailed in: 1.3.12. 
CD14 is a lipopolysaccharide-binding protein and is strongly positive in monocytes, most tissue macrophages and some granulocytes (Heusinkveld and van der Burg, 2011). CD16 is found on the surface of monocytes, macrophages, neutrophils and NK cells (Pander et al., 2011). Macrophages are also express class I and class II HLA-molecules (Heusinkveld and van der Burg, 2011).


1.3.12. [bookmark: _Ref88831751][bookmark: _Ref98344193][bookmark: _Toc101274222]CD68, a pan macrophage marker
The 2.6 kb human CD68 gene encodes the CD68 protein. The first intron acts as a macrophage-specific transcriptional enhancer in human (Chistiakov et al., 2017). CD68 is a glycosylated type I membrane protein and is a member of the class D Scavenger receptors (Song et al., 2011). It is predominately localized to late endosomal and lysosomal compartments but can rapidly shuttle to the cell surface (Chistiakov et al., 2017). CD68 is structurally similar to lysosomal-associated membrane proteins (LAMPs) and belongs to the LAMP family of glycoproteins (Chistiakov et al., 2017). It has a short cytoplasmic tail and is able to bind oxLDL and phosphatidylserine (Song et al., 2011). 
CD68 is highly expressed in cells of the mononuclear phagocyte lineage including monocytes and tissue-specific macrophages. As estimated, 5000 CD68 molecules can be expressed on the surface of macrophages (Chistiakov et al., 2017). CD68 is a good pan macrophage marker for macrophages because its expression is increased compared to non-myeloid cells (Holness and Simmons, 1993). 

1.3.13. [bookmark: _Toc520399352][bookmark: _Toc101274223] Macrophage distribution in lesions and role in plaque stability
In atherosclerotic plaques, macrophages have a specific spatial distribution which has a great importance on plaque stability. M1 macrophages have a higher ratio in the shoulder region of the plaque, where cap disruption most often occurs, while M2 macrophages are mostly found in the adventitia layer. Both M1 and M2 macrophage subsets are found in the fibrous cap (Stöger et al., 2012). Because of these findings it was suggested that, M1 and M2 cells may arise from distinct monocyte precursors or that macrophages switch phenotype because of different microenvironmental effects (Chinetti-Gbaguidi et al., 2014, Khallou-Laschet, 2010). Phenotype switching was reported in ApoE KO mouse model with the use of arginase expression to define M1 (Arg II) and M2 (Arg I) macrophages in atherosclerotic plaques (Khallou-Laschet, 2010). Another macrophage study used iNOS as an M1 marker and Arg I as an M2 marker (Kadl, 2010). Interestingly, there is a difference in macrophage distribution in the plaques from symptomatic or asymptomatic patients. In symptomatic plaques, M1 expression markers are dominant, while in asymptomatic plaques M2 cells arise more frequently (Cho et al., 2013b). 
Overall, macrophages are influenced by microenvironment, which has an effect on their functional phenotype and modulate plaque progression. 


1.3.14. [bookmark: _Toc101274224]Other inflammatory cells in atherosclerotic lesions
Other inflammatory cells e.g., neutrophils, dendritic cells (DCs), T cells (T lymphocytes) and natural killer (NK) cells also take part in the progression of atherosclerotic lesions by responding to infections or tissue injuries (Chávez-Sánchez, 2014). 
Neutrophils are produced and released from the bone marrow and they are part of the innate immune system (Soehnlein, 2012). They respond to tissue damage or microbial pathogens and migrate to the site of inflammation (Chávez-Sánchez, 2014). During lesion progression, the upregulation of adhesion molecules, caused by endothelial dysfunction, attracts all leukocytes including neutrophils. The rolling neutrophils on the endothelial wall sense chemokines (e.g., CCL5, which binds to CCR5) and promote arterial adhesion (Döring et al., 2015). Neutrophils release matrix metallopeptidase (MMP-2, MMP-9), neutrophil elastase, stimulate the production of reactive oxygen species and promote a shift toward M1 macrophage phenotype (Leclercq et al., 2007) (Soehnlein et al., 2008, Soehnlein, 2012). Because of these features, neutrophils may contribute to plaque destabilization, rupture and erosion  (Soehnlein et al., 2008, Soehnlein, 2012). 
Dendritic cells are antigen-presenting cells and part both of the innate and adaptive immune systems (Shortman and Naik, 2007). Dendritic cells have increased cytokine (TNF, IL-12) expression which stimulates T helper (Th1) and NK cells, moreover, the ox-LDL activated DCs, together with NK cells induce IFN- and IL-12 production (Shortman and Naik, 2007, Dong et al., 2011, Merad et al., 2013). Due to their contribution to stimulating T cells and NK cells, DCs have a role in plaque progression (Chávez-Sánchez, 2014).
CD4+ T cells are part of the adaptive immune system, they can differentiate into two subtypes T helper or regulatory T cells and both of them can trigger or reduce the response of other immune cells, therefore their role is versatile during the pathogenesis of atherosclerosis (Saigusa et al., 2020). T helper 1 cells promote atherosclerosis by secreting IFN- (reduce plaque stability by influencing macrophage polarisation, modulating foam cell formation and inhibiting VSMC proliferation) (Buono et al., 2005, Saigusa et al., 2020). Th1 is the most frequent Th subtype in the plaque and is mostly found in plaques of symptomatic patients (Buono et al., 2005, Fernandez et al., 2019). Regulatory T (Treg) cells secrete IL-10 and TGF-. IL-10 is an anti-inflammatory cytokine while TGF- has plaque-stabilizing effects in Apoe−/− mice (Robertson et al., 2003), therefore Treg cells have anti-atherogenic functions. Interestingly, during lesion progression, Treg cells can switch to pro-inflammatory T cell phenotypes, like Th1 (Saigusa et al., 2020). The role of other T helper cell subtypes, like Th2, Th17 and follicular T helper cells during lesion progression is controversial (Saigusa et al., 2020).
Natural killer cells are innate immune cells and are found near the luminal endothelium in atherosclerotic lesions in both human and mice (Jeziorska et al., 1997). In response to LPS, NK cells are one of the main sources of IFN- secretion (Dong et al., 2011). In Apoe−/− mice, it was found that IFN- deficiency reduced plaque formation (Fogg et al., 2006). 

1.3.15. [bookmark: _Toc101274225]Inflammatory signalling
Macrophages along with other inflammatory cells respond to their microenvironment, develop polarized functions and initiate inflammatory signalling pathways, e.g., cytokine signalling, glucocorticoid receptor (GR) signalling or LPS signalling. 
The term cytokine (previously known as lymphokine) was first introduced by Stanley Cohen in 1974 (Cohen, 2004). Cytokines are responsible for intercellular communication, by regulating inflammatory and immune responses, moreover, controlling innate and adaptive immunity. Currently, there are more than 50 known cytokines and these are characterized according to the structural homology of their receptors including ﻿interleukin (IL), tumor necrosis factors (TNF), interferons (IFN), colony stimulating factors (CSF), transforming growth factors (TGF), and chemokines (Tedgui and Mallat, 2006). 
The nuclear factor- κB (NF-κB) pathway is one of the most important cytokine signalling pathways and its activation has a crucial role in inflammation, through controlling genes encoding chemokines, growth factors, adhesion molecules and pro-inflammatory cytokines (Tedgui and Mallat, 2006). The inactive NF-κB is bound to an inhibitor (I-κBα/β) and located in the cytoplasm. Proinflammatory cytokines (TNFα and IL-1) activate the IκB kinase (IKK) complex and initiate I-κBα/β phosphorylation. The phosphorylated IκB complex is then ubiquitinated and degraded which releases NF-κB. The formed complex (NF-κB-IκB) translocates to the nucleus, where NF-κB binds to κB enhancer elements and promotes transcription (Tedgui and Mallat, 2006). The in vivo role of the NF-κB pathway was studied in an experimental atherosclerosis model (LDLr-deficient mice with cell specific deletion of IKK2, preventing NF-κB activation in macrophages) (Kanters et al., 2003). In these mice, increased atherosclerotic lesion and inflammation were found, together with the reduction of anti-atherogenic IL-10 level. It suggests that the NF-κB pathway has a role in the induction of anti-inflammatory genes (Lawrence et al., 2001). The effect of hematopoietic NF-κB1deficiency was also studied in a mice model (﻿transplanting bone marrow from mice deficient in NF-κB1 into irradiated LDLr−/− mice) during atherosclerotic lesion formation (Kanters et al., 2004). Interestingly, NF-κB1 deficiency led to decreased lesion size and increased accumulation of T and B lymphocytes (Kanters et al., 2004). The expression of MCP-1 was downregulated, while IL-10 was upregulated in NF-κB1 deficient macrophages which could contribute to the smaller lesion size. Reduced plaque size also could be resulted from a defect in oxLDL uptake by macrophages, because foam cells were lacking in NF-κB1 deficient lesions (Tedgui and Mallat, 2006). 
The c-Jun N-terminal kinase (JNK) pathway regulates many pro-inflammatory genes, e.g., TNFα, IL-2, E-selectin, ICAM-1, VCAM-1, MCP-1, MMPs through interaction with the activator protein-1 (AP-1). In vivo, atherosclerotic plaques were reduced in JNK2-deficient apoE−/− mice, compared to apoE−/− mice (Ricci et al., 2004).
The Janus kinase (JAK)- signal transducer and activator of transcription (STAT) pathway plays an important role in transferring signals from cell-membrane receptor to the nucleus (Seif et al., 2017). JAK tyrosine kinases are bound to the cytoplasmic region of cytokine receptors. The activation of these receptors is associated with the transphosphorylation of JAKs and then the recruitment and phosphorylation of STATs. The dimerized STATs are translocated to the nuclei and regulate the transcription of target genes (Seif et al., 2017). The JAK-STAT pathway is a major part of the immune system by modulating the polarization of T helper cells (O'Shea and Murray, 2008). It was found that IL-12 activates STAT4 and promotes cell polarisation towards Th1 which cells secrete IFN- and therefore promote atherosclerosis (O'Shea and Murray, 2008).  
Many signalling pathways are regulated by the glucocorticoid receptor (GR) transcription factor. GR is found almost everywhere in the body and it can regulate various biological processes depending on the cell, tissue or physiological status. The detailed mechanism of action is described in 1.5.1 Dexamethasone and glucocorticoid signalling.
During atherosclerosis, pathogenic bacteria can trigger vascular inflammation. The source of these inflammatory responses is lipopolysaccharides (LPS) which are found in the outer membrane of Gram-negative bacteria. Bacterial LPS is recognized by Toll-like receptor 4 (TLR4) which is expressed on different inflammatory cells, such as macrophages or monocytes (Gorabi et al., 2021). The recognition of LPS by TLR4 and other cell surface molecules (CD14 and LPS-binding protein (LBP)), stimulates a cascade of downstream protein kinases ﻿such as IL-1 receptor-associated kinase (IRAK-1) and myeloid differentiation factor 88 (MyD88), resulting the activation of the NF-κB pathway and therefore the production of anti-inflammatory chemokines and cytokines (Guha and Mackman, 2001, Karnati et al., 2015). In vivo, the expression of TLR4 was confirmed on the surface of inflammatory macrophages in atherosclerotic plaques, both in human and animal models (high-fat diet apoE deficient mice) (Xu et al., 2001).


1.4. [bookmark: _Toc99474120][bookmark: _Toc99474346][bookmark: _Toc101274043][bookmark: _Toc101274226][bookmark: _Toc101274227]Transcriptome analysis of human plaque tissue

Studies have described the cellular and molecular interactions in atherogenesis, but the understanding of the process taking place inside diseased artery walls is continuously developing (Brown et al., 2017).

1.4.1. [bookmark: _Toc101274228]Transcriptome analysis
Fast transcriptome analysis (microarray, RNA-seq) is a good method to reveal gene expression, investigate cellular states and map molecular pathways in health and disease (Mutz et al., 2013). Formerly, microarray and real-time PCR were used to measure mRNA expression, but these techniques are not sensitive enough or cannot be used for genome-wide studies (Mardis, 2008). Various sequencing methods and platforms are available today. The classical dideoxy Sanger method uses enzymatic reactions (Sanger et al., 1977) while pyrosequencing is based on sequencing by synthesis technology where nucleotide incorporation is monitored by luminescence (Ronaghi, 2001).  These technologies are referred to as high-throughput or deep sequencing, however when it is used for mRNA sequencing the method is termed RNA-seq (Uchida, 2012). One of the most used adaptions of the technique is the Genome Analyzer developed by Solexa (now part of Illumina) which has 2 main steps: DNA fragmentation with bridge amplification and sequencing (Mutz et al., 2013). Billions of nucleotides can be sequenced with this method in a single run, providing reads of 20-50 nucleotides (Mutz et al., 2013). 
The discovery of single-cell analysis techniques like Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq) or scRNA-seq, enabled a better understanding of intrinsic cellular processes and extrinsic stimuli such as the local environment (Willemsen and Winther, 2020). ScRNA-seq can help to investigate drug resistance and cancer relapse, determine the origin of infection or discover previously unknown cell types and regulatory processes (Saliba et al., 2014). There are various widely used scRNA-seq technologies and one of the most evident differences is that some of them can generate full-length transcripts (e.g., Smart-seq, Smart-seq2, MATQ-seq) while others can only capture the 5’-end (e.g., STRT-seq) or 3’-end (e.g., CEL-seq, CEL-seq2, Drop-Seq, Chromium) of the transcripts (Chen et al., 2019).
RNA-seq coupled with Laser Capture Microdissection (LCM) is a powerful tool to analyse differentially expressed genes in cell populations dissected from heterogenous tissue (Espina et al., 2006, Civita et al., 2019). Microdissection paired with scRNA-seq technology allows a better understanding of the role of single cells in complex cell populations (Civita et al., 2019). To understand the relative gene expression changes in specific tissue subtypes LCM could be coupled with reverse-transcription quantitative PCR (RT-qPCR) but this method is limited to the analysis of a few genes (Amini et al., 2017). LCM works with direct visualization of the cells (phenotypically similar) therefore the positional information is kept, unlike the fluorescence cell sorting (FACS), enzymatic or physical dissociation where the whole tissue is disrupted (Nichterwitz et al., 2016). The effect of these dissociation methods on the transcriptome of single cells is traceable and should be assessed. It was found that dissociated dead cells transcriptomes are similar to live cells and express significantly high levels of MHC I genes (HLA-A, HLA-B) which have a role in stress response. (O'Flanagan et al., 2019).
There are alternative single-cell approaches to analyse the genome and transcriptome of a single cell. For example, cytometry by time of flight (CyTOF) is a real-time application of mass spectrometry and flow cytometry in which the abundance of metal ion tags on antibodies is measured instead of fluorochromes. It can be used to evaluate the target effects of drug treatments and hopefully identify new therapeutic targets (Tracey et al., 2021). Another interesting method is the Hyperion Imaging System (Fluidigm). This approach can examine high numbers of protein markers, using a laser to collect metal-tagged biological samples with detecting the mass of each metal tags (Xie et al., 2020). Single nuclei RNA-seq (snRNA-seq) is a great alternative to single-cell methods because it requires a quick nuclear dissociation and does not require protease digestion or heating therefore it can result better quality transcription (Lacar et al., 2016). 
Single-cell transcriptomic studies have their drawbacks mostly because of the low amount of starting material. ScRNA-seq generates variable data with more noise which raise the challenges of bioinformatic analysis. Because of the bias and low transcript coverage, a series of Quality Control (QC) analyses is essential to eliminate poor quality cells (Chen et al., 2019). 

1.4.2. [bookmark: _Toc101274229]Transcriptome analysis of macrophages
A large dataset of human monocyte- derived macrophages (hMDMs) was generated to understand macrophage activation, polarization, function and how macrophages respond to signal from their microenvironment in inflammatory conditions (Xue et al., 2014). For the dataset, human MDMs were activated with 28 different stimuli including glucocorticoid (dex: 1 μM) , lauric acid (150 μM), stearic acid (150 μM), TNF (800 IU/ml) or HDL (2 mg/ml) and gene expression profiling were performed by Illumina Beadchip arrays. A spectrum model of macrophage activation (Figure 7) was created by sorting macrophage clusters achieved by correlation coefficient matrices (CCM). 3D coordinates were generated by co-regulation analysis (CRA). Graphs were plotted using Matlab and BioLayout. 
(Detailed protocol is available online:
https://www.cell.com/cms/10.1016/j.immuni.2014.01.006/attachment/177898e3-52b0-4597-9e59-74db61b4ec98/mmc1.pdf). When macrophages were polarized only with interferon-γ (towards M1) or with IL-4 (towards M2), a bipolar structure was visible on the correlation network of 299 macrophage transcriptomes (Figure 7: A). When cells were treated with M1 or M2 related stimuli the bipolar structure was still kept (Figure 7: B). Although, when macrophages were stimulated with agents not linked to M1 or M2 polarization, other activation signatures appeared (Figure 7: C, D). Based on these transcriptome analyses, findings extend the classical polarization model to a spectrum model of macrophage activation (Xue et al., 2014).
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[bookmark: _Ref66959707][bookmark: _Toc101269209]Figure 7: Correlation networks of 299 human macrophage mRNA transcriptomes created with correlation coefficient matrices
A: Bipolar structure with M1 and M2 polarization factors. B: Further M1 and M2 associated stimuli and maintained bipolar structure C, D: Stimuli not linked to M1 or M2 polarization factors and more activation signatures appeared
Figure is from (Xue et al., 2014) under the terms of the Creative Commons CC-BY license.

In another study, genomic DNA and RNA were isolated from the total carotid intima of Apoe−/− mice and analysed with next-generation sequencing (NGS) and microarray to show that disturbed blood flow can control endothelial gene expression epigenetically by regulating genome-wide DNA methylation patterns (Dunn et al., 2014). 
In a comprehensive study (Perisic et al., 2016), 127 human carotid plaques (40 asymptomatic, 87 symptomatic) and an overlapping subset of peripheral blood mononuclear cells isolations (30 asymptomatic, 66 symptomatic) were analysed by microarray profiling to identify pathways linked to plaque instability. The analysis of plaques and peripheral blood mononuclear cells (PBMCs) revealed that the haemoglobin metabolism is upregulated in symptomatic patients along with inflammatory response, LDL clearance and foam cell differentiation. The effect of statins was also investigated, and it was suggested that osteoblast differentiation and calcification was enriched in symptomatic patients treated with statins. Patient with TIA or minor stroke have an increased stroke risk (see section: 1.1.6) and it was reported that, genes associated with platelet activation (e.g.: ﻿platelet-activating factor receptor: PTAFR) were upregulated in TIA or minor stroke patients compare to stroke patients (Perisic et al., 2016). (Platelet-activating factor (PAF) is a pro-inflammatory phospholipid mediator with versatile physiological effects. It promotes chemotaxis and aggregation, has a role in granule secretion, increases the permeability of endothelial cells and stimulates smooth muscle cell contraction. These different activities are dependent on the activation of catabolic pathways and one of the most important enzymes is the PAF-specific acetylhydrolase (PAF-AH) which forms a biologically inactive lyso-PAF. There are a lot of molecules that are able to inhibit PAF mediated actions and therefore act as anti-inflammatory agents (Montrucchio et al., 2000).) Samples from symptomatic TIA or minor stroke patients showed an upregulation in the process of inflammation, angiogenesis and oxidoreductase activity. Human carotid plaque tissue was also compared to normal arterial wall. Pathways of immune cell activation, extracellular matrix (ECM) disassembly, cell proliferation, lipoprotein clearance were enriched in plaques. To determine the classification of symptomatic and asymptomatic plaque on a molecular level, a prediction model was performed. 30 genes were found which can predict plaque stability with 78% accuracy. More genes were also specified with qPCR that had previously not been identified in atherosclerosis. For example, ﻿leiomodin 1 (LMOD1: role in actin binding) and ﻿synaptopodin 2 (SYNPO2: role in actin binding) were downregulated in plaque tissue (﻿mean difference ± SD -2.405 ± 0.2162, P < 0.0001 and -4.256 ± 0.2827, P < 0.0001, respectively) while Pro-Platelet Basic Protein (PPBP: growth factor activity and glucose transmembrane transporter activity) and ﻿perilipin 2 (PLIN2: role in development and maintenance of adipose tissue) were upregulated in plaque tissue ﻿(mean difference 3.560 ± 0.3138, P < 0.0001 and 2.640 ± 0.2852, P < 0.0001, respectively) compared to normal arterial wall (Perisic et al., 2016). 
Transcriptomic studies were also looking for regulator genes involved in cholesterol metabolism and inflammatory response in macrophages, after interaction with modified LDL. Interestingly, it was found that these genes are responsible for inflammation but do not have direct role in cholesterol metabolism (IL-7, IL-15, CXCL8). The data proves that the primary response of macrophages to modified LDL is the activation of inflammatory pathways (Orekhov et al., 2018). Foam cell formation described in detail: 1.2.4 Foam cell formation.
These are just a few examples, but the methods use multiple cells from which to extract RNA and adopt a biased approach that targets on the microarray are predefined. Moreover, the discovery of gene transcripts, alternative splicing, tissue-specific gene expression  or alternative polyadenylation would be useful in disease with the use of expressed sequence tags (ESTs, single strand reads of cDNA sequences) (Liu and Graber, 2006)

1.4.3. [bookmark: _Toc101274230]Single-cell analysis of murine atherosclerotic plaques
Single cell techniques are useful to better understand the mechanism of atherosclerosis as well as analyse different immune cell subsets, understand their roles in atherosclerotic lesion progression, expose cell-type specific pathways and identify markers for unstable carotid plaque. During the last couple of years, Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq) and scRNA-seq methods started to be used in both mouse and human atherosclerosis research (Fernandez and Giannarelli, 2022).
A murine study (Winkels et al., 2018b) described leukocytes from healthy and atherosclerotic aortas by scRNA-seq and mass cytometry. 11 aortic leukocyte clusters (1 macrophage, 2 monocytes, 5 T cells, 2 B cells, 1 NK cell cluster) were identified by single cell RNA-seq (10X Genomics, chow diet: 909 CD45+ cells, Western diet: 2077 CD45+ cells) and different pathways such as cytokine secretion or lipid metabolism were limited to certain clusters. Leukocytes are differently regulated and less diverse in healthy aortas (chow fed) compared to atherosclerotic mice (﻿Apoe−/−, western diet). Their results confirmed that macrophages, monocytes and T-cells are present in mouse aortic lesions with the highest proportion (Winkels et al., 2018b). 
In another study (Cochain et al., 2018), aortic CD45+ cells were classified using scRNA-seq (Drop-seq, chow diet: 372 CD45+ cells, Western diet: 854 CD45+ cells) from atherosclerotic (Ldlr−/−, high fat diet) and nondiseased (chow fed) mice. Thirteen aortic clusters (3 macrophages, 1 monocyte, 4 T cells, 1 B cell, 1 NK cell, 1 dendritic cell, 1 granulocyte, 1 mixed cell cluster) were identified which revealed 3 separate macrophage populations during lesion formation at different time points (28.9% of all cells). The first group are described as Resident like (Res-like) macrophages and are found both in healthy and diseased aortas accounting for 34.4% of all macrophages. These cells express genes linked to aortic resident macrophages (e.g., Coagulation Factor XIII A Chain: F13a1) or M2 like macrophages (Mrc1). One of the 2 atherosclerosis specific clusters contain the inflammatory macrophage transcripts which represent 47% of all macrophages. This group shows an enrichment in the expression of proatherogenic genes e.g., Il1b and Il1a. The last, previously undescribed macrophage population are the TREM2hi (triggered receptor expressed on myeloid cells 2) cells which highly express Trem2 (18.6% of all macrophages). Gene ontology analysis showed that Inflammatory and Res-like macrophages had a role in inflammatory responses and all 3 macrophage clusters were responsible for myeloid leukocyte activation. TREM2hi macrophages had unique roles in lipid metabolism and regulation of oxidative stress and cholesterol efflux (Cochain et al., 2018).
The aim of another murine study (Kim et al., 2018) was the comparison of foamy and non-foamy macrophages from the atherosclerotic aortae (Ldlr−/− mice, western diet) and their role in plaque progression. 11 aortic clusters (8 macrophages, 2 DCs, 1 T cell clusters) were identified by single cell RNA-seq (10X Genomics, 3781 CD45+ cells). It was shown that lipid-laden foamy macrophages accumulated in more severe lesions and expressed genes related to lipid metabolism, not inflammation. On the other hand, non-foamy macrophages showed enrichment in the expression of inflammatory genes, like IL1β, both in mouse and human plaques. Interestingly, their data suggest that foamy macrophages do not lead to plaque inflammation (Kim et al., 2018). It was also reported earlier that foam cell formation relates to inflammatory gene suppression and not activation (Spann et al., 2012). 
Vascular smooth muscle cells (143 cells) heterogeneity from normal and atherosclerotic aorta from Apoe−/− mice were investigated with scRNA-seq (Smart-Seq2, 10x Genomics) (Dobnikar et al., 2018). The transcription analysis of VSMCs confirmed the region-specific development of these cells. Moreover, it was found that genes associated with inflammation, wound healing and migration are upregulated in VSMCs as a response to Stem Cell Antigen 1 (Sca1), a multipotent progenitor marker (Dobnikar et al., 2018).
Another murine (Cx3cr1CreERT2-IRES-YFP/+Rosa26fl-tdTomato/+) study (Lin et al., 2019) focused on plaque cells derived from CX3CR1+ precursors during plaque progression (3157 cells) and regression (2198 cells). After single cell RNA-seq (10X Genomics) 11 clusters were identified from the combined cell groups (5355 CD11b+ cells). A cluster of stem cell-like proliferating monocytes was identified which suggest that monocytes are in a self-renewal state in the plaque and not differentiating immediately into macrophages. It was found that during plaque progression macrophages differentiate into more distinct states than during regression and macrophage activation is more complex than the M1 and M2 phenotypes (Lin et al., 2019).
Flores et al., (2020) developed a macrophage specific nanotherapy to reactivate lesional phagocytosis and reduce plaque burden in Apoe−/− mice. Prophagocytic carbon nanotubes decreased the expression of inflammatory genes in connection with cytokine and chemokine pathways in lesional macrophages, confirmed with scRNA-seq (10X Genomics, ~1500 CD45+ cells) (Flores et al., 2020). 
A recent study investigated CD4+ T cells from aortas of Apoe−/− mice (chow or Western diet) (Wolf et al., 2020). ApoB+ T cells were found in both mice and human plaques and converted into Th1-like cells as apoB directs the generation of pathogenic Th1 cells. In healthy mice, apoB+ T cells accumulated and presented a Treg- like transcriptome. ScRNA-seq (10X Genomics) analysis revealed several apoB+ T cell clusters with different Th signatures with overlapping phenotypes of Th1, Th2, Th17 and follicular helper cells, moreover, T cells were expanded during plaque progression showing a mixed Th1-Th17 phenotype (Wolf et al., 2020). These findings demonstrate a novel mixed phenotype of apoB-reactive T cells in atherosclerosis and suggest a protective autoimmune response against apoB (Wolf et al., 2020).
Myeloid cells (CD45+), isolated from Ldlr−/− mice (n=10) were analysed with scRNA-seq (10X Genomics) (Williams et al., 2020). It was revealed that a specialised and unique macrophage population, the aortic intima resident macrophages (MacAIR) are from monocyte progenitors during inflammation and depend on colony stimulating factor 1. MacAIR is maintained by local proliferation in the intimal tissue and differentiates into the first foam cells (Williams et al., 2020). 
CD45+ leukocytes were isolated from the atherosclerotic aorta of Apoe−/− mice (normal or high cholesterol diet) and sequenced ﻿(C1 Single-Cell mRNA Seq HT IFC chip) (Burger et al., 2022). Resident-like macrophages expressed the lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) promoted the transformation of VSMCs to osteogenic-like cells via the secretion of chemokine ligand 24 (CCL24). These cells were found to have a role in vascular calcification and therefore plaque destabilization (Burger et al., 2022). 

1.4.4. [bookmark: _Toc101274231]Single-cell analysis of human atherosclerotic plaques
Human atherosclerotic macrophage types have also studied by single-cell approaches like cytometry, CITE-seq and scRNA-seq in the past years. 
The majority of macrophages, T cells, B cells and NK cells in human atherosclerotic plaques was already discovered with immunohistochemistry, but the existence of new subtypes has been revealed by single cell techniques in the past years (Winkels et al., 2018a). Leukocytes isolated from human carotid atherosclerotic plaques (n=126) and analysed with cytometry by time of flight (CyTOF) showed that 51% of leukocytes were macrophages (Winkels et al., 2018b). CyTOF allows high-dimensional protein analysis but is biased and limited to around 60 markers. Another drawback is the variation in signal intensity across machines and normalisation and anchor samples are necessary for reproducibility (Fernández-Zapata et al., 2020). Different types of plaque cells were enriched compared to ﻿peripheral blood mononuclear cells from the same patients and two subpopulations of resident macrophages were detected: ﻿CD11b+HLA-DRmed and a CD11b+CD36+ (Winkels et al., 2018b).
Single-cell transcriptomic (10X Genomics) and proteomic (CITE-seq) analyses were also used to create the first single-cell immune landscape of human atherosclerotic plaques (Fernandez et al., 2019). In this comprehensive study (n= 46 stroke patients undergoing carotid endarterectomy), the different characteristics of macrophages and T cells were described in carotid plaques from both symptomatic and asymptomatic patients (plaques were digested for further analysis). A distinct subset of CD4+ T cells were found in carotid plaques from symptomatic patients and T cell exhaustion markers (e.g., programmed cell death protein 1 (PD-1)) were present. Mass cytometry analysis of 8 asymptomatic and 7 symptomatic plaques revealed 15 plaque specific clusters, including 2 macrophage clusters. These 2 clusters are described as ﻿CD206hiCD163hi and CD206loCD163lo macrophages. CITE-seq (detection of proteins) immune profiling also identified 2 macrophage clusters (CD64+HLADR+CD206hi and CD64+HLADR+CD206lo) based on different CD206 expression levels. The transcriptional analysis revealed five different subsets of macrophages in the carotid plaques. All these different clusters had different transcriptional signatures and characteristics e.g., macrophage activation, inflammatory response, plaque stabilization, foam cell formation and cholesterol metabolism. Single cell RNA-seq (10X Genomics) analysis was used to compare macrophages (n=747 cells) from the asymptomatic (n=4) and symptomatic (n=2) carotid plaques. Asymptomatic macrophages were defined by more pro-inflammatory chemokines (e.g., activated IL-1 signalling), however, they were more engaged in lipid uptake and foam cell formation. Using a computational approach, cell to cell (targeting ligand-receptor interactions, based on: (Kumar et al., 2018)) interactions were predicted. It was found that macrophages stimulate self-activation via IL-1 signalling in asymptomatic plaques. Symptomatic plaque macrophages expressed cytokines involved in inflammatory response and it was suggested that they may be associated with the self-maintenance of M2-like phenotype through the expression of M2 markers (Fernandez et al., 2019). 
Human immune cells from atherosclerotic coronary arteries (n= 4 patients) were studied with scRNA-seq (10X Genomics) (Wirka et al., 2019). It was found that SMCs transform into unique fibroblast like cells (called fibromyocytes) rather than classical macrophages. TCF21 (transcription factor, gene at coronary artery disease-associated locus) expression was upregulated during SMC phenotypic modulation both in human and Apoe−/− mice. A higher level of TCF21 expression was associated with decreased coronary artery disease which indicates the protective role of TCF21 in disease (Wirka et al., 2019).
	Another single cell study (Depuydt et al., 2020), identified 14 distinct cell populations in human carotid plaques (n=18 plaques from 18 patients) by scRNA-seq (CEL-seq2). From these 14 clusters, 11 were confirmed as leukocytes and the myeloid population was 18.5% of all cells. Myeloid cells were reclustered (sub clustering was performed using canonical correlation analysis) and it was found that 3 out of the 5 new clusters represented a different macrophage activation state. Proinflammatory macrophages were clustered into two populations, one of them showed inflammasome activation (called My.0), while the other group of macrophages expressed tumor necrosis factor and toll-like receptors (called My.1).  These proinflammatory cells had a role in immune cell interactions and cellular activation. Interestingly, an inhibitory feedback loop was discovered in these proinflammatory macrophages subpopulations mediated by kruppel like factor 4 (KLF4) expression. The next cluster (called My.2) represented foam cells and expressed profibrotic markers, like TREM2 (Depuydt et al., 2020). TREM2 has a role in lipid metabolism and cholesterol efflux like the LXR genes, reported by Spann et al., (2012). The 4th cluster (called My.3) of myeloid cells are defined by dendritic cell markers, while the last group (My.4) potentially included regulatory T cells (Depuydt et al., 2020). 
In summary, it is evident that the cell population of atherosclerotic lesions are highly diverse and there are numerous macrophage subtypes, demonstrated by RNA-seq and CITE-seq  (Fernandez and Giannarelli, 2022).


1.5. [bookmark: _Toc101274232]Drugs that may influence inflammation and macrophages in stroke and atherosclerosis

Glucocorticoids such as dexamethasone are used in medicine to treat the diseases of the immune system. The effect of glucocorticoids is highly diverse; they can increase apoptosis of inflammatory cells, decrease cytokine production and activate histone deacetylase increasing gene transcription (Ramamoorthy and Cidlowski, 2016). In this section, I describe the mechanism of action of dex and the latest information of its effect on stroke and atherosclerosis including macrophage phenotypes.

1.5.1. [bookmark: _Ref88750421][bookmark: _Ref88750428][bookmark: _Ref88753223][bookmark: _Toc101274233]Dexamethasone and glucocorticoid signalling
Dexamethasone is an anti-inflammatory synthetic glucocorticoid (GC) which was first synthesized in 1957 to create a steroid with a longer action than hydrocortisone. It is a widely used medication for inflammatory conditions, including allergies, lupus, arthritis, psoriasis, ulcerative colitis and asthma (Bo-Young Kim, 2017). Glucocorticoids are essential stress hormones, which bind to the GC receptors and play a role in inflammation, homeostasis, cell proliferation and development (Vandewalle, 2018). 
Glucocorticoids are produced in the adrenal cortex, enter cells and bind to intracellular glucocorticoid receptors (GR) (Figure 8). GR is a member of the nuclear receptor superfamily of transcription factors and has 3 main parts: the N-terminal transactivation domain, DNA-binding domain and C-terminal ligand-binding domain. GR is located in the cytoplasm in a multiprotein complex (Whirledge and DeFranco, 2018). As a result of ligand induced conformational changes, the activated steroid-receptor complex is transported into the nucleus (Ramamoorthy and Cidlowski, 2016). GR- DNA binding depends on several factors e.g., genomic sequence and chromatin environment. The classical transcriptional regulation starts with the dimerization of GR then the complex binds to the glucocorticoid response elements (GRE) and modifies transcription from proximate promoters (Whirledge and DeFranco, 2018).  Alternatively, GR can localize to genomic sites through protein-protein interactions without directly binding DNA or monomeric GR can bind DNA with the help of other transcriptional factors, located proximal to the direct GR binding site (Whirledge and DeFranco, 2018). The mRNA of the altered targeted genes leaves the nucleus, directs the synthesis of proteins which are released from the cell and trigger biological responses. 
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Description automatically generated]Glucocorticoids bind to GR which is a ligand-dependent transcription factor (Sacta et al., 2016). Regulation of transcription plays an important role in health and disease therefore the identification of these major DNA binding sites for proteins or histone modification by chromatin immunoprecipitation combined with sequencing (ChIP-seq) is necessary. In the past years, several studies have mapped the location of binding sites in many cell types in human (e.g., (ENCODE Project Consortium, 2012). A recent study (Vockley et al., 2016) determined the functional effect of GR binding sites (GBSs) by measuring the GC responsive activity of GBSs using ChIP-seq. It was found that direct GBSs encode GC-induced enhancers and non-GC-induced GBSs interact with direct GBSs which can amplify the activity of direct GC-induced enhancers (Vockley et al., 2016). 

[bookmark: _Ref61865018][bookmark: _Toc101269210]Figure 8: Genomic action of glucocorticoids
The adrenal cortex synthesizes and release glucocorticoids. Glucocorticoids bind to the intracellular glucocorticoid receptor (GR), undergoes a conformational change and translocated to the nucleus. Inside the nucleus GR binds to the glucocorticoid response elements (GRE) and stimulates target gene expression.



1.5.2. [bookmark: _Toc101274234]Glucocorticoid Receptors
Glucocorticoid receptors can be modified by several post-translational modifications (PTMs), which can create or inactivate protein interaction surfaces and affect DNA binding or ligand response (Weikum et al., 2017). Phosphorylation is one of the PTMs which affect GR on the basal level and additional sites on ligand treatment. 
The phosphorylation of GR, mostly increases the protein half-life, resulting rapid protein degradation (Weikum et al., 2017). SUMOylation, another post-translational modification (small ubiquitin-related modifier 1 (SUMO-1) links to Lys residue and alters their stability) affects the GR target genes and chromatin binding (Paakinaho et al., 2014). It was revealed that genes down- or up-regulated by dex are affected by GR SUMOylation and these genes are in connection with cellular proliferation. SUMOylation also modulated the chromatin occupancy of GR on several loci associated with cellular growth in a way that parallels their differential dex-regulated expression between different cell lines (HEK293 and U2 osteosarcoma cells) (Paakinaho et al., 2014). 
Investigating the regulation of the human genome and functional annotations could help biomedical research find potential direct genes to treat disease. 

1.5.3. [bookmark: _Toc101274235]The effect of glucocorticoids
Steroids, including GCs, have anti-inflammatory and immunosuppressive effects in a direct or indirect way. The direct way is when GR binds to GRE, while the indirect effect is relying on the interaction of GR with other transcription factors (Rhen and Cidlowski, 2005). For example, GCs can inhibit vascular permeability and endothelial activation through direct inhibition of endothelial adhesion and indirect inhibition of cytokine transcription (Salvador et al., 2014). Dexamethasone can also affect the blood-brain barrier, via the direct induction of F-actin concentration and increased occludin expression (Salvador et al., 2014). Dexamethasone can indirectly regulate serotonin activity by increasing the expression of the serotonin transporter and inhibiting its biosynthesis (Bordag et al., 2015). 
The anti-inflammatory properties of GCs are through the repression of ﻿NFκB and the downregulation of proinflammatory cytokines (IL-1, IL-6, TNFα). Moreover, GR dimerization is also essential for the anti-inflammatory effects (Desgeorges et al., 2019). Interestingly, one of the GR isoforms (GRα) has also been shown to induce apoptosis through both extrinsic and intrinsic apoptotic pathways (Gruver-Yates and Cidlowski, 2013). Another study suggested that a high dose (1000ng/ml) of GC can induce apoptosis in macrophages, T cells, B cells, natural killer cells and dendritic cells in vitro (Zhou et al., 2010). It was also shown that a high dose of dex can decrease the production of pro-inflammatory compounds e.g., cytokine, adhesion molecules or chemokines (Ramamoorthy and Cidlowski, 2016). Glucocorticoids have inhibitory effects on adhesion molecules (e.g., E-selectin) in endothelial cells which have a role in the progression of early atherosclerosis (Otsuki et al., 2010). GCs also have a role in the mobilisation of glucose, breakdown of proteins, neutrophilia or immunosuppression (Ramamoorthy and Cidlowski, 2016). 
Glucocorticoid binding to GR can also release accessory proteins that have a role in secondary signalling cascades, e.g., phosphorylate annexin 1 (Ramamoorthy and Cidlowski, 2016). Annexins can bind Ca2+ and phospholipids and have a role in cell growth, differentiation, neuroendocrine function and inflammation (Solito et al., 2003). Furthermore, annexin 1 expression can be increased by GC treatment in the plasma membrane  (Solito et al., 2003).

1.5.4. [bookmark: _Toc101274236]The effect of dexamethasone treatment in ischemic stroke patients
The effect of dex treatment in ischemic stroke patients is widely researched and the results are varied. 
A double-blind study (Bernard et al., 1972, Patten et al., 1972) (n= 31 patients; 14 received dex, 17 received placebo) showed that dex can be useful after severe stroke compared to a control (non-stroke) group. Patients who received steroids improved their functional status and it was found that dex decreased brain oedema and brain infarction.  Interestingly, another study (n= 118 patients; 61 received dex, 57 received placebo), showed that the routine use of dex has no beneficial effect on acute ischaemic stroke patients (Mulley et al., 1978). In another study, on 300 stroke patients (rigorously randomized), there was evidence of effectiveness of dex, but this did not reach statistical significance. Patients in this study were divided in four groups, Group A: placebo, Group B: ﻿mixture of dihydroergocornine, dihydroergocristine and dihydroergocriptine, 0.3 mg each in a daily dosage of 6, Group C: ﻿dex 24 mg daily, given in divided doses, Group D: ﻿20% hypertonic mannitol given intravenous 0.8-0.9 g/kg daily  (Santambrogio et al., 1978). 
Systematic reviews were published in 2002 and 2011 on the effect of corticosteroids in ischaemic stroke. The first (Qizilbash et al., 2002), summarizes the findings from 7 trials, including 453 people, while the second (Sandercock and Soane, 2011), added on one more trial to the previous one (all together 8 trials) to reach 466 participants. These 2 studies showed that there was no evidence of benefit from corticosteroids on improving functional outcomes or decreasing the number of deaths from stroke. The limitation of all of the trials is that only one of the studies used CT scans to exclude haemorrhage. To conclude, it was suggested that corticosteroids, could be useful in stroke patients with large infarcts and cerebral oedema (Qizilbash et al., 2002, Sandercock and Soane, 2011). 
In contrast to the equivocal data presented in the systematic reviews, the data from stroke models is more encouraging. In a rat thromboembolic stroke model, combined treatment with ﻿dex phosphate-containing long-circulating liposomes (LCL-DXP) and ﻿recombinant tissue plasminogen activator (rtPA) restricted lesion progression and significantly improved neurological outcome after embolic stroke compared to ﻿only phosphate-buffered saline-loaded LCLs (Tiebosch et al., 2012). Another study examined rats with intracerebral haemorrhage (ICH) and treated them with high dose dex (15mg/kg) after ICH induction and on day 3. The ﻿intraperitoneal injection of dex (control group: saline; n=56) resulted a significant decrease in apoptotic cell death, earlier appearance of lymphocytes and an increased neuron survival (Lee et al., 2014). ﻿A recent study showed that a single dose of intranasal dex (0.25 mg/kg) could significantly decrease infarct volume size, mortality and neurological deficits in a mouse ischemic stroke model (Espinosa et al., 2020). Overall, these findings have shown that dex has an advantageous effect on ischaemic or haemorrhagic stroke in mouse or rat experimental models. 

1.5.5. [bookmark: _Toc101274237]The effect of dexamethasone on atherosclerosis & macrophages
Given the interesting preclinical data on experimental stroke, there are several studies which examine the effect of dex on atherosclerosis in animal models and human or mouse monocytic cells. For instance, dex significantly decreased the development of aortic atherosclerotic plaque in rabbits (daily injection of 0.125 mg dex) compared to control animals after a 1% cholesterol diet for 8 weeks by an average of 83% (Asai et al., 1993). Immunofluorescence staining showed that in dex treated rabbits, clusters of macrophages and T lymphocytes were significantly reduced compared to control rabbits. In vitro, dex treated (versus control) mouse peritoneal macrophages had reduced uptake and degradation of very-low-density lipoprotein (VLDL). Taken together, these data suggest that dex (10-7 M for 36 h) can inhibit the proliferation of MDMs in the aortic wall and suppress the formation of foam cells in atherosclerotic lesions (Asai et al., 1993).
Both asthma and atherosclerosis are inflammatory diseases, therefore the anti-inflammatory corticosteroids used in asthma treatment may be able to reduce atherosclerotic vascular diseases. To prove this hypothesis, 150 asthmatic patients were selected with reversible airway obstruction (Otsuki et al., 2010). These patients were matched with non-asthmatic control subjects based on age, sex and other atherosclerotic risk factors (e.g., hypertension, diabetes mellitus, smoking). The most effective long-term therapy against asthma are the inhaled corticosteroids (ICS) which are also effective in tissues not just in the airways. During the study period, the daily dose of ICS was calculated from the cumulative dose of used ICS in the previous 2 years. The intima and media thickness (IMT) of the carotid atherosclerosis was evaluated with high- resolution ultrasound B-mode imaging. It was found that carotid atherosclerosis was reduced in asthmatic patients treated with ICS than in control group (Otsuki et al., 2010). However, asthmatic patients may have altered immune macrophages which may shift the effect of this drug. 
In terms of recent work with human cells, dex treatment (10-9 to 10-6 M for 48 h) suppressed the differentiation of U937 cells (Asai et al., 1993). Another study showed that dex inhibited monocytic cell activation induced by ﻿27-Hydroxycholesterol (27OHChol) (Bo-Young Kim, 2017). 27OHChol is the most frequent oxysterol in atherosclerotic arteries and promotes inflammatory process in vivo via the activation of monocytic cells. A chemotaxis assay proved that a high concentration (1 μM) of dex inhibited the migration of THP-1 monocytic cells (cell migration was measured in transwell chambers). In these cells, the enhanced secretion of C-C Motif Chemokine Ligand 2 (CCL2) chemokine (which recruits monocytes to the sites of inflammation) induced by LPS and 27OHChol was significantly suppressed by dex treatment. Expression of CD14 protein was also suppressed by dex treatment at 3 different concentrations (0.01, 0.1, 1 μM). Dexamethasone (0.01, 0.1, 1 μM) also inhibited MMP-9 expression (plays a role in the formation and destabilization of the atherosclerotic plaque) of monocytic cells induced by 27OHChol. Dexamethasone also reduced the expression of the p65 subunit of NF-κB both at RNA and protein level (Bo-Young Kim, 2017). 

1.5.6. [bookmark: _Ref97719288][bookmark: _Toc101274238]Concentrations of dexamethasone used in different human studies
There appears to be significant variance in the amount of dex used in in vitro studies and this is also the case for experimental studies in man. 
Given the variability of dex effects in stroke it is important to review the information available (Table 2). During standard pharmacokinetic studies, 10 healthy female volunteers received 0.5 mg oral administration (p.o.) or 1.5 mg p.o. dex. After taking the appropriate dose of dex, blood samples were taken at 10 different time points. The elimination of dex was rapid and after 24h the plasma concentration was less than 1/10th of the maximal concentration in all dose groups (Loew, 1986). At 0.5 mg p.o. dex dose, the average plasma level was 8 ng/ml while after 1.5 mg p.o. dex the plasma level reached 14 ng/ml (Loew, 1986). Similar results were reported (Weijtens et al., 1998), where 98.1 ng/ml serum level was measured after 7.5 mg p.o. dex (n=54).

[bookmark: _Ref56509345][bookmark: _Toc99474287][bookmark: _Toc101273928]Table 2.: Dose dependent pharmacokinetics of dexamethasone measured by radioimmunoassay
Plasma level (Cmax) is shown as an average of n=10 healthy donors after a single dose (p.o.) of dex. Based on: (Loew, 1986) Dex III concentration is not measured, it was estimated based on the values of dex I and dex II.

	Name
	Dosage
	Plasma level (Cmax)
(Average of n=10)

	dex I
	0.5 mg
	8 ng/ml

	dex II
	1.5 mg
	14 ng/ml

	dex III
	10 mg
	125 ng/ml




The Randomised Evaluation of COVID-19 Therapy (RECOVERY) Trial has recently tested dex on COVID-19 patients (The RECOVERY Collaborative Group, 2020). During the dex trial, 2104 patients randomly allocated to receive dex were compared with 4321 patients concurrently allocated to usual care. Patients were received 6 mg dex p.o., once daily for up to 10 days. 
Dexamethasone reduced deaths by one-third in patients receiving invasive mechanical ventilation; by one-fifth in patients receiving oxygen without invasive mechanical ventilation; but did not reduce mortality in patients not receiving respiratory support at randomization (Horby, 2020). 





1.6. [bookmark: _Toc101274239]Lipid metabolism and its role in atherosclerosis

Alongside macrophages, lipids also have a major role in the pathogenesis of atherosclerosis. In this section, I briefly summarise the major lipoprotein classes, their link to macrophages, lipids and the effect of the lipid lowering drugs, the statins. 

1.6.1. [bookmark: _Toc101274240]Lipoproteins and lipids as risk factors for atherosclerosis
Signalling lipids and lipid-modifying enzymes (controlled by growth factors, cytokines and nutrients) maintain a complex lipid signalling network. Imbalances in these signalling pathways can lead to various diseases, such as chronic inflammation, atherosclerosis, autoimmunity, allergy or hypertension (Wymann, 2008). 
Lipoproteins (HDL, LDL, VLDL, oxLDL), cholesterol and triglycerides have a main role in the pathogenesis of atherosclerosis (Singh et al., 2002). Lipoproteins are molecular complexes which transport proteins and lipids in the bloodstream, also vary in function, size and composition. These transported lipids are triglycerides, phospholipids and cholesterol (Miller, 2011). 

1.6.2. [bookmark: _Toc101274241]Triglycerides and triglyceride-rich lipoproteins
Triglycerides are a main source of energy, which contain three fatty acids combined with glycerol. Hypertriglyceridemia is a marker for several types of atherogenic lipoproteins and a risk factor for CVD, obesity, type 2 diabetes mellitus, insulin resistance and atherosclerosis (Singh, 2002). Triglycerides are not directly atherogenic, but if connected with apolipoprotein C-III (apoC-III) become an important biomarker (Talayero, 2011). ApoC-III is a proinflammatory protein found on chylomicrons, VLDL, LDL and HDL. It is a significant risk factor for CVD because it is able to trigger VLDL secretion, enhance plasma triglycerides through the inhibition of lipoprotein lipase and stimulate inflammation in the cardiovascular system (Kohan, 2015).
Increased triglyceride levels promote VLDL production and delay VLDL clearance from the blood therefore triglycerides appear to promote atherogenesis through lipoproteins. Triglyceride rich lipoproteins (TRLs) enhance proatherogenic effects, like monocyte recruitment and attachment,  through macrophage derived inflammatory proteins, such as TNF-α or IL-1β. TRLs can also enhance endothelial disfunction through decreased flow-mediated vasodilation and increased expression of adhesion molecules (Talayero, 2011).

1.6.3. [bookmark: _Ref38989093][bookmark: _Toc101274242]High-density lipoprotein (HDL)
High-density lipoprotein is known as the “good cholesterol” because it can remove cholesterol from the bloodstream and transport it into the liver where it is internalized and degraded. 
HDL and macrophages have a role in the reverse cholesterol transport; therefore, both are important in the pathogenesis of atherosclerosis. Macrophages can transport free cholesterols to lipid poor apolipoproteins (e.g.: ApoA-I) to form mature HDLs (Figure 9: B). This efflux is regulated by transporters whose expression is modulated by several transcription factors activated by the accumulation of cellular cholesterol (Remmerie, 2018). The HDL cholesterol uptake is mediated by cell surface receptors, like SR-B1. Moreover, HDL may be able to transport and inactivate oxLDL (Singh, 2002). HDL also can suppress monocyte migration into the tunica intima, inhibit VSMC proliferation, stimulate cell repair and prevent thrombosis (Acton, 1999). 

1.6.4. [bookmark: _Toc101274243]Low-density lipoprotein (LDL)
LDL, the so-called “bad” cholesterol, refers to low-density lipoprotein. LDL promotes the cellular accumulation of cholesterol because it can deliver fat molecules to a cell. Cholesterol is absorbed by receptor-mediated endocytosis through LDLR (Zhang, 2008).
LDL is a risk factor for cardiovascular diseases because high LDL levels can lead to the formation of fatty blockages in arteries. LDL has a well-established role in inflammation, endothelial dysfunction, foam cell formation and in the rupture of an unstable plaque (Rosenson, 2004). LDL particles are very heterogeneous in composition, size and density. The small and dense LDL molecules are more atherogenic then the bigger ones because they can enter the vessel wall more easily (Rosenson, 2004). These small dense LDL particles are more likely to be retained by the extracellular matrix, through binding to intimal proteoglycans.  Moreover, small LDL molecules are more easily oxidized, because oxidative modification can occur at a maximum of 25.5nm diameter (Rosenson, 2004). 

1.6.5. [bookmark: _Toc101274244]Oxidized low-density lipoprotein (oxLDL)
Oxidized low-density lipoprotein (oxLDL) is pathologically modified because of oxidative stress. Vascular oxidative stress, nitric oxide (NO) and modified oxLDL play an important role in the pathogenesis of atherosclerosis (Förstermann et al., 2017). There are many reactive oxygen species (ROS) producing systems in vessel walls, such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, mitochondrial electron transport chain enzymes and endothelial NO synthase (eNOS) (Förstermann et al., 2017). NADPH oxidase can trigger eNOS and mitochondrial ROS production (Kröller-Schön et al., 2014). Interestingly, different NOS isoforms have different roles, eNOS and neuronal NOS (nNOS) are atheroprotective, while inducible NOS (iNOS) is proatherogenic (Förstermann et al., 2017). Increased ROS causes oxidative stress. Risk factors trigger excessive ROS production and reduce the production of NO. Endothelial NO inhibits atherosclerosis while oxidative stress promotes unwanted oxLDL formation, endothelial cell and macrophage activation (Förstermann et al., 2017). The sensitivity of LDL to oxidation is affected by several factors including composition, size, density and endogenous antioxidant compounds such as ﻿α-tocopherol or β-carotene. Small and dense LDL molecules are more easily oxidized then the bigger particles (Rosenson, 2004). 
The formed oxLDL takes part in the progression of the atherosclerotic plaque. It has a role in endothelial cell dysfunction, smooth muscle cell migration and foam cell formation (Pirillo, 2013). Macrophages can engulf oxLDL (and become foam cells (see section: 1.2.4)) with the help of several cell surface scavenger receptors like oxidized low density lipoprotein receptor 1 (OLR1), CD36 and Macrophage Scavenger Receptor 1 (MSR1) (Chistiakov, 2016). 

1.6.6. [bookmark: _Ref63865825][bookmark: _Ref63867742][bookmark: _Ref64562854][bookmark: _Toc101274245]Scavenger receptors and their role in atherosclerosis
Scavenger receptors (SRs) were first described by Brown and Goldstein (Goldstein et al., 1979) when they defined receptors which can degrade modified low-density lipoproteins. Later, scavenger receptors were systematically characterized into classes based on their sequences and further subdivided into  types (Krieger, 1997). This large and structurally diverse family of cell surface receptors are responsible for a broad range of biological functions, such as homeostasis, apoptosis and inflammatory diseases. They bind multiple ligands and remove harmful substances by different mechanisms (adhesion, endocytosis, phagocytosis). 
Macrophages, in atherosclerotic lesions, express structurally different SRs for lipoprotein uptake which promote the cellular accumulation of cholesterol (Figure 9: C) (Moore, 2006). Cholesterol accumulation leads to the formation of foam cells (see section: 1.2.4). Therefore the development of the atherosclerotic plaque is partially enhanced by receptor mediated lipid uptake and foam cell formation (Moore, 2006).
Based on consensus classification, currently, mammalian scavenger receptors are divided into 12 different classes (PrabhuDas et al., 2017). During my research I focused on the scavenger receptors detailed in Table 3.


[bookmark: _Ref65844642][bookmark: _Toc99474288][bookmark: _Toc101273929]Table 3: Scavenger receptors studied during my PhD
Nomenclature based on: (PrabhuDas et al., 2017).
* indicates the chosen name throughout this thesis

	﻿Consensus Member Nomenclature
	Protein Name
	Common Gene Name
	Official Gene Symbol Approved by the HGNC
	Official Gene Name Approved by the HGNC
	CD number

	﻿SR-A1
	MSR1
	﻿SCARA1
	MSR1*
	macrophage scavenger receptor 1
	CD204

	﻿SR-B1
	﻿SR-BI
	SRB1 
	SCARB1 *
	scavenger receptor class B member 1
	CD36L1

	﻿SR-B2
	CD36
	SCARB3
	CD36 *
	CD36 molecule
	CD36

	﻿SR-D1
	CD68
	CD68
	CD68 *
	CD68 molecule
	CD68

	﻿SR-E1
	﻿LOX-1
	LOX-1
	OLR1 *
	oxidized low density lipoprotein receptor 1
	–

	﻿SR-E3
	MRC1
	CD206
	MRC1 *
	mannose receptor C-type 1
	CD206




1.6.7. [bookmark: _Toc101274246]Macrophages and their role in lipid metabolism
Lipid metabolism is an essential and complex process which involves the delivery of lipids to peripheral tissue and returning of lipids to the liver. There are 3 main lipid metabolism pathways: exogenous, endogenous and reverse. The exogenous pathway is responsible for the processing of dietary lipids (triglycerides and cholesterol), while the endogenous is in charge of processing lipids synthesised in the liver (mostly VLDL). The reverse cholesterol transport can remove lipids from tissue and return it to the liver (Remmerie, 2018). 
Macrophages have an important role in lipid metabolism (Figure 9), because they take up LDL, VLDL and oxLDL via, scavenger receptor mediated pathways (see section: 1.6.6.), phagocytosis or micropinocytosis (Tabas and Bornfeldt, 2016). Macrophages are also able to eliminate cholesterol but if the excess cholesterol is not removed foam cells will form (see section: 1.2.4.) (Moore, 2013). Cellular cholesterol accumulation can also lead to the expression of transporter proteins (e.g.: ATP-binding cassette transporter (ABCA1), ATP Binding Cassette Subfamily G Member 1 (ABCG1)) which regulate cholesterol efflux (Hutchins, 2015). ABCA1 is a phospholipid translocase that accumulates phospholipid substrate, creating an activated lipid domain. ApoA-I binds to this lipid domain which leads to the release of free cholesterol and phospholipid to lipid-free apolipoprotein, resulting small, immature HDL particles (Hutchins, 2015). There is a passive movement of neutral lipids between HDL and LDL/VLDL particles through the cholesteryl ester transport protein (CETP). During this process, a cholesteryl ester is changed for a triacylglyceride promoting a flux of cholesteryl ester from HDL to LDL (Hutchins, 2015).
[bookmark: _Ref64458799]
[bookmark: _Toc101269211][bookmark: _Ref64289174][image: Diagram

Description automatically generated]Figure 9: Lipid metabolism in macrophagesC
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A: Macrophages take up LDL, VLDL, ox-LDL through receptor mediated or phagocytosis mediated uptake. These lipoproteins are digested in the lysosome, producing free cholesterol and fatty acids. B: Free cholesterol can be exported out from the cell through transporters and form HDL from poorly lipidated apolipoproteins. C: Free cholesterol can be re-esterified in the endoplasmic reticulum (ER), stored in the cytosol as lipid droplets and generating the formation of foam cells.
1.6.8. [bookmark: _Ref68691966][bookmark: _Toc101274247]Statins and other hypolipidemic agents in atherosclerosis
[bookmark: _Ref64471951][image: Diagram

Description automatically generated]Statins (3-hydroxy-3-methyglutaryl coenzyme A reductase inhibitors) can reduce the risk of cardiovascular events e.g.: stroke, with their several beneficial effects (National Cholesterol Education Program, 2001, Toth and Banach, 2019). In the liver, during cholesterol synthesis, the reduction of mevalonate is catalysed by 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. This is a rate-limiting step and the site of action for statins. Statins can reduce cholesterol biosynthesis through the inhibition of the HMG-CoA reductase (HMGCR) (Figure 10) (Toth and Banach, 2019). Another rate-limiting step in cholesterol biosynthesis is the squalene monooxygenase (SM). The ubiquitin-proteasome system degrades SM, which is accelerated by excess cholesterol, resulting limited cholesterol synthesis and regulated cellular cholesterol levels (Chua et al., 2017). The mevalonate pathway produces a compound, ubiquinone or coenzyme Q10 (CoQ10) which is essential for normal cellular functions (Raizner and Quiñones, 2021). Inhibiting the mevalonate pathway by HMG-CoA reductase inhibitors can lead to decreased Q10 therefore mitochondrial dysfunction (Raizner and Quiñones, 2021). The mevalonate pathway is also responsible for the production of isoprenoid lipids (Novelli and D’Apice, 2012).  These lipids are substrates for protein isoprenylation, which involves the transfer of a farnesyl group onto a cysteine residue, resulting farnesylated proteins. Farnesylation promotes protein-protein and protein-membrane interactions (Novelli and D’Apice, 2012). 
[bookmark: _Ref77089846][bookmark: _Toc101269212]Figure 10: The mechanism of action of statins
Statins inhibit HMG-CoA reductase, which has a beneficial effect on cholesterol biosynthesis. 


Statins can efficiently reduce LDL level and may modify LDL particle size, distribution and composition (Otvos et al., 2001). Statins have been shown to lower cholesterol content and enhance lipoprotein fluidity which can decrease the tendency of LDL oxidation (Rosenson, 2004). They can also decrease the concentration of the small LDLs and increase LDL size (McKenney et al., 2001). Moreover, statins can modify the levels of other lipoproteins for example, they can increase levels of HDL, improve HDL subpopulation profile and as a result promote reverse cholesterol transport (Asztalos et al., 2002). Additionally, statins can reduce the levels of triglycerides and non-HDL cholesterol (Ballantyne et al., 2001). Statins have different antioxidant properties for instance they can reduce oxidative stress through the inhibition of ﻿angiotensin II-induced superoxide formation by NADPH oxidase (Wassmann, 2002). Statins can reduce NADPH-dependent superoxide formation (Delbosc et al., 2002) and can increase the release of NO (Dobrucki et al., 2021). 
Statins have multiple pleiotropic effects, like improvement of endothelial functions, anti-inflammatory, antioxidative and antiproliferative properties (Janicko et al., 2016). Treatment of hypercholesteraemic patients with statins has been shown to lower cytokine expression (Ferro et al., 2000) and decrease monocyte adhesion to endothelial cells (Crisby et al., 2001). Statins can reduce the risk of Alzheimer’s disease, other types of dementia, vitiligo, sclerosis multiplex, osteoporosis and rheumatoid arthritis (Janicko et al., 2016).
Other lipid-lowering drugs are fibrates, bile-acid sequestrants, nicotinic acid and proprotein convertase subtilisin/kexin 9 (PCSK9) inhibitors. Fibrates (clofibrate) can increase LDL cholesterol breakdown, raise HDL cholesterol and lower plasma triglycerides by activating peroxisome proliferator-activated receptors (PPARs) (Jun et al., 2010). Bile acid sequestrants, like cholestyramine, colestipol and colesevelam are non-digestible resins that bind to bile acids, therefore decreasing the absorption of fats and lowering plasma cholesterol levels (Scaldaferri et al., 2013). Nicotinic acids e.g., acipimox are member of the vitamin B complex and have the ability to reduce LDL cholesterol level and improve HDL level by inhibiting the breakdown of fat molecules (Offermanns, 2006). The newest agents are the PCSK9 inhibitors which can lower plasma LDL cholesterol level by 60% and significantly reduce the risk of vascular events (Sabatine, 2018). However, PCSK9 inhibitors have pleiotropic effects, like reducing the expression of pro-inflammatory molecules (OLR1) and membrane adhesive molecules (VCAM-1, ICAM-1), reducing oxidative stress (NADPH, ROS), decreasing macrophage accumulation, reducing VSMC proliferation and migration (Karagiannis et al., 2018).



1.7. [bookmark: _Toc101274248]Knowledge Gap

Stroke survivors with advanced carotid atherosclerotic plaques have an increased risk of early recurrent ischaemic events (Mohan et al., 2011). For this reason, investigation of the pathophenotypic features of culprit cells in carotid plaques and the in vitro analysis of different macrophage subtypes are necessary. 

1. Previous studies did not consider that one macrophage can express both M1 and M2 markers and therefore stained separately for these markers (Medbury et al., 2013). However, it is possible that a considerable number of these single M1 or M2 cells may actually be ‘intermediates’ or double M1/M2 marker expressing macrophages.  Thereby, an immunofluorescence (IF) protocol to simultaneously stain for M1 and M2 macrophages alongside an image acquisition and analysis strategy are necessary.

2. To date, human atherosclerotic immune single cell studies only used mechanical or enzymatic dissociation, which can cause an under-representation of macrophages (Gerner et al., 2012). Therefore, ﻿techniques without tissue dissociation are required, like Laser Capture Microdissection (LCM). 

3. Inflammatory cells are influenced by their microenvironment and exposure to certain medications such as lipid-lowering statins or anti-inflammatory drugs, like dex, reduce stroke incidence and recurrence in patients, but in vitro studies of the possible mechanisms in humans are lacking. Consequently, the effect of these drugs needs to be investigated, not just in unpolarized macrophages, but also separately in M1 and M2a phenotypes. 









1.8. [bookmark: _Toc101274249]Hypothesis and Aims

I hypothesised 1) that M1 pro-inflammatory and M2 anti-inflammatory macrophage subtypes coalesce and are altered within stable vs. unstable atherosclerotic plaques and 2) that pharmacological agents (e.g., anti-inflammatory drugs, statins) could modulate these subtypes in human macrophages.


This project has 3 main aims:
1. Classification of different macrophage phenotypes with immunofluorescence stain in the most prone to rupture regions of stable and unstable human carotid plaques.
2. Laser Capture Microdissection single cell RNA sequencing of human atherosclerotic plaque macrophages.
3. Investigation of the effect of dexamethasone and statins on human M1 and M2 macrophages in vitro. 




2. [bookmark: _Toc101274250]Chapter 2. 
Materials and Methods

This materials and methods chapter includes techniques that have been used throughout my PhD work.

2.1. [bookmark: _Toc36551591][bookmark: _Toc101274251] Governance
All experiments were performed in accordance with United Kingdom legislation under the Human Tissue Act 2004. 
The human carotid plaque work (2.2, 2.3, 2.4, 2.5) was approved under “Red cell membrane cholesterol: a novel biomarker of unstable carotid plaque?” (STH18222). The Research Ethics Committee approved the amendments: study protocol (V5, 21/01/2018), patient information sheet (V6, 21/06/2018) and consent form (V7, 21/01/2018). 
Two licences were in place for the in vitro cell work (2.6). A: “Studies of the function of platelets, leukocytes and stem cells in blood and plasma from healthy volunteers”. The Research Ethics Committee approved the amendments: participant information sheet (V5, 24/04/2014) and consent form (V4, 02/005/2014) (IX.2). This was revised to: “Studies of the function of platelets and leukocytes in blood and plasma from healthy volunteers”, reference number 031330. Participant information sheet 1071555 version 1 (21/10/2019) and participant consent form 1071553 version 1 (21/10/2019) (IX.3) were approved by the University of Sheffield ethics reviewers. 

2.2. [bookmark: _Toc101274252][bookmark: _Toc34914792][bookmark: _Ref36549288][bookmark: _Toc36551592]Patient Recruitment
Patients were approached by me or Dr. Jessica Redgrave at The Royal Hallamshire Hospital and The Northern General Teaching Hospitals in Sheffield. Patients with a recent stroke or TIA and with a greater than 50% stenosis of the ipsilateral internal carotid artery were eligible to be enrolled. All patients were given the patient information sheet, given time to read through and to ask any questions prior to informed consent being obtained according to Good Clinical Practice Guidelines (IX.1). 



2.3. [bookmark: _Toc34914793][bookmark: _Ref36549291][bookmark: _Toc36551593][bookmark: _Ref38967139][bookmark: _Ref38967157][bookmark: _Ref38967164][bookmark: _Toc101274253]Histological processing and assessment

2.3.1. [bookmark: _Toc101274254]Histological processing of human carotid plaques
Carotid plaques were removed during carotid endarterectomy and placed in 10% (v/v) neutral buffered formalin (for maximum 2 days) by the surgical team and transported to the histopathology lab at The Royal Hallamshire Hospital. The plaques were collected from there and taken to the departmental histology lab, maximum 2 days after surgery. The carotid plaque was decalcified in excess amount of 0.5 M EDTA at pH8 for 7 days (IX.5 EDTA). Plaques were processed (Leica TP 1020 automatic Tissue Processor), divided and embedded (Leica EG1150 H Paraffin Embedding Station) into 3 mm thick wax blocks (A, B, C, D) as shown in (Figure 11) (Lovett et al., 2004c). The wax blocks were sectioned serially at 5 µm thickness, transversely from the origin of the internal carotid artery at the bifurcation point, using a Leica RM2245 semi-automated rotary microtome and placed on silane coated microscope slides (Cell Path) (dividing, embedding and sectioning were done by Fiona Wright, histology core technician). Method is adapted from (Lovett et al., 2004c). 
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[bookmark: _Ref34905940][bookmark: _Toc520399407][bookmark: _Toc36902102]
[bookmark: _Ref72504849][bookmark: _Toc101269213]Figure 11: Illustration of the orientation of the carotid bifurcation and plaque division into wax blocks
3mm thick sections are centred from the bifurcation. ICA = Internal carotid artery; ECA = external carotid artery; CCA = common carotid artery; Adapted from: (Lovett et al., 2004c)


2.3.2. [bookmark: _Toc34914794][bookmark: _Toc36551594][bookmark: _Toc101274255]Haematoxylin and Eosin staining
The sections were stained for Haematoxylin and Eosin (H&E) to determine histological features and identify the Region of Interest (ROI), which is the plaque shoulder region. 
H&E stain is the most common technique for the evaluation of morphology with the combination of two dyes, haematoxylin and eosin. Haematoxylin with aluminium salts is positively charged and reacts with negatively charged nucleic acids. The bluing step with Scott’s tap water (Merck) is necessary to convert the reddish-purple colour to a deep blue/purple shade, which marks the nucleus. Eosin is negatively charged and can react with positively charged components non-specifically, such as the amino groups in proteins. This eosin staining results a pale pink colour of collagen and mitochondria. Muscles, cytoplasm and leukocytes will have reddish colour (Fischer et al., 2008) (detailed staining protocol: IX.6).

2.3.3. [bookmark: _Toc34914795][bookmark: _Toc36551595][bookmark: _Toc101274256]Connective tissue staining
The Elastic (Connective Tissue Stain) kit (Abcam) is a modified Verhoeff- Van Gieson stain (VVG), which was used according to the manufacturer’s instructions. The Verhoeff staining is an iron-haematoxylin stain which is specific for elastic fibres and results a dark blue- black colour, as well in the nuclei. The Van Gieson counterstain is specific for collagen and stains it red along with muscle while cell cytoplasm and other tissue elements stain yellow (Carson, 2015). 

2.3.4. [bookmark: _Toc34914796][bookmark: _Toc36551596][bookmark: _Ref36553641][bookmark: _Ref36553647][bookmark: _Toc101274257]CD3 and CD68 immunohistochemical staining
In addition to the H&E and VVG staining, immunohistochemical staining with CD3 and CD68 antibodies are necessary for histological assessment. CD3 is a T cell marker, while CD68 is an overall macrophage marker.
Formalin-fixed, paraffin-embedded (FFPE) carotid atherosclerotic plaque sections were de-waxed in xylene (Fisher Scientific) and rehydrated through graded ethanols (Fisher Scientific) to water. Sections were incubated in 3% (v/v) H2O2 (Merck) for a minimum of 10 minutes to abolish endogenous peroxide activity. Cross-links between antigens were broke down with heat mediated antigen retrieval, which was done with 0.01M trisodium citrate (TSC) pH6 (Fisher Scientific). To reduce non-specific background staining for CD3 staining, samples were incubated in 5% (v/v) normal goat serum (Abcam) in phosphate-buffered saline (PBS) while samples for CD68 staining were incubated in 5% (v/v) donkey serum (Abcam) in PBS. Slides were incubated with rabbit anti-human CD3 (Agilent) and mouse anti-human CD68 (Agilent) primary antibodies for 1 hour at room temperature. To finish the staining, anti-rabbit IgG (ImmPRESS™ HRP Reagent Kit, Vector Laboratories) for CD3 stained samples or anti-mouse immunoglobulin (Ig) G (ImmPRESS™ HRP Reagent Kit, Vector Laboratories) was used for CD68 stained slides, followed by a DAB substrate kit (Cell Signaling), according to manufacturer’s instructions. Samples were then lightly counterstained in Gill's haematoxylin (Fisher Scientific), dehydrated and mounted (detailed staining protocol: IX.7).

2.3.5. [bookmark: _Toc34914797][bookmark: _Toc36551597][bookmark: _Ref41394474][bookmark: _Toc101274258]Histological assessment
Overall stability and the American Heart Association lesion types (see section: 1.2.11) based on different histological features such as haemorrhage, lipid core, calcification, rupture, plaque macrophages, cap inflammation were determined by Professor S Kim Suvarna (Consultant Cardiac Pathologist) or Dr Jessica Redgrave, after H&E, VVG, CD3 and CD68 staining. The classification is summarised in IX.9.


2.4. [bookmark: _Ref41393701][bookmark: _Toc101274259][bookmark: _Toc34914799][bookmark: _Toc36551599]Fluorescence Immunohistochemistry

2.4.1. [bookmark: _Toc101274260]Immunofluorescence staining of human carotid plaques with CD68, CD86 and MRC1 macrophage markers
Macrophage phenotypes within the shoulder regions were characterized with immunofluorescence (IF) microscopy. An IF protocol to simultaneously stain for M1 and M2 macrophages alongside an image acquisition and analysis strategy was developed (based on (Johnston, 2019) (detailed staining protocol: IX.8).
[bookmark: _Ref513631923][bookmark: _Toc518922049][bookmark: _Toc520399420]FFPE atherosclerotic plaque sections were de-waxed in xylene (Fisher Scientific) and rehydrated through graded ethanols (Fisher Scientific) to water. Endogenous peroxide activity was blocked with 3% (v/v) H2O2 (Merck)in methanol (Fisher Scientific) for 10 minutes. Heat mediated antigen retrieval was performed by 0.01M TSC pH6 (Fisher Scientific) to break down cross-links between antigens. Non-specific binding was blocked by incubating the sections in 5% (v/v) donkey serum (Abcam) for 30 minutes at room temperature. Single IF stain with a pan macrophage polarization marker (Anti-CD68 antibody, Abcam), and dual IF with M1 (Anti-CD86 antibody, Abcam) and M2 markers (Anti-Mannose Receptor antibody, Abcam) (Table 4).  Positive staining was detected by Anti-mouse IgG-NL493 (R&D Systems) in the single staining protocol, while in the dual IF staining Anti-mouse IgG-NL493 was used along with Anti-rabbit IgG-NL557 (R&D Systems) secondary antibody. ProLong Gold Antifade Mountant with 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) was used to mount the sections and counterstain the nuclei. Images were captured using a Leica AF6000LX inverted microscope. 
Negative and positive controls were added to ensure specific stains. For negative control purified mouse (Abcam) or purified rabbit (Vector Laboratories) IgG were used in the same concentration as primary antibodies. Human tonsil tissue was used as a positive control for CD68 antibody while human spleen and lung were used for CD86 and MRC1 antibodies respectively, as suggested by manufacturers. 

[bookmark: _Ref34906081][bookmark: _Toc99474289][bookmark: _Toc101273930]Table 4: Summary of primary and secondary antibodies
	
	Marker
	Primary antibody
	Secondary antibody

	Single IF staining
	Macrophage
	Mouse anti- human CD68 (ab125157)
	Donkey anti- mouse NL493 (NL009)

	Dual IF staining
	M1
	Mouse anti- human CD86 (ab213044)
	

	
	M2
	Rabbit anti- human
MRC1 (ab64693)
	Donkey anti- mouse NL557 (NL004)




2.4.2. [bookmark: _Toc34914801][bookmark: _Toc36551601][bookmark: _Toc101274261]Imaging
A LeicaDMI4000B inverted microscope with Leica Application Suite Advanced Fluorescence (LASAF) v2.63 software (Microscopy Core Facility) was used for the imaging of H&E-stained sections. For the tile scan images, a 2.5x/0.07 dry objective was used, but this system is equipped with a non-automatic camera, therefore, the single images were fitted to each other with the grid/collection plugin of the FIJI image processing package. 
[bookmark: _Ref514230961][bookmark: _Toc518922050][bookmark: _Toc520399421]All IF images were captured with the Leica AF6000LX inverted microscope and the Leica Application Suite Advanced Fluorescence (LASAF) 2.7.0.9329 software (Microscopy Core Facility). Tile scan images were taken with a 5x/0.12 dry objective, captured with the automatic camera and fitted to each other by the LASAF software. The plaque shoulder region (region of interest: ROI) was captured with 10x/0.3 or 20x/0.35 dry lens. The used filters and colours are summarized in (Table 5).

[bookmark: _Ref34906312][bookmark: _Toc99474290][bookmark: _Toc101273931][bookmark: _Ref514230944][image: Table

Description automatically generated]Table 5: Summary of the microscope settings for single and dual IF staining of carotid plaques

2.4.3. [bookmark: _Toc34914802][bookmark: _Toc36551602][bookmark: _Toc101274262]Image Analysis & Statistical Analysis
Regions of interest were analysed across two sections with Fiji. The percentage of macrophages (CD68+) which were single positive CD68+CD86+MRC1- or CD68+CD86-MRC1+, double positive CD68+CD86+MRC1+ or double negative CD68+CD86-MRC1- was calculated.
Raw images of the plaque shoulder region from separate fluorescence channels (L5, N3, A4) were exported from LASAF software as a .tiff file to Fiji (Figure 12). The dual stained green channel was changed to blue colour (Image › Lookup Table › Blue) to improve separation of the single and dual images’ green colour. The blue and red channels of dual stained images were merged to create the dual stained composite image with the ‘Merge Channels’ (Image › Colour › Merge Channels) function. The workflow of the imaging is shown below: 1A through D.
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[bookmark: _Ref34906725][bookmark: _Toc520399408][bookmark: _Toc36902103][bookmark: _Toc101269214]Figure 12: An example of immunofluorescence-stained image analysis
I/A: single IF stained image with blue nuclei on A4 channel;  I/B: single IF stained image with pan macrophage green marker on L5 channel; II/A: dual IF stained image with blue nuclei on A4 channel; II/B/1: dual IF stained image with positive CD86 marker on L5 channel; II/B/1’: positive CD86 marker changed to blue colour on dual IF stained image; II/B/2: dual IF stained image with positive MRC1 marker on N3 channel; II/C: composite image of II/B/1’ and II/B/2 layers; D: overlaid and aligned image of I/B and II/C (green- macrophage, blue- M1, red-M2)

A ‘TrakEM2 blank’ new file (File › New › TrackEM2 blank) was opened, the green CD68 and dual composite image were dropped to the canvas window and accurately aligned with the transform affine function (Transform › Transform Affine › Apply Transform). 
The aligned image could be separated into the single stained green channel, while the dual stained was split into blue and red channels (Image › Colour › Split Channels) (Figure 13). CD68 positive macrophages were selected based on hue, saturation and brightness (Image › Adjust › Colour threshold). Positive cells are highlighted in the selected threshold colour. The ‘Analyse particles’ tool was used to mark and analyse ROI based on size and circularity. All particles between 300-100000 pixels were highlighted. With this range, cell debris and junk could be excluded, moreover, only those cells which had nuclei were analysed. All the outlined cells are CD68+ macrophages and listed in ROI manager, where with the measure function, the mean intensity values of the cells were calculated. The separated green/blue channel of the dual stained images was opened, ‘colour threshold’ used to select the positive staining, the outlines of positive CD68+ cells from ROI manager were overlaid and the mean intensities were measured. These steps were repeated on the separate red channel. All fluorescence intensity data were visually evaluated to ensure true positive values then used to determine if a CD68+ positive macrophage was positive for either or both M1 (CD86) or M2 (MRC1) markers. 
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[bookmark: _Ref34906925][bookmark: _Toc520399409][bookmark: _Toc36902104]

[bookmark: _Ref99462642]


[bookmark: _Toc101269215]Figure 13: A representative example of the qualitative aspects of the image analysis workflow 
A: Positive CD68 cells marked with red based on B: Colour Threshold; C: Outlined ROI with yellow done with D: Analyse Particles tool. E: Overlaid ROI on CD86 stained image; F: Overlaid ROI on MRC1-stained image.


2.5. [bookmark: _Toc101274263][bookmark: _Toc34914803][bookmark: _Ref36549302][bookmark: _Toc36551603]Single-cell analysis of human carotid plaques

2.5.1. [bookmark: _Toc34914804][bookmark: _Toc36551604][bookmark: _Ref66960598][bookmark: _Toc101274264] Modified histological protocol to maintain RNA integrity
The previous histological steps (decalcification, embedding, IF stain) degrade RNA (Wang, 2006) and these steps were modified to preserve RNA integrity.
The modifications were as follows. The carotid plaque decalcification was performed with Diethyl Pyrocarbonate (DEPC) (Merck) treated 0.5 M EDTA (Fisher Scientific) pH8 and RNase Inhibitor (Merck) was added to this solution (1:200) to prevent further RNA degradation. Embedding was performed with DEPC treated alcohols. Sections were first placed on a Zeiss polyester (PET) membrane frame slide because this was the chosen microscope slide for LCM work (Figure 14). During CD68 IF staining, all solutions were made with DEPC treated water plus RNase Inhibitor. The mounting step was omitted in the two following cases.  For RNA quality control experiments, RNA was isolated with a RNeasy UCP (Ultra-Clean Production) Micro Kit (Qiagen) directly after the IF staining, according to the manufacturer’s instructions. For LCM experiments, the stained tissue was covered with PBS and the frame was covered with glass coverslips. 
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[bookmark: _Ref36725227][bookmark: _Toc36902105]

[bookmark: _Ref77090799][bookmark: _Toc101269216]Figure 14: Zeiss PET membrane frame slide used for LCM scRNA-seq 
(picture from: Carl Zeiss MicroImaging PALM Protocols- RNA handling)




2.5.2. [bookmark: _Toc34914805][bookmark: _Toc36551605][bookmark: _Ref66960523][bookmark: _Toc101274265]RNA quality control with Real Time quantitative PCR
RNA isolation was performed within 15 minutes after IF staining from Zeiss membrane-covered, metal frame slides. The purpose of this step was to measure RNA integrity before LCM scRNA-seq. A silica technology-based RNeasy UCP Micro Kit was used according to the manufacturer’s instructions because it is designed for total RNA extraction (up to 45 µg) from small or law biomass samples (5 x 105 cells) in a small elution volume (10-20 µl). 
cDNA synthesis and real time quantitative polymerase chain reaction (RT-qPCR) were performed as summarised in 2.6.7 with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and CD68 specific primers. 

2.5.3. [bookmark: _Toc101274266]RNA quality control with bioanalyzer analysis and pilot sequencing 
The same RNA samples (2.5.2) were sent to our collaboration partner (Mutagenesis & Carcinogenesis Research Group, Biological Research Centre, Szeged, Hungary) where cDNA synthesis (and library preparation) was performed, using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Takara Bio). The cDNA arising from this was diluted into 3 different concentrations, 10 ng, 100 pg and 10 pg (similar to the DNA quantity of 1 cell, in terms of scale) (Gillooly, 2015). The quality and quantity of the diluted cDNAs were tested on Agilent 2100 Bioanalyzer with a high sensitivity DNA assay kit.  
Pilot sequencing was performed in Hungary by our collaboration partner with 0.1M single reads with Illumina NextSeq high-throughput sequencing system.

2.5.4. [bookmark: _Toc101274267]PET membrane pre-treatment before tissue sectioning
PET membrane frame slide pre-treatment was essential before tissue sectioning to enhance tissue adhesion to the slide. For this, slides were washed in 70% (v/v) ethanol (EtOH) for 30 minutes and then rinsed with DEPC treated H2O. Slides were then UV treated for 1 hour in a hood from a maximum of 5 cm distance. Sterile poly-L-lysine was added to the membrane and the slides were dried in a 37°C incubator for 30 minutes. 

2.5.5. [bookmark: _Toc101274268]Laser Capture Microdissection
After CD68 IF staining in Sheffield, UK (2.5.1), samples were transported to Hungary and Laser Capture Microdissection was completed by me in our collaboration partner’s laboratory (Péter Horváth Laboratory, Biological Research Centre, Szeged, Hungary). Scanning was performed with a Leica SP8 LIGHTNING confocal microscope and LAS X software. The macrophage rich plaque shoulder region was located using a 5x objective and 4 marker points were made with a Leica LMD6 Laser Microdissection Microscope (Figure 15). A marked ROI was screened using the 20x objective on the confocal microscope (Figure 15). 

[image: A picture containing game, light

Description automatically generated]




[bookmark: _Ref37756737]










[bookmark: _Ref40169992][bookmark: _Toc101269217]Figure 15: Representative image of LCM marker points on IF stained human carotid plaque sample
White arrows indicate the laser cut marker point; white circle shows ROI.

Correlative Light Light Microscopy (CL2M) software was used to detect and indicate cell contours of positive macrophages (green fluorescent signal) (Figure 16). Data (cell contours) were exported and uploaded to the LMD6 microscope’s software and with the help of the marker points, cell contours were matched. Marked cells were laser cut and collected in the caps of UV treated Leica PCR tubes (Figure 16).
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[bookmark: _Ref37763718][bookmark: _Toc101269218]Figure 16: Methodological overview of Laser Capture Microdissection
Leica LMD6 Laser Microdissection Microscope used to cut out the CD68+ macrophages from the IF stained FFPE tissue. A: Overview of LCM. B: Outlines exported from CL2M, top picture: before LCM, bottom picture: after LCM. C: PCR cap check with BF and IF channels after LCM

2.5.6. [bookmark: _Toc34914806][bookmark: _Toc36551606][bookmark: _Toc101274269]RNA quality control with sequencing after LCM
After LCM, cDNA was synthesised in the Mutagenesis & Carcinogenesis Research Group (Biological Research Centre, Szeged, Hungary), using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Takara Bio) by our collaboration partner. With this kit cDNA synthesis can be performed directly from intact cells with high reproducibility. Provided control total RNA (RIN›8) was used as a positive control according to cell number. 
Tagmentation (transposon cleaving and tagging of the double-stranded DNA with a universal overhang) was performed according to the manufacturer’s protocol and during PCR amplification, indexed primers and complementary adapters were used. Ampure XP beads were used for library clean-up. Quality control was performed on Agilent 2100 Bioanalyzer with a high sensitivity DNA assay kit. 


2.5.7. [bookmark: _Toc101274270]Quality control of DNA with PCR and agarose gel electrophoresis
To further test the LCM settings, nucleic acid integrity was tested by me. Individual cells or tissue areas were collected in 7 µl catapult buffer (900 µl Milli-Q water; 100µl 1xTE buffer /pH:8/; 0.01% Igepal) and centrifuged at 500 g. Before the PCR, Qiagen protease was used according to the manufacturer’s instructions. For the direct PCR, TP53 primers (designed and optimised by the Mutagenesis & Carcinogenesis Research Group) and Q5 high-fidelity DNA polymerase was used. To verify PCR products, gel electrophoresis was performed with 2% (w/v) agarose gel containing ethidium bromide and visualised using transillumination. 

2.5.8. [bookmark: _Toc101274271]cDNA library preparation and sequencing
In this section, I briefly summarise the steps of the chosen method for library preparation and sequencing which was performed by Mutagenesis & Carcinogenesis Research Group (Biological Research Centre, Szeged, Hungary).

To capture degraded RNA inputs from FFPE samples, a SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian kit (Takara Bio) was used according to supplementary protocol for processing intact-cell inputs. For the NGS-based analysis, cDNA was generated from total RNA with the random priming technique after ribosomal RNA (rRNA) was removed with RiboGone technology (Takara Bio). 
Following library preparation, the MiniSeq System was used to sequence samples which works with Illumina NGS technique. Libraries were loaded into the MiniSeq System and sequencing was automated. 

2.5.9. [bookmark: _Toc101274272]Bioinformatic analysis of single macrophages microdissected from human carotid plaques
Here, I summarise the steps of the bioinformatic analysis which was performed by Sumeet R Deshmukh (supervisor: Dr Ian Sudbery).
First, the quality of the sequences was checked with FastQC and adapter sequences were removed with Trimmomatic, a flexible trimmer for Illumina sequence data (Bolger et al., 2014). Then reads were mapped with HG38 human genome using the STAR alignment method as it is one of the most reliable algorithms for RNA-mapping. Annotations of the aligned files were checked using the bam2stats customized CGAT pipeline. FeatureCounts, an R package, was used to extract the read counts from bam files.
Unstimulated and M1 macrophage datasets from GEO (GSE81046) (Nédélec et al., 2016) was downloaded to compare it to the read counts of my single-cell macrophage dataset. Unstimulated macrophages were further mapped using a Salmon-pseudo mapping aligner against HG38 which provides the output with quantified reads counts. Then, the top 100 highly expressed atherosclerosis plaque single-cell genes read counts were compared with the data from macrophage datasets. 
Moreover, to check the classification of the single-cell dataset the following methods and datasets were used: 
· For classification between macrophages and smooth muscle cells 2 datasets were used.
· macrophages: hMDM dataset generated by Kajus Baidzajevas, a former PhD student (unpublished)
· smooth muscle cells: GEO dataset (GSE144274) (Gorr et al., 2020)
· Statistical analysis was performed by using EdgeR. 
· Data was plotted on a dendrogram, based on genes that are statically significant in all 3 datasets: single cells from human atherosclerotic plaque, hMDMs, smooth muscle cells
· The distance for the dendrogram was calculated using the Euclidean method.


2.6. [bookmark: _Ref68714600][bookmark: _Toc101274273]In vitro Macrophage Subsets

Peripheral blood mononuclear cells (PBMCs) were prepared, differentiated and cultured following previously established methods (Geng and Hansson, 1992) which were further optimised by our research group (Baidžajevas et al., 2020). In the following chapters (2.6.1- 2.6.4), I summarise the optimised protocol used for this thesis. 

2.6.1. [bookmark: _Toc34914811][bookmark: _Toc36551611][bookmark: _Ref67578858][bookmark: _Toc101274274] PBMC isolation
[bookmark: _Ref36211244][bookmark: _Toc36902106]PBMCs were isolated from whole blood donated by healthy adult donors (typically 80 ml per donor for the experiments in this thesis). Blood was taken by venepuncture and dispensed into tubes which already contained 3.8 % (w/v) trisodium citrate dihydrate (Fisher Scientific). The blood to citrate ratio was approximately 9:1. After mixing by inversion, whole citrated blood was layered carefully onto Ficoll-Paque Plus (GE Healthcare, Life Sciences) in 2:1 ratio in three 50 ml Falcon tubes (Figure 17). After overlaying the blood, the tube was centrifuged at 900 g, at room temperature for 20 minutes with acceleration and brake set at 1. The upper plasma layer was discarded and then the layer of PBMCs were collected and transferred into a sterile 50 ml tube containing 5 ml 1x phosphate-buffered saline- EDTA (2mM) (PBSE). Cells were then centrifuged at 400 g, at room temperature for 5 minutes. The resulting soft cell pellet was resuspended by pipetting in 10 ml red blood cell (RBC) lysis buffer (155 mM NH4Cl, 10mM KHCO3, 0.1mM EDTA) and incubated for 5 min at room temperature. The suspension was topped up to 50 ml with PBSE and centrifuged at 400 g, at room temperature for 5 minutes. The cell pellet was resuspended in 40 ml PBSE and the cell number was counted using a [image: Diagram

Description automatically generated]haemocytometer.

[bookmark: _Ref38649036][bookmark: _Toc101269219]Figure 17: Workflow of in vitro cell work
PBMCs were isolated from 80 ml whole blood. CD14+ monocytes were selected and differentiated with rh M-CSF. Human MDMs were treated with atorvastatin, simvastatin or dexamethasone in different clinically relevant concentrations. 

2.6.2. [bookmark: _Toc34914812][bookmark: _Toc36551612][bookmark: _Toc101274275]CD14+ monocyte isolation
The PBMC suspension was centrifuged at 400 g, at room temperature for 5 minutes. The PBMC pellet was resuspended in 90 μl cold MACS buffer (0.5% (w/v) bovine serum albumin (BSA) in PBSE) followed by addition of 10 μl CD14 microbeads (Miltenyi Biotec) per 10 million PBMCs and incubation for 15 minutes at 4 °C. A further 2 ml MACS buffer was then added, and the solution centrifuged at 300 g, at room temperature for 5 minutes. The cell pellet was resuspended in 500 μl MACS buffer avoiding making bubbles whilst doing so. Magnetic separation was carried out by LS columns (Miltenyi Biotec). Columns were washed with 3 ml of cold MACS buffer before the 500 μl cell suspension was added. The column was then rinsed 3 times with 3 ml of cold MACS buffer. After removal of the column from the magnet, the cells were flushed out with 4 ml MACS buffer into 6 ml MACS buffer in a sterile 15 ml tube (total volume: 10 ml). The cell number was counted using a haemocytometer.

2.6.3. [bookmark: _Toc34914813][bookmark: _Toc36551613][bookmark: _Toc101274276]Macrophage differentiation
The CD14+ cell suspension was centrifuged at 400 g, at room temperature for 5 minutes. The cell pellet was resuspended at the desired cell density in complete media and cultured at 37°C with 5% CO2 (Table 6). The culturing media (RPMI-1640, Gibco) was supplemented with 10% (v/v) ultra-low endotoxin heat-inactivated fetal bovine serum (FBS) (Pan Biotech), 1% (v/v) L-glutamine (Gibco), 1% (v/v) Penicillin-Streptomycin (Gibco). MDMs were differentiated in this complete media on plastic wells with the addition of 100 ng/ml recombinant human Macrophage Colony Stimulating Factor (rh M-CSF, Gibco) for 7 days (Figure 18). PBMC, CD14+ monocyte isolation and macrophage differentiation protocols were developed, based on a previously established method by Geng and Hansson (1992).

[bookmark: _Ref35868529][bookmark: _Toc99474291][bookmark: _Toc101273932]Table 6: Summary of the differentiation conditions used in further techniques
	Method
	Cell Density
	Cell Culture Plate

	RT-qPCR
	500.000/ well
	6-well plate (Jet Bio-Filtration)

	Western Blot
	500.000/ well
	6-well plate (Jet Bio-Filtration)

	oxLDL accumulation
	200.000/ well
	12-well plate (Jet Bio-Filtration)

	OLR1 IF stain
	100.000/ well
	chamber slide (Thermo Fisher)
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[bookmark: _Ref61868626]
[bookmark: _Ref64533872]
[bookmark: _Ref69379209][bookmark: _Toc101269220]Figure 18: Summary of the in vitro experiments
The three timelines show the performed experiments on different days for RT-qPCR, Western Blot, OLR1 stain and oxLDL accumulation.


2.6.4. [bookmark: _Toc34914814][bookmark: _Toc36551614][bookmark: _Ref67578863][bookmark: _Toc101274277]Macrophage polarization
After differentiation (Day 7), the polarization of M1 and M2a macrophages was performed on Day 7 of differentiation by culturing cells for 24 hours in fresh complete media supplemented with specific polarising factors (summarised in Table 7).
Cells steered towards M1 macrophages were polarised by LPS (100 ng/ml, Enzo Life Sciences) and interferon gamma (INF-γ) (20 ng/ml, Pepro Tech). Cells steered towards M2a phenotype were polarised using IL-4 (20ng/ml, Pepro Tech). In each of the following assays, unpolarised macrophages (M0) were used as controls. 




2.6.5. [bookmark: _Ref97219054][bookmark: _Toc101274278]Macrophage treatment with statins and dexamethasone
Macrophage treatment with clinically relevant statin concentrations was performed on day 7 by culturing cells for 4 hours in fresh complete media supplemented with atorvastatin (30 ng/ml, 70 ng/ml, Merck) (Lins, 2003) and simvastatin (6 ng/ml, Merck) (Neuvonen et al., 2008).  After this, cells were polarized with M1 or M2a markers in addition to the statins for 24 h.
Macrophage polarisation with dex (Merck) was performed in fresh complete media supplemented with 3 different clinically relevant concentrations of dex 8 ng/ml, 14 ng/ml, 125 ng/ml (Loew, 1986). After all polarisations, cells were washed twice with PBS 1X and prepared for further experiments.

[bookmark: _Ref35869782][bookmark: _Ref64533990][bookmark: _Toc99474292][bookmark: _Toc101273933]Table 7: List of macrophage polarization markers with working concentration and polarization time
	Name
	Differentiation with 100 ng/ml rh M-CSF (days)
	Polarization markers/stimuli with final concentrations
	Polarization time (hours)

	M1
	7
	LPS: 100 ng/ml + INF-γ: 20 ng/ml
	24

	M2a
	7
	IL-4: 20ng/ml
	24

	dexamethasone
	7
	8; 14; 125 ng/ml
	24

	atorvastatin
	7
	30; 70 ng/ml
	4 + 24

	simvastatin
	7
	6 ng/ml
	4 + 24



2.6.6. [bookmark: _Toc34914815][bookmark: _Toc36551615][bookmark: _Toc101274279]RNA isolation
RNA was isolated using RNeasy UCP Micro Kit (Qiagen) according to the manufacturer’s instructions. 
RNA concentration was measured using spectrophotometric analysis (Nanodrop), measuring the absorbance of each sample at 260nm. 

2.6.7. [bookmark: _Toc34914816][bookmark: _Ref35870095][bookmark: _Toc36551616][bookmark: _Toc101274280]cDNA synthesis and Real Time quantitative PCR
cDNA synthesis was performed by using the iScript cDNA synthesis kit (Biorad) according to manufacturer’s instructions. This kit operates an up to 15 µl of RNA sample in a 20 µl cDNA synthesis reaction. Reaction components and protocol are listed below in Table 8.


Table 8: cDNA synthesis reaction components (A) and reaction protocol (B) A

	Component
	Volume / Reaction

	5x iScript Reaction Mix
	4 µl

	iScript Reverse Transcriptase
	1 µl

	Nuclease-free water
	Up to 20 µl

	RNA template ›1 µg
	variable

	Total volume
	20 µl


B

	Reaction Protocol

	Priming
	5 min at 25°C

	Reverse transcription
	20 min at 46°C

	RT inactivation
	1 min at 95°C

	Hold
	4°C

	Storage
	4°C or -20°C



RT-qPCR was performed using a Precision PLUS qPCR Master Mix with SYBR Green (Primer Design) and results were analysed with CFX384 C1000 Touch Thermal Cycler (Biorad). Primer sequences and qPCR cycle conditions are summarised in Table 9.  Primers were designed and checked for specify using the BLAST Primer Design Tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and purchased from Merck.
Data was plotted from individual donors, normalized to GAPDH housekeeping gene and analysed with two-tailed paired t test after normality test. In all the graphs, the direction of change in expression is shown with the treatment as an arrow for each individual donor.

Table 9: Real Time qPCR cycle conditions (A) and primers (B) for testing of human genesA


	Steps
	Settings

	Polymerase activation
Denaturation
	
95°C; 2 min

	
Amplification
	40 amplification cycles:
95°C; 15 secs
60°C; 1 min

	
Melting Curve Analysis
	60°C- 95°C/ 0,5°C
Increment



	Name
	Sequence
	Length (nt)
	Tm
(°C)
	GC
%

	GAPDH Fwd
	ATTGCCCTCAACGACCACTTT
	21
	52
	48

	GAPDH Rev
	CCCTGTTGCTGTAGCCAAATTC
	22
	55
	50

	CD68 Fwd
	AAGGGGGCTCTTGGGAACTA
	20
	54
	55

	CD68 Rev
	CCAAGCCCTCTTTAAGCCCC
	20
	56
	60

	CD86 Fwd
	CCCAGACCACATTCCTTGGAT
	21
	54
	52

	CD86 Rev
	TCCCTCTCCATTGTGTTGGT
	20
	52
	50

	MRC1 Fwd
	CCATCGAGGAAGAGGTTCGG
	20
	56
	60

	MRC1 Rev
	GGGTGGGTTACTCCTTCTGC
	20
	56
	60

	OLR1 Fwd
	TGCGACTCTAGGGGTCCTTTG
	21
	56
	57

	OLR1 Rev
	TGTTAGGAGGTCAGACACCTGG
	22
	57
	55

	MSR1 Fwd
	CGAGGTCCCACTGGAGAAAGT
	21
	56
	57

	MSR1 Rev
	CAATTGCTCCCCGATCACCTTT
	22
	55
	50

	CD36 Fwd
	TCTGTCCTATTGGGAAAGTCACTG
	24
	56
	46

	CD36 Rev
	GAACTGCAATACCTGGCTTTTCTC
	24
	56
	46

	SCARB1 Fwd
	GAATCCCCATGAACTGCTCTGT
	22
	55
	50

	SCARB1 Rev
	TCCCAGTTTGTCCAATGCCTG
	21
	54
	52


B

2.6.8. [bookmark: _Toc36551617][bookmark: _Toc101274281] Cell lysis and BCA Assay
A BCA Assay was used for quantification of total protein before western blotting. Polarized cells were lysed overnight in radioimmunoprecipitation assay (RIPA) buffer (Merck) in the presence of phosphatase inhibitors (PhosSTOP, Roche) and protease inhibitors (Protease Inhibitor Cocktail, Merck) as per manufacturer’s instruction. Cells were sonicated in an ultrasonic bath (Fisherbrand) for 20 minutes to complete cell lysis.  Cell lysates were centrifuged at 20.000 g, 4°C for 20 minutes and the supernatant which contains the total protein was transferred to a new tube and cell pellet was discarded. 
Protein concentration was determined with Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) which was used according to the manufacturer’s instructions. Varioskan Flash plate reader (Thermo Fisher Scientific) was used to measure OD at 562 nm.

2.6.9. [bookmark: _Toc101274282]Western blot
15 μg of sample protein was added to NuPage LDS Sample Buffer (4x) (Invitrogen) up to a final volume of 20 μl and incubated at 70°C for 10 minutes. Equal amounts of protein sample (10 μl) were loaded into the wells of a NuPAGE 4-12% Bis-Tris SDS-PAGE Gel (Invitrogen) together with a standard protein size marker (SeeBlue, Plus2 Prestained Standard, Invitrogen). Electrophoresis was performed at 120V for 70 minutes in NuPAGE MES SDS Running Buffer (Novex, Invitrogen). Proteins were then transferred onto a nitrocellulose membrane at 35 V for 60 minutes in NuPAGE Transfer Buffer (5% (v/v) 20x transfer buffer, 0.1% (v/v) antioxidant, 20% (v/v) methanol. NuPAGE Antioxidant (Novex, Invitrogen) was added to the Transfer Buffer (0.1% (v/v)) to enhance the transfer of proteins to membranes.  Transfer efficiency was further determined by staining the membrane with Red-Ponceau S Solution (Merck) for 5-10 minutes at room temperature (this step is optional). The membrane was washed in TBST (Tris Buffered Saline pH 8.0 powder dissolved in 1 litre of distilled water and 0.1% (v/v) Tween 20, Merck) and blocked at room temperature for 1 hour in 5% (w/v) milk TBST. 
The membrane was incubated at 4°C overnight with primary antibody (OLR1, Abcam) diluted in 5% (w/v) milk TBST (summarized in: Table 10). After incubation the membrane was washed 3 times for 5 minutes in TBST and incubated with the horseradish peroxidase (HRP) conjugated secondary antibody (Agilent) diluted in 5% (w/v) milk TBST at room temperature for 1 hour. The membrane was washed again 3 times for 5 minutes in TBST.
Specific protein bands were detected by the addition of a chemiluminescent substrate (SuperSignal™ West Pico PLUS Chemiluminescent Substrate, Thermo Fisher) and using the ChemiDoc XRS+ Imaging System (Biorad).
In order to use different primary antibodies (i.e., housekeeping: GAPDH, Santa Cruz Biotechnology) the membrane was stripped in ReBlot Plus Strong Antibody Stripping Solution 1X (Millipore) for 20 minutes at room temperature. Membrane was re-blocked at room temperature for 1 hour in 5% (w/v) milk TBST before the usage of new primary and secondary antibodies. 
Results were analysed in Excel through Image Studio Lite version 5.2.5. First, the intensity for each protein band was calculated with background subtraction. Intensity was normalised for each test samples (adjusted intensity protein of interest / adjusted intensity housekeeping). 






[bookmark: _Ref52189322][bookmark: _Toc99474295][bookmark: _Toc101273936]Table 10: Primary and secondary antibodies for western blotting 
	Primary antibody
	Working concentration
	Secondary antibody
	Working concentration

	Rabbit Polyclonal OLR1 (Abcam)
	1:500
	Polyclonal Goat Anti-Rabbit Immunoglobulins/
HRP (Agilent)
	1:2500

	Mouse Monoclonal GAPDH (SCBT)
	1:5000
	Polyclonal Goat Anti-Rabbit Immunoglobulins/
HRP (Agilent)
	1:5000




2.6.10. [bookmark: _Toc101274283]oxLDL accumulation in MDMs, Oil Red O Staining, microscopy and analysis
To detect the oxLDL accumulation in cells, human MDMs were plated and polarized in 12 well plates. After 1 day of polarization in the presence of dex, cells were washed 3 times with PBS 1X and human oxLDL was added for 24h (working concentration: 25 μg/ml; Thermo Fisher).
Oil Red O (ORO) staining was used to detect lipid accumulation in cells (Xu, 2010). After oxLDL accumulation, cells were fixed with 4% (w/v) PFA (Merck) at room temperature for 30 minutes, washed 3 times with PBS 1X and stored at 4°C until further work. 
To prepare the stock of ORO solution 0.3 g ORO powder (Merck) was dissolved in 100ml isopropanol (Fisher Scientific). For the preparation of the working solution, a 6:4 dilution was made with distilled water then filtered using Whatmann grade 1 filter paper and used immediately for best results.
Prior to staining, cells were rinsed with water, then with 60% (v/v) isopropanol. 1 ml of ORO working solution was added to the cells for 15 mins, then removed and rinsed with 60% (v/v) isopropanol and washed at least 3 times with distilled water. Haematoxylin ((Fisher Scientific) counterstain was used. Cells were covered with distilled water and observed with a LeicaDMI4000B inverted microscope with Leica Application Suite Advanced Fluorescence (LASAF) v2.63 software (Microscopy Core Facility) was used. 

2.6.11. [bookmark: _Toc36551618][bookmark: _Toc101274284]OLR1 IF stain, microscopy and analysis
Human MDMs were plated and polarized in 8-well chamber slides (Thermo Fisher) and stained to detect the OLR1 which binds oxLDL. Immediately after polarization, cells were fixed with 4% (w/v) PFA at room temperature for 30 minutes, washed 3 times with PBS 1X and stored at 4°C until further work. 
Cells were permeabilized with 0.1% (v/v) Triton PBS for 15 minutes, washed 3 times with PBS 1X, then blocked with 2% (w/v) BSA-PBS for 45 minutes at room temperature and washed 3 times with PBS 1X. Cells were incubated with rabbit polyclonal OLR1 primary antibody (Abcam) (1:200) for 1 hour at RT. After washing 3 times with PBS 1X, positive stain was detected by donkey anti-rabbit IgG-NL557 conjugated antibody (R&D Systems). ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific) was used to mount the sections and counterstain the nuclei. 
Images were captured using Leica AF6000LX inverted microscope and with Leica Application Suite Advanced Fluorescence (LASAF) v2.63 software (Microscopy Core Facility). 




 



3. [bookmark: _Toc101274285]Chapter 3. 
Different Macrophage Subsets in Human Carotid Atherosclerotic Plaques

3.1. [bookmark: _Toc101274286]Introduction
Stroke is the second leading cause of death and one of the leading causes of disability and dementia worldwide (Deb et al., 2010). It is a neurological condition caused by vascular occlusion due to atherosclerosis in the central nervous system and has two main types: ischaemic and haemorrhagic stroke. Ischaemic stroke has several aetiologies, the most common of which is large artery atherosclerosis (e.g., arising from the carotid arteries). In this process, arteries become occluded by thrombus in situ or embolization from a distant ruptured plaque. Other mechanisms for ischaemic stroke include small vessel disease (hyalinosis) and cardio embolism e.g., due to atrial fibrillation or heart valve disorders. Other causes of ischaemic stroke include arterial dissection or vasculitis (TOAST classification) (Spence et al., 2020). Carotid stenosis can be treated with endarterectomy which is where atherosclerotic plaque is surgically removed (Wijeyaratne et al., 2002). 
Atherosclerosis is a pathological chronic inflammatory process and commonly leads to myocardial infarction and ischaemic stroke (Ross, 1999). During this pathological disorder, lipoproteins, cholesterol, calcium and apoptotic cells build up to form a lipid-rich plaque within an artery. Atherosclerotic plaques can be classified as histologically stable or unstable based on the American Heart Association grading scale (see section: 1.2.11), depending on different histological features, such as the extent of inflammation, composition and the thickness of fibrous cap. I have collected carotid plaques with ethical permission from advanced lesions: type IV- lipid core atheroma, type Va- multilayer fibrous atheroma, type Vb- calcification, type Vc- fibrotic without lipid core, type VIa- rupture and type VIb- haemorrhage (Stary, 1994, Stary et al., 1995). 
Inflammatory cells are main cellular components of the atherosclerotic plaques and macrophages participate in all stages of the plaque formation and progression (Daugherty et al., 2005, Chinetti-Gbaguidi et al., 2014). Macrophage subtypes within carotid plaques have been shown to be altered in unstable vs. stable plaques. Broadly, M1 macrophages are proinflammatory and promote atherogenesis as well as enhancing plaque instability. In contrast, M2 macrophages have regulatory and wound-healing properties including collagen synthesis and promote tissue repair (Chinetti-Gbaguidi et al., 2014). One macrophage can express both M1 and M2 markers, but this has not been studied in detail. Studies have described the cellular and molecular interactions in atherogenesis, however, the understanding of this process is continuously developing (Brown et al., 2017). 


3.2. [bookmark: _Toc101274287]Hypothesis

Human M1 pro-inflammatory and M2 anti-inflammatory macrophage subtype ratios may differ between histologically classified stable or unstable carotid atherosclerotic plaques. The characterisation of these changes may lead to the identification of clinically useful diagnostic markers to direct the best treatment for patients.

Aims of this chapter:
1. Histological classification of human carotid plaques based on stability and the AHA grading scale.
2. Identify the most prone to rupture regions of human carotid plaques.
3. Classify the different macrophage phenotypes with IF staining in the previously identified regions. 


3.3. [bookmark: _Toc101274288]Results

In this chapter, different macrophage phenotypes within carotid plaque shoulder regions are described in detail. These plaque shoulder regions can be unstable and more prone to rupture (Richardson et al., 1989). Macrophage phenotypes within the shoulder regions were characterised with immunofluorescence microscopy. A novel IF protocol to simultaneously stain for M1 and M2 macrophages alongside an image acquisition and analysis strategy was then developed. I have used single IF with a pan macrophage polarisation marker (CD68), and dual IF with M1 (CD86) and M2 marker (MRC1). The regions of positive staining for CD68 were overlaid with the dual stained section and the prevalence of CD86+ and MRC1+ macrophages were quantified by Image J.

3.3.1. [bookmark: _Toc101274289]Patient demographics
I studied carotid plaques from patients with confirmed stroke; patient demographic and clinical data are summarised in Table 11. It is clear that stroke mostly happens in older age, usually over 60 years. The median age of the patients is 74 while their average age is 72.6 years. In this cohort, 69% of stroke patients are male and 82% of the patients were smokers or ex-smokers, which is a risk factor for stroke. High blood pressure is a leading risk factor for stroke and the 91% of the examined patients had this condition. The 36% of the patients had type 2 diabetes mellitus and none of these patients had atrial fibrillation. Previous stroke or TIA can predict a new ischaemic stroke (see section: 1.1.6), which happened with 2 patients. Patient 1 had two previous strokes and patient 3 also had two previous strokes, both within 2 years.
Desirable total cholesterol level is under 5.2 mmol/L and all patients are under this reference range (average: 3.8 mmol/L). Triglyceride level is healthy under 1.7 mmol/L and only one patient had higher level (2.0 mmol/L). HDL is the “good” cholesterol, which carries cholesterol from the body to the liver (see section: 1.6.3). The healthy range is above 1.53 mmol/L, and there is an increased risk factor under 1.03 mmol/L. 50% of the patients are in the average risk range, while 25% is in increased risk range for diseases. LDL is the cholesterol which can build the plaque in the arteries and its level is normal under 2.6 mmol/L, so patient 6 is in the increased risk range with higher then 12 mmol/L LDL level. Reference ranges from: (©2018 HEALTHTAB, 2018). 

[bookmark: _Ref38366843][bookmark: _Toc99474296][bookmark: _Toc101273937]Table 11: Summary of patient demographic and clinical data
NA- Not available; All data are verified by hospital stuff and collected from patient’s clinical files.
	Study ID
	Age
	Sex
	Smoker
	Type 2 DM
	High Blood Pressure
	Atrial Fibrillation
	Previous stroke or TIA
	Cholesterol (mmol/l)
	Tri-glyceride
(mmol/l)
	HDL (mmol/l)
	LDL (mmol/l)

	1
	74
	male
	ex
	yes
	yes
	no
	yes (2)
	3.1
	1.5
	0.96
	1.50

	2
	76
	male
	ex
	no
	no
	no
	no
	4.6
	2.0
	1.32
	NA

	3
	79
	male
	yes
	no
	yes
	no
	yes (2)
	3.3
	1.5
	1.36
	NA

	4
	64
	male
	ex
	no
	yes
	no
	no
	NA
	NA
	NA
	NA

	5
	70
	male
	ex
	yes
	yes
	no
	no
	NA
	NA
	NA
	NA

	6
	86
	male
	no
	no
	yes
	no
	no
	4.8
	1.0
	1.99
	12.40

	7
	79
	male
	ex
	no
	yes
	no
	no
	NA
	NA
	NA
	NA

	8
	61
	male
	no
	no
	yes
	no
	no
	3.4
	NA
	NA
	NA

	9
	52
	female
	ex
	yes
	yes
	no
	NA
	NA
	NA
	NA
	NA

	10
	86
	male
	yes
	no
	yes
	no
	NA
	NA
	NA
	NA
	NA

	11
	72
	female
	yes
	yes
	yes
	no
	NA
	NA
	NA
	NA
	NA






3.3.2. [bookmark: _Toc101274290]Histological Analysis
During this study, 13 plaques were collected, and 11 good quality human carotid plaques were analysed (2 were excluded because of poor quality (in 2 or more pieces)). As detailed in 2.3 Histological processing and assessment, plaques were divided into 3 mm thick regions to detect all histological features. All together, these 11 plaques were divided into 46 regions (A, B, C, D, E) based on their sizes and used to determine histological regions (Table 12). Regions were analysed and not whole plaques because this way most of the histological features are detectable (see section: 1.2.8) (Lovett et al., 2004c). 
From the analysed regions, 26.1% were designated as definitely unstable, 26.1% as probably unstable, 26.1% as probably stable and 21.7% as definitely stable (Figure 19: A). Histological assessment was made by Professor S Kim Suvarna (Consultant Cardiac Pathologist) or Dr Jessica Redgrave as described in 2.3.5.
According to the AHA classification, 6.5% (n= 3 regions) of the samples grouped to the ‘IV: Lipid core atheroma’, 34.8% (n= 16 regions) were the ‘Va: Multilayer fibrous atheroma with core’, 8.7% (n= 4 regions) were in ‘Vb: calcification’, 17.4% (n=8 regions) were ‘Vc: Fibrotic without lipid core’, 15.2% (n= 7 regions) considered as ‘VIa: Rupture’ and 17.4% (n= 8 regions) within ‘VIb: Haemorrhage’ lesion type (Figure 19: B)  (Stary et al., 1995). 

[bookmark: _Ref40102868][bookmark: _Toc99474297][bookmark: _Toc101273938]Table 12: Stability and AHA classification of the collected plaques
	Study ID
	Section
	Stability
	AHA classification

	1
	A
	Probably unstable
	VIa: Rupture

	
	B
	Definitely unstable
	VIb: Haemorrhage

	
	C
	Definitely unstable
	VIb: Haemorrhage

	
	D
	Probably unstable
	VIb: Haemorrhage

	
	E
	Probably unstable
	VIb: Haemorrhage

	2
	A
	Definitely unstable
	VIb: Haemorrhage

	
	B
	Definitely unstable
	VIb: Haemorrhage

	
	C
	Definitely unstable
	VIb: Haemorrhage

	
	D
	Probably stable
	Va: Multilayer fibrous atheroma with core

	3
	A
	Probably unstable
	VIa: Rupture

	
	B
	Probably stable
	Va: Multilayer fibrous atheroma with core

	
	C
	Probably stable
	Va: Multilayer fibrous atheroma with core

	
	D
	Probably unstable
	VIa: Rupture

	4
	A
	Probably unstable
	VIa: Rupture

	
	B
	Definitely unstable
	Va: Multilayer fibrous atheroma with core

	
	C
	Probably unstable
	VIa: Rupture

	
	D
	Probably unstable
	IV: Lipid core atheroma

	5
	A
	Probably unstable
	VIb: Haemorrhage

	
	B
	Definitely unstable
	VIa: Rupture

	
	C
	Definitely unstable
	VIa: Rupture

	6
	A
	Probably stable
	Vc: fibrotic without lipid core

	
	B
	Definitely stable
	Va: Multilayer fibrous atheroma with core

	
	C
	Probably stable
	Va: Multilayer fibrous atheroma with core

	
	D
	Probably stable
	Va: Multilayer fibrous atheroma with core

	7
	A
	Probably stable
	Va: Multilayer fibrous atheroma with core

	
	B
	Probably stable
	Va: Multilayer fibrous atheroma with core

	
	C
	Probably stable
	Va: Multilayer fibrous atheroma with core

	
	D
	Probably stable
	Va: Multilayer fibrous atheroma with core

	8
	A
	Probably unstable
	Va: Multilayer fibrous atheroma with core

	
	B
	Probably unstable
	Va: Multilayer fibrous atheroma with core

	
	C
	Definitely unstable
	Va: Multilayer fibrous atheroma with core

	
	D
	Definitely unstable
	Va: Multilayer fibrous atheroma with core

	
	E
	Definitely stable
	IV: Lipid core atheroma

	9
	A
	Definitely stable
	Vc: fibrotic without lipid core

	
	B
	Definitely stable
	Vc: fibrotic without lipid core

	
	C
	Definitely stable
	IV: Lipid core atheroma

	
	D
	Definitely stable
	Vc: fibrotic without lipid core

	10
	A
	Definitely unstable
	Vb: calcification

	
	B
	Definitely unstable
	Vb: calcification

	
	C
	Probably unstable
	Vb: calcification

	
	D
	Probably stable
	Vb: calcification

	
	E
	Probably stable
	Va: Multilayer fibrous atheroma with core

	11
	A
	Definitely stable
	Vc: fibrotic without lipid core

	
	B
	Definitely stable
	Vc: fibrotic without lipid core

	
	C
	Definitely stable
	Vc: fibrotic without lipid core

	
	D
	Definitely stable
	Vc: fibrotic without lipid core




A
B














[bookmark: _Ref38989158]

[bookmark: _Ref68716406][bookmark: _Toc101269221]Figure 19: Summary of the histological features of the analysed human carotid plaques
The 2 pie charts show human carotid plaque classification based on overall stability (A) and according to the American Heart Association grading scale (B). Histological features were determined by Professor S Kim Suvarna (Consultant Cardiac Pathologist) and Dr Jessica Redgrave, after H&E, VVG, CD3 and CD68 staining. (n= 11 patients, 45 regions)


3.3.3. [bookmark: _Toc520399380][bookmark: _Toc101274291]Macrophage phenotype characterisation in carotid plaques
[image: A picture containing text, tree, different

Description automatically generated]The plaque shoulder regions identified on 23 H&E stained sections (11 patients) were deemed the regions of interest (an unstable region prone to rupture (Richardson et al., 1989).  Positive and negative control IF staining worked well and representative images are shown in Figure 20. 
[bookmark: _Ref95993767][bookmark: _Toc101269222]Figure 20: Representative images of positive and negative IF staining controls 
Top row: Positive controls of CD68, CD86 and MRC1 markers on FFPE human tonsil, spleen and lung tissues. Bottom row: Negative controls of CD68 (mouse IgG), CD86 (mouse IgG), and MRC1 (rabbit IgG) on human carotid atherosclerotic lesions from stroke patients.


Macrophage phenotypes within the shoulder regions were characterised with immunofluorescence microscopy including simultaneous staining for M1 and M2 macrophages (2.4 Fluorescence Immunohistochemistry). The staining and image analysis was successful on all 23 plaque sections. Figure 21 shows a successful dual IF staining and 4 different macrophage phenotypes: M1 single positive (CD68+CD86+MRC1-), M2 single positive (CD68+CD86-MRC1+), double positive (CD68+CD86+MRC1+) and double negative (CD68+CD86-MRC1-) macrophages. Panels A and C show the IF-stained sections with cells indicated with dotted circles. These tile scan images are necessary to get whole view of the plaque and to identify the shoulder region. B and D panels show the previously identified shoulder regions of the single and dual IF stained sections with a higher resolution. CD68 antibody (green signal on single stained sections; panel: A and B) shows a little background staining and cell debris, but the brightest green signal indicates macrophages. The blue colour is DAPI staining which shows the cell nuclei.
On the dual stained samples (C and D panels) where the red immunofluorescence marker overlaps with the green signal of the single stained section (A and B panels), this indicates M2 single positive (CD68+CD86-MRC1+) macrophage, while the overlapping of the two green signals from single and dual stained images shows M1 single positive (CD68+CD86+MRC1-) macrophage. If both red and green colour are visible within a single cell, both CD86 and MRC1 are expressed, so identifies a double positive (CD68+CD86+MRC1+) macrophage. The last group are the double negative (CD68+CD86-MRC1-) macrophages, where one can observe the CD68 marker on the single stained slide, but not on the double stained one. 






[bookmark: _Toc101269223][bookmark: _Ref515463279][bookmark: _Ref519693975][bookmark: _Toc520399411][image: ]Figure 21: Representative images of single and dual IF staining of human plaque macrophages
IF stained FFPE human carotid atherosclerotic lesions from stroke patients. A, B: stained for pan macrophage marker: CD68 (green); C, D: simultaneously stained for M1: CD86 (green) and for M2: MRC1 (red). Positive staining was detected by incubating with Anti-mouse NL493 and Anti-rabbit NL557 (Northern Lights™, R&D Systems) and nuclei were counterstained with DAPI (blue). Images were captured using Leica inverted wide field fluorescence microscope AF6000LX. A, C: IF stained serially next, entire carotid sections. B, D: enlarged regions of the previously identified shoulder regions of the single and dual IF stained sections. Dotted circles indicate the 4 main macrophage types: double positive (CD68+CD86+MRC1+), double negative (CD68+CD86-MRC1-), M1 single positive (CD68+CD86+MRC1-) and M2 single positive (CD68+CD86-MRC1+) macrophages. 
3.3.4. [bookmark: _Toc101274292]Double positive macrophage (CD68+CD86+MRC1+) phenotype is the most abundant in the shoulder regions of human carotid plaques
[bookmark: _Ref519076210][bookmark: _Toc520399412]In the cohort of studied samples, the proportion of macrophages in carotid plaque shoulder regions is very different from previous studies, because those are separately stained for M1 or M2 markers (Stöger et al., 2012). Of the 11 analysed human patient plaques, an intact shoulder was identified in 11 lesions and in these regions, macrophages were abundant. Double positive (CD68+CD86+MRC1+) macrophages were present with the highest rate and account for 67.8% of all CD68+ macrophages. M1 single positive (CD68+CD86+MRC1-) macrophages account for 16.5%, while M2 single positive (CD68+CD86-MRC1+) macrophage make up 8.7% of all CD68+ macrophages. Double negative (CD68+CD86-MRC1-) macrophages represent 7.0% of all macrophages.
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[bookmark: _Toc101269224]Figure 22: Percentage of different macrophage phenotypes in the plaque shoulder regions of human carotid plaques
The regions of positive staining for CD68 were overlaid with the dual stained section and the prevalence of CD86+ and MRC1+ macrophages were quantified by Image J and presented on A: pie chart and B: bar graph. The double positive (CD68+CD86+MRC1+) macrophage ratio is significantly higher than the other CD68+ cell groups. The proportion of M2 single positive (CD68+CD86-MRC1+) and double negative (CD68+CD86-MRC1-) macrophages is similar, while M1 single positive (CD68+CD86+MRC1-) macrophages account for 16.5% of all CD68+ cells. Data follow normal (Gaussian) distribution and Graphs present mean + SD, ordinary one-way ANOVA with Tukey’s multiple comparison test; each data point represents one patient; n=11 individual patient samples (1 single and 1 dual stained image per patient); p value: * ‹0.0332, ** ‹0.0021, **** ‹0.000; (DN= double negative, DP= double positive)
3.3.5. [bookmark: _Toc101274293]Macrophage phenotype distribution in stable and unstable carotid plaques
[bookmark: _Ref519076344][bookmark: _Ref519873017][bookmark: _Toc520399414]The following bar graphs (Figure 23) illustrate the proportion of different macrophage subsets in stable and unstable carotid plaques. Average cell counts and percentages were calculated from the different regions to get one data point per patient/lesion. Overall, data points were plotted from 6 unstable and 5 stable carotid plaques. It can be seen that M2 single positive (CD68+CD86-MRC1+), double negative (CD68+CD86-MRC1-) and double positive (CD68+CD86+MRC1+) macrophages are of a higher proportion in the stable plaques, while M1 single positive (CD68+CD86+MRC1-) macrophage ratio is significantly higher in unstable plaques. 




[bookmark: _Ref41133094]






[bookmark: _Ref68716999][bookmark: _Toc101269225]Figure 23: Macrophage phenotype distribution in stable and unstable carotid plaques 
Different macrophage phenotypes were determined with single (CD68) and dual (CD86, MRC1) IF stains. Data on grouped bar graphs is plotted from 6 unstable and 5 stable carotid plaques and analysed with Chi-square test to determine difference between groups; n=11 individual patient samples; p value: ** ‹0.0021, **** ‹0.000; (DN= double negative, DP= double positive)


3.3.6. [bookmark: _Toc101274294]Macrophage phenotype distribution in AHA lesion types
Classification and characterization of all histological features within carotid plaques using the American Heart Association grading scale are summarized in Table 12. The following graphs (Figure 24, Figure 25, Figure 26) outline the proportion of macrophage phenotypes in carotid plaque regions identified using specific AHA criteria. (If 2 regions are classified to different AHA types within 1 plaque sample, they are counted separately. If individual regions are described as the same AHA type within a plaque, average cell counts, and percentages were calculated.)
Within all AHA classified lesions (1.2.11) the percentage of double positive (CD68+CD86+MRC1+) macrophages is high, between 60-80% of all CD68+ macrophages. The percentage of M1 single positive (CD68+CD86+MRC1-) macrophage population is similar in type IV, Vb, VIa and VIb lesions (20-30% of all CD68+ macrophages) while in type Va and Vc lesions this is significantly lower (approximately 5 % of all CD68+ macrophages). M2 single positive (CD68+CD86-MRC1+) and double negative (CD68+CD86-MRC1-) macrophage populations are more represented in type Va, Vc lesions than in any other plaque types. 
Only one carotid plaque region was characterized as type IV lesion, a lipid core atheroma. In this unstable region, 26% of the CD68+ cells are M1 single positive macrophages (CD68+CD86+MRC1-), which typically enhance instability (1.3.6). M2 single positive (CD68+CD86-MRC1+) and double negative (CD68+CD86-MRC1-) macrophages are rare in this lesion type, whilst the double positive (CD68+CD86+MRC1+) cells are the highest proportion at 64%. 
[image: Chart, bar chart
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[bookmark: _Ref519076452][bookmark: _Toc520399416]

[bookmark: _Ref77091319][bookmark: _Toc101269226]Figure 24: Percentage of different macrophage phenotype populations in type IV: lipid core atheroma lesion
Different macrophage phenotypes were determined with single (CD68) and dual (CD86, MRC1) IF stains and data is presented from type IV: lipid core atheroma lesion. M1 single positive (CD68+CD86+MRC1-) macrophage ratio (26%) is higher than M2 single positive (CD68+CD86-MRC1+) (5%) or double negative (CD68+CD86-MRC1-) (5%) macrophages. Each data point represents one patient, n=1; (DN= double negative, DP= double positive)

Four carotid plaque regions were described as type Va lesions: a multilayer fibrous atheroma with core (Figure 25). Three out of the 4 regions were considered stable and the proportion of the M1 single positive (CD68+CD86+MRC1-) macrophages was 6%, while in the unstable lesion region it is higher (19%). The M2 (CD68+CD86-MRC1+) and double negative (CD68+CD86-MRC1-) macrophage percentage was around 10% in all 4 samples. Double positive (CD68+CD86+MRC1+) macrophages were present of a significantly higher ratio than all other cell types, within these plaques. 
Only one carotid plaque region was described as type Vb- calcification and two as type Vc-fibrotic without a lipid core. The main difference between these 2 types, was the ratio of the M1 single positive (CD68+CD86+MRC1-) macrophages, which arise since a calcified lesion is definitely unstable, while a plaque without lipid core is a bit more stable (Wang and Bennett, 2012). In type Vb lesion, M1 single positives (CD68+CD86+MRC1-) were presented at approximately 27% and M2 single positive (CD68+CD86-MRC1+) cells were only the 6% of all CD68+ macrophages. In the stable type Vc lesion, the ratio of M1 single positive (CD68+CD86+MRC1-) cells were only around 6%, while M2 single positive (CD68+CD86-MRC1+) macrophages presented of a higher proportion (13%). Double positive (CD68+CD86+MRC1+) and double negative (CD68+CD86-MRC1-) macrophages were at a higher percentage in the stable type Vc.



















[bookmark: _Ref68717151][bookmark: _Toc101269227]Figure 25: Percentage of different macrophage phenotype populations in type V lesions 
Different macrophage phenotypes were determined with single (CD68) and dual (CD86, MRC1) IF stains and data is presented from type V lesions.
In Va lesions (multilayer fibrous atheroma with core) the ratio of M1 single positive (CD68+CD86+MRC1-), M2 single positive (CD68+CD86-MRC1+) and double negative (CD68+CD86-MRC1-) macrophages is similar, around 10%, while the percentage of double positive (CD68+CD86+MRC1+) macrophages is significantly higher (75%). In Vb lesions (calcification) M1 single positive (CD68+CD86+MRC1-) macrophage ratio (27%) is higher than M2 single positive (CD68+CD86-MRC1+) (6%) or double negative (CD68+CD86-MRC1-) (4%) macrophages. In Vc lesion group (fibrotic without lipid core) the percentage of M1 single positive (CD68+CD86+MRC1-) cells is around 6%, while M2 single positive (CD68+CD86-MRC1+) macrophages presented at about 13%. Data follow normal (Gaussian) distribution and graphs present mean + SD, ordinary one-way ANOVA with Tukey’s multiple comparison test; each data point represents one patient; n=4 individual patient samples in type Va lesion, n=1 individual patient sample in type Vb and n=2 individual patient sample Vc lesions; p value: **** ‹0.000; (DN= double negative, DP= double positive)

Five carotid plaque regions were described as complicated lesions, 3 as type VIa- rupture, and 2 as type VIb- haemorrhage (Figure 26). These lesion types are unstable, which is supported by the higher M1 single positive (CD68+CD86+MRC1-) macrophage ratio (25-30%) and the lower M2 single positive (CD68+CD86-MRC1+) proportion (5%). In both of these lesion types, double positive (CD68+CD86+MRC1+) macrophages are present at approximately 62% and double negative (CD68+CD86-MRC1-) macrophages at around 5%.
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[bookmark: _Ref42685274][bookmark: _Toc101269228]Figure 26: Percentage of different macrophage phenotype populations in type VI lesions
Different macrophage phenotypes were determined with single (CD68) and dual (CD86, MRC1) IF stains and data is presented from type VI lesions. In both VIa (rupture) and VIb (haemorrhage) lesions M1 single positive (CD68+CD86+MRC1-) macrophage ratio (approximately 27%) is higher than M2 single positive (CD68+CD86-MRC1+) (5%) or double negative (CD68+CD86-MRC1-) (5%) macrophages. In both of these lesion types double positive (CD68+CD86+MRC1+) macrophage proportion is around 62%, higher than the other macrophage groups. Data follow normal (Gaussian) distribution and graphs present mean + SD, ordinary one-way ANOVA with Tukey’s multiple comparison test; each data point represents one patient; n=3 individual patient samples in type VIa lesion, n=2 individual patient samples in type VIb lesions; p value: **** ‹0.000; (DN= double negative, DP= double positive)


3.4. [bookmark: _Toc101274295]Summary of Results
The work presented in this chapter characterises the histological features and different macrophage distribution of human carotid atherosclerotic plaques.

· 52.2% of the collected plaques were deemed to be unstable and 47.8% were recognized as stable. Based on the American Heart Association grading scale, the collected plaques belong to the following types: IV- lipid core atheroma, Va- multilayer fibrous atheroma with core, Vb- calcification, Vc- fibrotic without lipid core, Via- rupture, VIb- haemorrhage
· An IF protocol to simultaneously stain for M1 (CD86) and M2 (MRC1) macrophages alongside an overall macrophage marker (CD68), as well as an image acquisition and analysis strategy was developed to characterise macrophage phenotypes within the shoulder region of the carotid plaque
· Double positive (CD68+CD86+MRC1+) macrophages were 67.8% of all CD68+ macrophages. M1 single positive (CD68+CD86+MRC1-) macrophages make up 16.5%, while M2 single positive (CD68+CD86-MRC1+) macrophage account for 8.7% of all CD68+ macrophages. Double negative (CD68+CD86-MRC1-) macrophages represent 7.0% of all macrophages.
· M1 single positive (CD68+CD86+MRC1-) macrophages were present with a significantly higher ratio in unstable plaques (82%) than in stable (18%) ones. 
· In type IV- lipid core atheroma lesions M1 single positive (CD68+CD86+MRC1-) macrophage ratio (26%) is significantly higher than M2 single positive (CD68+CD86-MRC1+) (5%) or double negative (CD68+CD86-MRC1-) (5%) macrophages.
· In type Va lesions (multilayer fibrous atheroma with core) the ratio of M1 single positive (CD68+CD86+MRC1-), M2 single positive (CD68+CD86-MRC1+) and double negative (CD68+CD86-MRC1-) macrophages is around 10%. 
· In Vb calcified lesions M1 single positive (CD68+CD86+MRC1-) macrophage ratio (27%) is higher than M2 single positive (CD68+CD86-MRC1+) (6%) or double negative (CD68+CD86-MRC1-) (4%) macrophages. 
· In type Vc- fibrotic without lipid core lesions the percentage of M1 single positive (CD68+CD86+MRC1-) cells is about 6%, while M2 single positive (CD68+CD86-MRC1+) macrophages presented at about 13%.
· In both VIa (rupture) and VIb (haemorrhage) lesions M1 single positive (CD68+CD86+MRC1-) macrophage ratio is about 27% which is significantly higher than the proportion of M2 single positive (CD68+CD86-MRC1+) (5%) or double negative (CD68+CD86-MRC1-) (5%) macrophages. 


3.5. [bookmark: _Toc101274296]Discussion

[bookmark: _Toc520399385]Stroke is the second leading cause of death and one of the major causes of disability and dementia worldwide (Benjamin et al., 2017). It is a neurological condition caused by an acute injury of the central nervous system. Around 80% of all stroke cases are ischaemic stroke and of those 50% are due to large artery atherosclerosis (fatty blockage within the carotid artery) (Sacco et al., 2013). Stroke has many risk factors like hypertension or carotid stenosis and unfortunately, there is increasing evidence that COVID-19 is associated with ischemic stroke. It was found that the anterior circulation is more frequently affected than the posterior circulation and occurs predominantly in males (Finsterer et al., 2022). Stroke associated with COVID-19 it is most frequently embolic and due to cardiovascular risk factors than coagulopathy (Finsterer et al., 2022). 

3.5.1. [bookmark: _Toc101274297] Stroke and patient characteristics
In my study, carotid plaques were obtained from patients undergoing carotid endarterectomy for recently symptomatic stroke or TIA with greater than 50% stenosis of the ipsilateral internal carotid artery. In my cohort, 69% of stroke patients are male and similar data have been published previously (Appelros et al., 2009). Several studies have reported that smoking is a modifiable risk factor for stroke (Shah and Cole, 2014) and my data support this, because 82% of the patients in this cohort were smokers or ex-smokers.
It can be predicted that patients with hypertension, type 2 diabetes mellitus and previous stroke or TIA have a higher possibility to suffer from stroke (see section: 1.1.3) (Khan et al., 2006, Almdal et al., 2004, Mohan et al., 2011). High blood pressure is a leading risk factor for stroke and the 91% of the examined patients had hypertension and this high ratio is also reported (Khan et al., 2006). The 36% of the patients had type 2 diabetes mellitus and similarly a low percentage (19%) was stated previously (Wang, 2013).
Stroke survivors are at increased risk of early recurrent ischaemic events (Mohan et al., 2011) and in my study two patients had suffered from previous stroke/TIA. HDL and LDL ratio can be highly important in stroke or CVD prediction (Wannamethee et al., 2000, Zeljkovic et al., 2010). In my cohort, 75% of the patients had lower HDL levels than the desirable standard and higher LDL levels were measured in 50% of the patients.   

3.5.2. [bookmark: _Toc101274298]Atherosclerosis and the histological analysis of human carotid plaques
Ischaemic stroke is caused by atherosclerosis (Benjamin et al., 2017), where a plaque is formed within an artery, modulated by genetic and environmental factors (Ross, 1999). The plaque as classified histologically, can be stable and unstable, depending on the extent of  inflammation and macrophage content (Wang and Bennett, 2012). In this study, I sought to classify macrophage phenotypes in human carotid plaques to test the hypothesis that the ratio of various macrophage subtypes may differ between the unstable or stable atherosclerotic plaques.

Carotid plaques were divided into regions (Figure 11) (Lovett et al., 2004c). Overall stability (Lovett et al., 2004c) and AHA classified lesion types were determined by the characteristic components and pathogenic mechanism of the plaque (Table 1) (Stary et al., 1995). In this study, 11 plaques were suitable for analysis and these were divided into 46 regions (A, B, C, D, E). 45% of carotid samples were probably or definitely stable plaques, while 55% were judged as unstable. Similarly, in a larger study (n=126 carotid plaques: (TIA: 75; symptomatic: 29; asymptomatic, 22), 31% of samples were stable and 69% were considered as unstable lesions (Salem et al., 2014). According to the AHA classification, 6.5% of my samples grouped to the ‘IV: Lipid core atheroma’, 34.8% were the ‘Va: Multilayer fibrous atheroma with core’, 8.7% were in ‘Vb: calcification’, 17.4% were ‘Vc: Fibrotic without lipid core’, 15.2% considered as ‘VIa: Rupture’ and 17.4% within ‘VIb: Haemorrhage’ lesion type. These findings are partly similar with a study by Cai et.al. (2002), where they reported that 28% of carotid plaques belonged to type IV and Va lesions, 23% were type Vb, 4% considered as type Vc and 45% were grouped to lesion type VI. 

3.5.3. [bookmark: _Toc520399386][bookmark: _Toc101274299]Inflammatory cells in human carotid plaques
Studies have described the cellular and molecular interactions in atherogenesis, however, the understanding of the process is continuously developing (Brown et al., 2017). One of the main cellular components of the atherosclerotic plaques are macrophages which are part of the inflammatory response and also linked to foam cell formation. Macrophages take up lipoprotein from dying cells and later when this excess cholesterol from macrophages is not eliminated, foam cells form (Remmerie, 2018). At the early stages of atherosclerosis lipid uptake is considered to be protective because of the removal of proinflammatory oxLDL, but later on, the continuous migration of inflammatory cells and the uptake of lipoprotein will result a large-scale foam cell formation, resulting the necrotic core (Brown et al., 2017, Bobryshev, 2006). Scavenger receptors, mainly SR-A, are key indicators of foam cell formation, but recently new scavenger receptors were found to promote lipid absorption. These are the protein 1 associated with LDL receptor (LRP1) and lectin-like VLDL receptor 1 (LOX1) (Sukhorukov et al., 2020). On the other hand, cholesterol outflow is supported by oxLDL activated LXR, resulting reduced proinflammatory markers and advantageous effect on atherosclerosis (Spann et al., 2012) (Bobryshev et al., 2016). Interestingly, a murine study (Kim et al., 2018) has reported that genes expressed in foam cells are associated with lipid metabolism and not inflammation, while another study (Poznyak et al., 2020) reported that 7 out of the 10 foam cell formation regulatory genes are involved in inflammation and not cholesterol metabolism. It would be important to investigate whether changes in proinflammatory gene expression are a consequence or the cause of intracellular lipid accumulation. 

In this study, macrophages were abundant in the collected plaques which agrees with the fact that macrophages participate in all stages of the plaque formation and progression (Daugherty et al., 2005). The macrophage population is remarkably heterogenous and influenced by the microenvironment (Chinetti-Gbaguidi, 2014). 
The plaque shoulder regions were deemed the regions of interest, for it is an unstable region prone to rupture (Richardson et al., 1989). Intact plaque shoulder regions were identified in 23 regions (n=11 patients) and macrophage phenotypes within ROI were characterised with immunofluorescence microscopy. 
The proinflammatory M1 macrophages are atherogenic, have a role in endothelial activation and oxidative stress. These macrophages enhance plaque stability by weakening the fibrous cap and enlarging the necrotic core (Shirai et al., 2015). In this study, the M1 single positive (CD68+CD86+MRC1-) pro-inflammatory macrophage ratio (17%) was significantly higher in unstable plaques, while all the other phenotypes have higher proportion in stable plaques. These findings agree with the fact that M1 macrophages enhance plaque instability as they secrete proinflammatory cytokines, like as IL-1, IL-7, IL-8 (Kirbiš et al., 2010).  The percentage of M1 single positive macrophage is significantly lower in the ‘Va: Multilayer fibrous atheroma with core’ (9%) and ‘Vc: Fibrotic without lipid core’ (7%) than in other lesion types, where M1 single macrophage ratio is around 28%. Multi-layered fibroatheromas and fibrotic lesions without lipid core plaques are a bit more stable since the fibrous cap provides structural stability, creating a stable plaque (Singh et al., 2002, Bobryshev, 2006), moreover stable plaques have smaller lipid pools (Weissberg, 2000). M1 single positive macrophages have the highest ratio in lesion types characterised by a bigger lipid core, calcification, rupture and haemorrhage which agrees with previous studies (Kirbiš et al., 2010, Cho et al., 2013a, Chinetti-Gbaguidi, 2014). M1 macrophages are found in all types of tissue and protect it against pathogens and dangerous stimuli. Pathological consequences could be chronic inflammation, tissue damage and autoimmune diseases (Italiani and Boraschi, 2014). Atherosclerosis is a chronic inflammatory disease, therefore M1 macrophages have a similar role in pathological conditions in different tissue. 
The anti-inflammatory M2 macrophages are atheroprotective have a regulatory function and can carry out collagen synthesis (Shaikh et al., 2012). M2 macrophages promote ﻿neoangiogenesis, produce TGF- and an immunosuppressive cytokine, IL-10 (Shirai et al., 2015). In this study, M2 single positive (CD68+CD86-MRC1+) anti-inflammatory macrophages have a lower ratio in plaques, accounting for 9% of all CD68+ macrophages. This proportion is noticeable through all AHA classified lesion types. In this study, M1 macrophage phenotype has significantly higher than M2 cells in the plaque shoulder region of the collected symptomatic plaques. These data are supported by several other studies (Shirai et al., 2015). It was previously reported that the ratio of M2 macrophage phenotype is low in symptomatic plaques (Chinetti-Gbaguidi, 2014, Shaikh, 2012). The M1 macrophage ratio may be higher in my samples because they are mostly present in the shoulder region (ROI), while M2 macrophages are mainly found in the adventitia layer (not analysed in this thesis) (Stöger et al., 2012). It was also reported that M2 macrophages are mostly presented in early atherosclerotic lesions, and progressed plaques contain mainly M1 subtypes (Shirai et al., 2015) which is supported by my findings. The fact that the M1 and M2 macrophage ratio is different in early and progressed plaques could indicate that macrophages are polarised according to their microenvironment and can change phenotype based on the surrounding signals. The homeostatic functions of M2 macrophages are mostly healing and angiogenesis but under pathological conditions, it has a role in cancer, fibrosis or epithelial hyperplasia (Italiani and Boraschi, 2014). As indicated, M2 macrophages have a regulatory function throughout the body, which is mostly beneficial during atherosclerosis, but it can be disadvantageous in other diseases. 
Double positive cells (CD68+CD86+MRC1+) are present with the highest rate (68% of all CD68+ cells), through all AHA classified lesion types. This may be a previously undescribed subtype because one macrophage can express both M1 and M2 markers at the same time but all previous studies (Medbury et al., 2013) separately stained for these markers. These double macrophages could be ‘intermediates’ between phenotype switching, supporting the fact that macrophage functions can temporarily change in disease (Lichtnekert et al., 2013). 
Double negative (CD68+CD86-MRC1-) macrophage population has the lowest ratio (7%) in carotid plaques without any significant differences in all AHA classified lesion types. Interestingly, the ratio of this previously uncharacterised macrophage phenotype is higher in stable plaques. To date there has been no reported study that has investigated the role of this macrophage subtype, therefore further analysis is required. 


3.6. [bookmark: _Ref67158001][bookmark: _Toc101274300]Limitations

The work presented in this chapter has some limitations. First of all, we could only collect 13 human carotid plaques. This happened because in some cases patients did not give consent or the dissected plaque did not arrive to the histopathology lab from the operating theatre. It was also difficult to consent patients and get samples during the COVID-19 pandemic, from March 2020. 
Although histology and IF staining is relatively cheap and quick method to study the morphology of a tissue, it has disadvantages (optimisation, specificity, fixation artifacts, human error). Developing the novel IF stain to simultaneously stain for both M1 and M2 marker along with CD68 pan macrophage marker was challenging. Furthermore, to identify specific cell types is difficult which can affect the value of evaluation, since there are no single or agreed markers for each cell type. The histological feature of carotid plaques also varies along the length of the tissue therefore it is possible that some features were missed. However, it was shown that 3mm thick sections are reasonably representative (Lovett et al., 2004c).



4. [bookmark: _Toc101274301]Chapter 4. 
Single Cell Transcriptome Analysis of Human Atherosclerotic Plaque Macrophages 

4.1. [bookmark: _Toc101274302]Introduction

Atherosclerosis is a systemic inflammatory disease, where a lipid plaque is formed within an artery (Ross, 1999) and different types of macrophages participate in all stages of the plaque formation and progression (Stöger et al., 2012). Previously, histological studies revealed the presence of different macrophage subtypes in the carotid plaques and they are affected by their microenvironment (Chinetti-Gbaguidi, 2014) or localisation (Stöger et al., 2012). The discovery of single cell analysis techniques like CITE-seq or scRNA-seq, enabled a better understanding of diseases, e.g., atherosclerosis (Willemsen and Winther, 2020). Single cell analysis of plaque macrophages is useful to better understand the mechanism of atherosclerosis, their roles in atherosclerotic lesion progression, and identify markers for unstable atherosclerotic plaque.


4.2. [bookmark: _Toc101274303]Hypothesis

The characterisation of the identified double positive and double negative macrophages and their localisation within human atherosclerotic plaques may lead to stroke diagnostic markers. 

Aims of this chapter:
1. Modify CD68 IF staining to preserve RNA integrity for LCM scRNA-seq
2. Optimise LCM (laser power, aperture, speed) to preserve RNA integrity
3. Test different single cell cDNA library preparation kits for suitability for small amounts of RNA isolated from FFPE tissue
4. Perform LCM scRNA-seq
5. Optimise bioinformatic analysis of scRNAseq data


4.3. [bookmark: _Toc101274304]Results
In this chapter, the challenging optimisation of Laser Capture Microdissection single cell RNA sequencing (LCM scRNA-seq) is described. Briefly, the previously identified macrophage subtypes were classified with LCM scRNA-seq. A Leica LMD6 Laser Microdissection Microscope was used to cut out the CD68+ macrophages from the IF stained FFPE tissue. Library preparation was performed with a SMARTer Stranded Total RNA-Seq Kit and samples were sequenced with MiniSeq System.

4.3.1. [bookmark: _Toc101274305]Preserved RNA integrity from an IF stained FFPE tissue section
The integrity (quality and quantity) of the isolated RNA (5 µm thick section) following the modified CD68 IF stain (2.5.1) was tested with RT-qPCR, Bioanalyzer and pilot sequencing.
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Description automatically generated]First, RT-qPCR was performed with CD68 macrophage and GAPDH housekeeping primers (average RNA yield: 40 ng/ul). The following graph (Figure 27) shows the amplification curves of these 2 genes in the degraded RNA sample. The average quantification cycle (Cq) of CD68 gene amplification is 29, demonstrating that CD68 gene is well detectable from the human carotid plaque RNA sample. 
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[bookmark: _Ref77091404][bookmark: _Toc101269229]Figure 27: Amplification curves of CD68 and GAPDH gene expression as a result of RT-qPCR 
RNA was isolated from a 5 µm thick IF stained section. Cq of CD68 is 29.06, Cq of GAPDH is 38.19. RFU=Relative Fluorescence Unit


Next, the size and quality of lower yield of cDNA were tested with a Bioanalyzer. The cDNA transcribed from the isolated RNA was diluted into 3 different concentrations, 10 ng, 100 pg (equivalent to more cells) and to 10 pg (equivalent to RNA quantity from 1 cell). 
Using the bioanalyzer, different sizes of RNA fragments were present in the sample since peaks were visible on the bioanalyzer electropherogram from all the different concentrations of cDNA. 

Figure 28 is a representative image of the electropherogram with the 10 pg cDNA. Both positive and negative controls worked well, and 36 peaks of cDNA (from the diluted RNA isolated from IF stained FFPE tissue section) were detected with adequate molarity. 
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[bookmark: _Ref66969652]

[bookmark: _Toc101269230]Figure 28: Bioanalyzer quality control of human carotid plaque cDNA (10 pg)
The electropherogram shows the size and quality of sample cDNA, by displaying a data plot of size/migration time versus fluorescence intensity. X-axis indicates the size of the DNA fragment in base pairs (bp) while y-axis represents the fluorescence unit (FU). The highlighted lower and upper markers are internal standards to bracket the DNA sizing range. 
Left side: 36 peaks were detected between the lower and upper markers which means that cDNA is detected in the sample. Right side: Positive control show cDNA sample between the lower and upper markers while negative control graph only indicates the two markers.

After the cDNA quality control, a pilot sequencing was performed with 0.1 M reads using the Illumina NextSeq high-throughput sequencing system (total RNA from a 5 µm thick IF stained section). The bioinformatic analysis highlighted that 17% of the reads are mapped to protein coding genes (32656 reads) (Figure 29) moreover CD68, CD86 and MRC1 macrophage markers were detected in the dataset.
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[bookmark: _Ref66975401]
[bookmark: _Ref70349668][bookmark: _Toc101269231]Figure 29: Genomic distribution of human carotid plaque RNA after Illumina NextSeq pilot sequencing
This pie chart shows the percentage of different genomic regions of carotid plaque RNA. 17% of reads were mapped to protein coding genes and macrophage markers (CD68, CD86, MRC1) were detected in the sample. Repeats are accounted for 45% of the sequenced nucleic acid and compromises transposable elements along with single repeats. Short- and long- noncoding RNA (29%, 3%) were also found in the sample which regulates gene expression at the transcriptional and post-transcriptional levels. Pseudogenes (3%) are inactivated sequences while intergenic regions (3%) are located between genes.

These results indicated that the quality and quantity of the RNA was sufficient for scRNA-seq and that the reads were containing some of the expected markers. Therefore, the next step was the optimisation of the LCM (laser power, aperture and speed). We decided to test different LCM settings with PCR amplification of TP53 (designed and optimised by the Mutagenesis & Carcinogenesis Research Group) and gel electrophoresis as outputs since this was time and cost efficient. 

Figure 30 is a representative image of the agarose gel electrophoresis after amplification of TP53. All the negative and positive controls were as expected and the TP53 gene was amplified in 9 out of 15 individual single cell samples. This means that the optimisation of LCM was successful therefore, the next step was the LCM scRNA-seq on new carotid plaque tissue and the optimisation of the bioinformatic analysis. 
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[bookmark: _Toc101269232]Figure 30: Agarose gel electrophoresis of direct PCR amplicons for TP53 after LCM to test laser settings
9 out of 15 individual cells had enough DNA to amplify TP53 gene. Negative and positive controls worked well. Samples in top line: 1.: Empty PCR tube; 2.-4.: Catapult buffer; 5.: PET membrane without DAPI; 6.: Tissue without DAPI; 7.: ProK control; 8.: PCR control; 9.-14.: Positive Controls (1 ng, 10 pg, 100 pg); Samples in bottom line: 1.-3.: 3-cells area; 4.: 5 individual cells; 5.: 8 individual cells; 6.-23.: 1 individual cell. L= ladder; Arrows= positive amplicons










4.3.2. [bookmark: _Toc101274306]Transcriptome of single plaque macrophages
To optimise the steps of the library preparation and the bioinformatic analysis, reads from 4 individual samples were used. 
First, adapter sequences were removed with Trimmomatic (Bolger et al., 2014), as indicated on the following quality plot (representative image for sequencing data from 1 cell (Figure 31). 










[bookmark: _Ref100676134]

[bookmark: _Toc101269233]Figure 31: Quality plot generated by FastQC.
X-axis indicates Phred score (the quality of the identification of the nucleobases) while y-axis represents the position (bp). The top line illustrates the file after trimming and the bottom one demonstrates the file before trimming

The good quality reads were mapped against the HG38 human genome and the quality of reads is shown in Table 13. The percentage of reads is low because of the low number of cells. Poor mapping quality needs to be further investigated. 

[bookmark: _Ref100678390][bookmark: _Toc101273939]Table 13: The number of reads uniquely mapped to the samples
	
	Cell 1
	Cell 2
	Cell 3
	Cell 4

	Uniquely mapped reads number
	460755
	2296989
	1285668
	2148845

	Uniquely mapped reads %
	23.70%
	29.04%
	55.97%
	30.44%


The following 4 pie charts (Figure 32) show the genomic distribution of 4 CD68+ cells after mapping. Only a small % of the reads could be mapped to exons because of the degraded RNA. This low RNA quality was expected because of the processing of the FFPE tissue. 
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[bookmark: _Ref66983759]

[bookmark: _Toc101269234]Figure 32: Genomic distribution of reads from 4 CD68+ cells
These 4 pie charts show the percentage of different genomic regions of 4 individually dissected cells from human carotid plaque. The dark grey segments, highlighted with blue arrows, indicate the percentage of the mapped reads to protein coding genes. Repeats accounted for the highest portion with more than 50% of the reads. 










The next step was the cluster analysis of the collected cells (Figure 32) with bulk RNA-seq data from in vitro polarised macrophages and smooth muscle cells. The results are shown on a dendrogram (Figure 33). The collected human plaque cells are separate from the SMCs and are clustered within the polarised macrophage dataset. Moreover, the transcriptomes of these 4 macrophages are grouped between the M1 and M2a polarised macrophages. 
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[bookmark: _Ref66984866][bookmark: _Toc101269235]Figure 33: Cluster analysis of macrophages
This dendrogram shows the cluster analysis of collected cells and bulk RNA-seq data from in vitro polarised macrophages and smooth muscle cells. The collected cells from human carotid plaques are separate from the SMCs and clustered within the polarised macrophage dataset.
On the left side of the dendrogram, SMCs (IPAH: idiopathic pulmonary arterial hypertension; GEO dataset (GSE144274) (Gorr et al., 2020)) are labelled with grey while on the right side, macrophages are presented in the black square (unpublished dataset generated by Kajus Baidzajevas, a former PhD student). M1 and M2a macrophages from the bulk RNA-seq data are highlighted with red and green squares, respectively. Carotid plaque macrophages (n=4) are labelled in the middle.






4.4. [bookmark: _Toc101274307]Summary of Results
The work presented in this chapter describes the results and the optimisation of LCM scRNA-seq along with the bioinformatic analysis. 

· The CD68 IF protocol was successfully modified to preserve RNA integrity for LCM
· LCM was optimised to collect single cells from IF stained human carotid plaque for single cell RNA sequencing
· Individual cells were collected for the optimisation of library preparation
· 4 individual cells from human carotid plaques were sequenced and analysed with MiniSeq system
· These cells are definitely macrophages and clustered between M1 and M2a subtypes generated in vitro


4.5. [bookmark: _Toc101274308]Discussion

Laser Capture Microdissection single cell RNA sequencing is a powerful approach for studying the mechanism of diseases, like atherosclerosis, analysing different immune cell subsets as well as identify markers for unstable atherosclerotic plaque. However, LCM scRNA-seq investigations of human atherosclerotic plaque macrophages have not been reported to date, due to the numerous methodological challenges. Recently, a methodological study discussed a protocol of the LCM-based mRNA expression microarrays of atherosclerotic plaques to obtain information on local gene expression changes during disease progression (Zhang et al., 2022). Single cell RNA seq data is already available from mouse (CD45+ aortic cells dissected from atherosclerotic (Ldlr−/−; Apoe−/−) mice) (Cochain et al., 2018) and human (46 carotid plaques) (Fernandez et al., 2019) samples but these studies do not focus on the localisation of different cells within the lesions. Moreover, macrophages are more susceptible to becoming damaged than other cell types during mechanical or enzymatic dissociation, often resulting data loss (Willemsen and Winther, 2020, Denisenko et al., 2020). Single cell approaches revealed that asymptomatic plaque macrophages are pro-inflammatory (Fernandez et al., 2019), foam cells are related to lipid metabolism (Kim et al., 2018), and it was shown that macrophage activation is more like a spectrum model and more complex than the distinct M1 and M2 phenotypes (Lin et al., 2019). All these previous studies have proven that macrophages are highly diverse and can adapt their phenotype based on different environmental stimuli, therefore it is important to study atherosclerotic plaque macrophages and consider their localisation within the lesion. 
Here, we developed approaches to preserve RNA integrity in IF stained FFPE tissue during LCM and tested the available library preparation kits to achieve the best quality sequencing outcomes. 

In this study, carotid plaques were collected and IF stained with CD68 pan macrophage marker before LCM scRNA-seq. All of methodological steps, (IF stain, LCM, library preparation, bioinformatic analysis) needed to be optimised which was challenging and time consuming. 
Methods used during histology (decalcification, embedding, IF stain) degrade RNA (Wang, 2006), due to chemical RNA–protein crosslinking and RNA fragmentation (Amini et al., 2017), therefore steps needed to be modified to preserve RNA integrity. As detailed in a review by Datta et.al. (2015), RNA extraction is possible from FFPE tissue if it is free of contaminants and nucleases. To achieve this, DEPC treated solutions were used in addition with RNase Inhibitor during the histological process. Frame slides were sterilized along with all the used consumables and equipment. The quality of isolated RNA from 5 µm thick section after modified CD68 IF stain was tested in this thesis with various methods. RT-qPCR analysis showed that, CD68 is detectable, while the bioanalyzer indicated that different sizes of cDNA fragments (transcribed from RNA) are in the sample. After the cDNA quality control, a pilot sequencing was performed with Illumina NextSeq high-throughput sequencing system which highlighted that CD68, CD86 and MRC1 macrophage specific genes are present in the RNA sample. 
Following these promising results, the next step was the optimisation of the LCM (laser power, aperture and speed). LCM settings were tested with time and cost-effective direct PCR amplification and gel electrophoresis. DNA could be amplified with 60% success rate from a single dissected macrophage from FFPE tissue which meant that the optimisation of LCM was successful. The 60% success rate might seem low but as described by Chung and Shen (2015), the quality of microdissected cells may not be adequate for further analysis due to its exposure to fixatives and staining reagents. The lack of mounting media, coverslip, and therefore tissue dehydration can further degrade RNA and cause morphological changes Chung and Shen (Chung and Shen, 2015). Nichterwitz et. al. (2016) showed that RNA sequencing from single motor neurons from both mouse and human tissue is possible with 62% success rate, using LCM. Their tissue samples were stained for Nissl histological stain which only took 6 minutes (Nichterwitz et al., 2016), not like the several hours long IF stain on the carotid samples examined in this study. Another noticeable difference in the protocol is that my samples were transported at room temperature and kept at 4°C while in the study of Nichterwitz et. al. (2016) tissue slides were kept in a slide box on dry ice (Nichterwitz et al., 2016). To minimize RNA degradation of carotid plaque samples the tissue sections should have been transported on dry ice. 
Consequently, the next step was the LCM scRNA-seq of new carotid plaque tissue along with the optimisation of library preparation and bioinformatic analysis. SMARTer (Switching Mechanism At 5' end of RNA Template) technology developed by Takara Bio was used for library preparation and it provided and adequate cDNA yield from an area of 800-2000 μm2 of the IF stained FFPE tissue. After sequencing, genomic distribution of individual cells showed that around 5 % of all reads could be mapped to protein coding regions because of the degraded RNA. Similarly, Civita et.al. (2019) reported that RNA integrity extracted from FFPE tissue is poor but sufficient. In their study, RNA was isolated from endothelial cells and from a significantly bigger area (30.000 μm2) of H&E-stained human glioblastoma multiforme FFPE tumor tissue and prepared with SMARTer technology (Civita et al., 2019). 
Preliminary scRNA-seq data have confirmed that microdissected, CD68+ cells from the human plaque are macrophages and that in hierarchical clustering analysis with reference to existing transcriptomic datasets, collected cells are clustered between M1 and M2a polarised macrophages. 
My data are promising and suggest that I have developed a sensitive technology pipeline for characterisation of unique inflammatory cell subtypes in IF stained human FFPE carotid plaques.









4.6. [bookmark: _Toc101274309]Limitations

The transcriptome of single macrophages isolated from IF stained FFPE tissue with Laser Capture Microdissection has not been investigated before and the work presented in this chapter has some technical limitations.
First of all, as detailed previously (3.6) the collection of the human carotid plaques was not easy. For single cell analysis I needed an inflamed plaque with higher cellular content. Secondly, all steps of the single cell analysis (tissue processing, sectioning, IF stain, LCM, library preparation, bioinformatic analysis) had to be optimised to preserve RNA integrity, which was demanding. Although, LCM has numerous advantages it still has disadvantages.  Those are that nuclease free membrane slides are very expensive and there is a risk that the quality of tissue, the microdissected cells or the RNA integrity may be not well preserved for further analysis due to its exposure to EDTA, fixatives and IF staining reagents. The morphology of the section also can be affected by the different steps e.g., dehydration. Despite these disadvantages, I have shown that LCM is a powerful and very useful tool for the isolation of single cells. Furthermore, given the budget at the time, 4 was the maximum number of cells we could capture, sequence and analyse, but it was adequate for final optimisation. 




5. [bookmark: _Toc101274310]Chapter 5. 
Programming Human Macrophages in vitro with Atorvastatin, Simvastatin and Dexamethasone

5.1. [bookmark: _Toc101274311]Introduction

Carotid atherosclerosis is a common cause of acute ischaemic stroke. Patients with a high atherosclerotic burden (stenosis) and inflamed or ulcerated plaques are at increased risk of early recurrent ischaemic events (Mohan et al., 2011). Macrophages, lipoproteins and foam cell formation are the key components of atherosclerotic plaque formation and progression, thereby targeting these could be a potential treatment for stroke patients. Therefore, treatment with statins or steroids such as dex may reduce stroke incidence and recurrence, but in vitro human studies of the possible mechanisms are lacking. 
Statins are widely used in medicine as lipid-lowering drugs. Statins are HMG-CoA reductase inhibitors therefore they can reduce cholesterol biosynthesis (Toth and Banach, 2019). Statins reduce the risk of cardiovascular events by decreasing LDL and increasing HDL levels in the bloodstream (Asztalos et al., 2002). Statins can increase macrophage apoptosis through the JNK pathway, downregulate chemokine and chemokine receptor expression in macrophages and reduce macrophage colony stimulating factor-mediated proinflammatory activities (Montecucco and Mach, 2009). Recent studies have found that plaque calcification can increase lesion stability, and interestingly statins are capable of enhancing calcification through increasing IL-1β in a Rac-1-dependent way in macrophages (Healy et al., 2020). 
Dexamethasone, an anti-inflammatory glucocorticoid, is a frequently used medication for anti-inflammatory conditions. The effect of GCs is very diverse, a low concentration of dex can increase the production of anti-inflammatory compounds (e.g., annexin 1) while a high dose of dex can reduce the production of pro-inflammatory compounds, like cytokines (Ramamoorthy and Cidlowski, 2016). Dexamethasone can inhibit macrophages proliferation and suppresses foam cell formation in vitro (Asai et al., 1993). Dexamethasone also suppresses CD14 protein and MMP-9 expression (Bo-Young Kim, 2017). Glucocorticoid treated macrophages participate in matrix remodelling by reducing the production of collagenase, elastase and secreting more fibronectin (Desgeorges et al., 2019).

5.2. [bookmark: _Toc101274312]Hypothesis & Aims

The molecular characterization of human M1 and M2 macrophages in vitro and the use of pharmacological agents to modify their phenotypes may lead to the identification of clinically useful diagnostic markers or treatment.

Aims of this chapter:
1. Isolate monocytes from whole blood and differentiate them to hMDMs.
2. Polarise hMDMs toward M1 and M2a states and study the effects of atorvastatin, simvastatin and dexamethasone on specific markers.
3. Gene expression analysis with RT-qPCR.
4. Protein expression analysis with Western Blot and IF staining.
5. Assess the physiological effects of dexamethasone with oxLDL accumulation and ORO staining.


5.3. [bookmark: _Toc101274313]Results

In this chapter, I summarize the molecular characterization of human M1 (100 ng/ml LPS, 20 ng/ml INF-γ) and M2a (20 ng/ml IL-4) macrophages with in vitro experiments. The effect of atorvastatin, simvastatin and dex was compared on macrophage activation. 
PBMCs were isolated from whole blood donated by healthy adult donors. CD14+ monocytes were collected and differentiated to MDMs. Human MDMs were stimulated with atorvastatin, simvastatin and dex in clinically relevant concentrations, based on previous pharmacokinetic studies (see sections: 1.5.6, 2.6.5). Gene expression analysis with RT-qPCR was carried out to test for macrophage specific genes and scavenger receptors. Western Blot analysis and immunofluorescence stain was performed on dex treated hMDMs to validate changes in the expression of OLR1. The encoded OLR1 protein by OLR1 gene encodes a low-density lipoprotein. The physiological effect of the dex was tested with the addition of oxLDL to the dex treated cells and lipid accumulation was quantified in macrophages by Oil Red O staining.
In all in vitro experiments, macrophage identity was verified by the increased expression of CD68, and cell adhesion to plastic (Genin et al., 2015). M1 and M2a polarization were verified by the gene expression changes of specific markers (see representative graph: IX.11).

5.3.1. [bookmark: _Toc101274314]Statins do not have significant effect on gene expression in hMDMs in an in vitro model
Macrophages were polarised towards M1 (100 ng/ml LPS, 20 ng/ml INF-γ) or M2a (20 ng/ml IL-4) state in the presence of simvastatin (6 ng/ml) or atorvastatin (30 ng/ml, 70 ng/ml). Macrophage specific, including scavenger receptor genes were analysed by RT-qPCR. 
Figure 34 is a representative image of the gene expression analysis of OLR1 after simvastatin and atorvastatin treatment. These graphs show the direction of change in expression with the treatment as an arrow. The gene expression of OLR1 and other tested genes were variable and not significantly affected following a 24-hour exposure to simvastatin or atorvastatin. This implies that statins do not have beneficial or disadvantageous effect on human MDMs in this particular in vitro model. Results of the MRC1, MSR1, SCARB1 and CD36 gene expression analysis are listed in IX.10. 
[bookmark: _Toc101269236][bookmark: _Ref64638507][bookmark: _Ref64638502][image: Diagram

Description automatically generated]Figure 34: Relative gene expression analysis of OLR1 in human MDMs after simvastatin and atorvastatin treatment
Human M1 (left panels) and M2a (right panels) polarized macrophages were treated with simvastatin (6 ng/ml) (top panels) or atorvastatin (30, 70 ng/ml) (bottom panels) and OLR1 gene expression was determined with RT-qPCR. Data is plotted from 4 donors, individually listed (n=4; D1, D2, D3, D6), normalised to the GAPDH housekeeping gene. Data is analysed with Wilcoxon matched pairs signed rank test. The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level. 
5.3.2. [bookmark: _Toc101274315]Dexamethasone promotes polarization towards an M2a state
Macrophages were polarised towards an M1 or M2a state in the presence of dex and the expression of Mannose Receptor C-type 1 gene (MRC1, or CD206) was analysed by RT-qPCR.
MRC1 gene encodes a type I membrane protein which has a role in the endocytosis of glycoprotein by macrophages and it is important in the clearance of mannose-bearing serum glycoproteins during inflammation (de Gaetano et al., 2016). MRC1 has been identified as a human M2a (anti-inflammatory) macrophage marker (Bobryshev et al., 2016, Chistiakov, 2015).
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Description automatically generated]MRC1 gene expression was altered following 24-hour exposure to dex and there is a general upward trend with each dose (Figure 35). There is a significant change with the 8ng/ml dex polarisation in both M1 and M2a macrophage subtypes. Based on these results, dex may reprogram macrophages to a less inflammatory state and promotes polarization toward an M2 state. 
[bookmark: _Ref56859027][bookmark: _Toc101269237]Figure 35: Relative gene expression analysis of MRC1 in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex  (8, 14, 125 ng/ml) and MRC1 gene expression was determined with RT-qPCR. Data is plotted from 10 donors, individually listed (n=10; D1, D2, D3, D4, D6, D7, D17, D28, D34, D35), normalised to GAPDH housekeeping gene. Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test. The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level. p value: * ‹0.0332

5.3.3. [bookmark: _Toc101274316]Dexamethasone modifies SCARB1 expression in M2a macrophages
Next, I studied Scavenger Receptor Class B Member 1 (SCARB1) which encodes a plasma membrane receptor. It has a major role in cholesterol transfer to and from HDL therefore it plays a main role in cholesterol homeostasis and atherosclerosis. It mediates reverse cholesterol transport and reduce foam cell formation (Linton, 2017). 
Data in M1 proinflammatory macrophages were variable (Figure 36, right panel), but in the M2a state SCARB1 gene expression was significantly reduced (Figure 36, left panel). Decreased HDL uptake through the protein encoded by SCARB1 can affect cholesterol mobilization and inflammation. 
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[bookmark: _Ref65860411][bookmark: _Ref65860406][bookmark: _Toc101269238]Figure 36: Relative gene expression analysis of SCARB1 in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex  (8, 14, 125 ng/ml) and SCARB1 gene expression was determined with RT-qPCR. Data is plotted from 9 donors, individually listed (n=10; D1, D2, D3, D4, D6, D7, D17, D28, D34, D35), normalised to GAPDH housekeeping gene. Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test.  The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level. p value: * ‹0.0332, ** ‹0.0021




5.3.4. [bookmark: _Toc101274317]Dexamethasone affects MSR1 expression in polarised macrophages
Next, the expression of an important scavenger receptor gene (Macrophage Scavenger Receptor 1- MSR1), which mediates the uptake of modified LDLs, was assessed.
The expression data for MSR1 are variable (Figure 37), but it is visible that dex upregulated the expression of MSR1 in the M1 state and downregulated in the M2a state. M1 macrophages mostly found in unstable plaques and the because of the possible increased modified LDL uptake, these plaques might become more unstable. While stable plaques contain more M2a cells, the possibility of decreased modified LDL internalization through MSR1 could be beneficial. It is likely that dex decreases plaque stability through M1 cells, while increase stability through M2a macrophages. Data of MSR1 expression changes are not significant, therefore further investigation is required to determine the effect of dex on this gene. 
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[bookmark: _Ref56859069][bookmark: _Toc101269239]Figure 37: Relative gene expression analysis of MSR1 in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex (8, 14, 125 ng/ml) and MSR1 gene expression was determined with RT-qPCR. Data is plotted from 9 donors, individually listed (n=9; D1, D2, D3, D4, D6, D7, D17, D28, D34), normalised to GAPDH housekeeping gene. Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test.  The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level. 



5.3.5. [bookmark: _Toc101274318]The effect of dexamethasone on CD36 and OLR1 gene expression in polarised macrophages
Following on, the expression of CD36 and OLR1 was investigated. The encoded protein by CD36 binds to collagen, thrombospondin and lipoproteins, especially, oxLDL. It has a role in foam cell formation and in the pathogenesis of atherosclerosis (Calvo, 1998). OLR1 gene is regulated through the cyclic AMP signalling pathway and encodes a low-density lipoprotein receptor which binds, internalizes and degrades oxLDL. This protein may play a role as a scavenger receptor and has been associated with the progression of atherosclerosis (Tatsuguchi, 2003).
Data on CD36 gene expression is shown in Figure 38 and it is clearly visible that, dex, in 3 different concentrations, do not have a significant effect on CD36 gene expression.
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[bookmark: _Ref64815684][bookmark: _Toc101269240]Figure 38: Relative gene expression analysis of CD36 in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex (8, 14, 125 ng/ml) and CD36 gene expression was determined with RT-qPCR. Data is plotted from 10 donors, individually listed (n=10; D1, D2, D3, D4, D6, D7, D17, D28, D34, D35), normalised to GAPDH housekeeping gene. Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test.  The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level. 
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Description automatically generated]In contrast, in both M1 and M2a macrophages, the average OLR1 expression was decreased by dex treatment (Figure 39). The reduction of gene expression was highly significant in M1 macrophage state. Biologically, this implies that M1 macrophages can bind less oxLDL which could reduce the formation of atherosclerosis in the vessel wall. 

[bookmark: _Ref56859126][bookmark: _Toc101269241]Figure 39: Relative gene expression analysis of OLR1 in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex (8, 14, 125 ng/ml) and OLR1 gene expression was determined with RT-qPCR. Data is plotted from 9 donors, individually listed (n=9; D1, D2, D3, D4, D6, D7, D17, D28, D34), normalised to GAPDH housekeeping gene. Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test.   The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level. p value: * ‹0.0332, *** ‹0.0002


5.3.6. [bookmark: _Toc101274319]The effect of dexamethasone on scavenger receptor gene expression 
To conclude, dex treatment had a significant effect on macrophage specific, including scavenger receptor genes in M1 and M2a polarised cells in vitro (Figure 40). MRC1 gene expression was increased following dex treatment which indicates polarisation toward an M2 state. Dexamethasone can also reduce HDL uptake through decreased SCARB1 gene expression. Dexamethasone had the opposite effect on the expression of MSR1 in pro-inflammatory versus anti-inflammatory macrophages. MSR1 was slightly upregulated in the M1 state and downregulated in the M2a state which implies that dex might reduce plaque stability through M1 cells. Downregulation of OLR1 gene expression was highly significant following dex treatment which suggests decreased oxLDL binding capability which can lead to reduced plaque formation.
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Description automatically generated]From these studied genes, the change in OLR1 expression was the most significant, therefore I focused my future research on this.
[bookmark: _Ref97631540][bookmark: _Toc101269242]Figure 40: Summary of the effect of dexamethasone on scavenger receptor gene expression in polarised cells
Human M1 (solid arrow) and M2a (dashed arrow) polarized macrophages were treated with dex and MRC1, SCARB1, MSR1 and OLR1 gene expression was determined with RT-qPCR. Data is shown as an average of 9 donors and the direction of change in expression is shown with the treatment as an arrow.


5.3.7. [bookmark: _Toc101274320]The effect of dexamethasone on OLR1 protein in polarised macrophages
Next, western blots were performed to verify the change of OLR1 expression at a protein level. M1 and M2a polarised macrophages were treated with dex and OLR1 protein expression was determined. Figure 41 (top) shows the analysed results of western blot experiments, where the direction of change in expression is indicated. Relative OLR1 protein expression, normalized to GAPDH, was reduced following 24-hour exposure to 8ng/ml or 14 ng/ml dex treatment in both M1 and M2a macrophage subtypes (Figure 41). This suggests that the polarized and dex treated macrophages can bind less oxLDL. Figure 41 (bottom) is a representative image of the western blot analysis of OLR1 after dex treatment. Western blots from all donors are listed in 0. 








[bookmark: _Ref56859158]
[bookmark: _Ref77439865][bookmark: _Toc101269243]Figure 41: OLR1 protein in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex (8, 14 ng/ml) and OLR1 protein expression was determined with Western Blot. A representative Western Blot is shown below. Data is plotted from 7 donors, individually listed (n=7; D1, D4, D7, D17, D28, D34, D35), normalised to GAPDH housekeeping protein. Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test.   The direction of change in expression is shown with the treatment as an arrow for each individual donor. p value: * ‹0.0332, ** ‹0.0021, *** ‹0.0002


The change in OLR1 protein expression after 24h dex treatment was further tested using immunofluorescence staining for surface receptors.
The percentage of OLR1 positive cells were reduced by approximately 30%, after 24h exposure to dex using 8 ng/ml and 14 ng/ml concentration (Figure 42). 
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[bookmark: _Ref56859267][bookmark: _Toc101269244]Figure 42: Detection of OLR1 positive cells in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex (8, 14 ng/ml). OLR1 positive cells were counted and compared to maximum cell number, based on DAPI IF signal. Immunofluorescence of nonpolarized hMDMs with OLR1 (red) and nuclei (DAPI, blue) markers are shown on the lower panels. Dexamethasone treated hMDMs are shown on the lower right side. Scale bar= 100 µm. Quantifications performed on an average of 5 field of view. Data is plotted from 5 donors, individually listed (n=5; D1, D17, D28, D34, D35). Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test. The direction of change in expression is shown with the treatment as an arrow for each individual donor. p value: * ‹0.0332, *** ‹0.0002

5.3.8. [bookmark: _Toc101274321]Beneficial physiological effect of dexamethasone in polarised macrophages
These data, showing a reduction in OLR1 expression, led on to a functional test for lipid accumulation in polarised macrophages exposed to dex. oxLDL accumulation in dex treated hMDMs was assessed using Oil Red O staining to visualize lipids in macrophages.
In both M1 and M2a cells after 8 and 14 ng/ml dex treatment the percentage of ORO cells was reduced (approximately 50%) which means that dex effectively decreases the oxLDL binding capability of macrophages (Figure 43).












[bookmark: _Ref56859407][bookmark: _Toc101269245]Figure 43: Detection of ORO positive cells in human MDMs after dexamethasone treatment
Human M1 (left panel) and M2a (right panel) polarized macrophages were treated with dex (8, 14 ng/ml) and lipid accumulation was tested with the addition of 25µg/ml oxLDL. Oil Red O stain was done to count the percentage of positive cells. Scale bar = 25 µm. Quantifications performed on an average of 5 field of view. Data is plotted from 5 donors, individually listed (n=5; D1, D17, D28, D34, D35). Data follow normal (Gaussian) distribution and analysed with two-tailed paired t test. The direction of change in expression is shown with the treatment as an arrow for each individual donor. p value: ** ‹0.0021








5.4. [bookmark: _Toc101274322]Summary of Results
The data presented in this chapter focuses on the effect of statins and dex treatment of human M1 and M2a macrophage activation in vitro.

· Atorvastatin and simvastatin do not have significant effects on upon the expression of macrophage specific or scavenger receptor genes.
· Dexamethasone reprograms macrophages to a less inflammatory state and promotes polarization toward an M2 state.
· Dexamethasone pacifies the expression of MSR1 in the M1 state with a resulting beneficial effect on the accumulation of LDLs.
· Dexamethasone treatment of the in vitro macrophages significantly reduces the OLR1 gene expression, therefore M1 macrophages can bind less oxLDL.
· Dexamethasone significantly reduced OLR1 protein expression in both M1 and M2a macrophage subtypes.
· Dexamethasone treatment reduced the ratio of OLR1 positive cells in IF stained M1 and M2a macrophages. 
· Dexamethasone significantly reduced the percentage of ORO cells which means that dex effectively can decrease the oxLDL binding capability of hMDMs.
· Generally, dexamethasone reduced ‘active’ cell behaviours e.g., lipid accumulation and promoted the polarisation to the M2 state.


5.5. [bookmark: _Toc101274323]Discussion

Stroke survivors with a high atherosclerotic burden (stenosis) and inflamed or ulcerated plaque are at increased risk of early recurrent ischaemic events (Mohan et al., 2011). Atherosclerotic plaque macrophages are influenced by their microenvironment and exposure to certain medications such as lipid-lowering or anti-inflammatory drugs, may affect their functional phenotype (Chinetti-Gbaguidi et al., 2014). Treatment with glucocorticoids, like dexamethasone, or different statins may therefore reduce stroke incidence and recurrence in patients, but in vitro studies of the possible mechanisms in humans are lacking. 

To characterise human macrophages, and their response to exposure to statins and dex, an in vitro model was developed, based on a previously established method by Geng and Hansson (1992). Human MDMs were differentiated from isolated PBMCS, polarised towards M1 and M2a phenotype, then treated with atorvastatin, simvastatin or dex in different clinically relevant concentrations (Loew, 1986). 

5.5.1. [bookmark: _Toc101274324]The effect of statins on macrophages specific genes in human M1 and M2a polarized cells
Statins can reduce the risk of cardiovascular events through the reduction of cholesterol biosynthesis (Otvos et al., 2001). Experiments suggest that statins can improve the neurological outcome after ischemic stroke, but clinical results are conflicting, therefore a large meta-analysis study, including ﻿>113 000 patients, investigated the outcome of pre-stroke and post-stroke statin therapy.  It was found that statin treatment ﻿was associated with good functional outcome and ﻿reduced likelihood of death at 90 days (Chróinín et al., 2013). Modified LDL uptake is mediated by scavenger receptors and can lead to foam cell formation, which is a key point in atherosclerosis. The regulation of scavenger receptors is very heterogenous, therefore, changes in gene expression of macrophage specific scavenger receptors, after the anti-atherosclerotic statin therapy, are expected and needed to be tested (Hofnagel et al., 2007). 
The direct target of statin inhibition is the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), which undergoes alternative splicing of exon 13. It encodes a part of the statin-binding domain of HMGCR (Medina et al., 2008). A comprehensive mRNA expression analysis of 170 simvastatin incubated immortalised lymphocyte cell lines from participants (n=170 participants, 40mg/d for 6 weeks) found that the individual differences in the response to statin treatment are because of a variation in the production of an HMGCR isoform with reduced statin sensitivity (Medina et al., 2008). Statin responsive splice variant expression changes were further investigated to identify genes of statin response and cholesterol homeostasis (Stormo et al., 2014). RNA-seq confirmed that 98 transcript splice variants were altered by atorvastatin treatment (10 μM for 24h) and atorvastatin mostly changed the mRNA expression level of major splice variants. Interestingly, 4 minor splice variants changed more with statin treatment than did the major one (ZNF195 and SP1 are transcription factors and have a role in cell growth, DTNA which is involved in synapse formation, FAM189 which has a role in apoptosis) (Stormo et al., 2014) and these genes previously were not connected with statin response. 
In this study, atorvastatin and simvastatin were tested, because these are commonly used statins to treat high cholesterol. These statins in clinically relevant concentration did not alter the gene expression of macrophage specific genes including scavenger receptors in M1 and M2a macrophages in vitro. Similarly, in the monocytic THP-1 cell line there was no influence of atorvastatin treatment in the expression of SR-AI (MSR1) or CD36 (Llaverias et al., 2004). In contrast, the expression of SR-AI (MSR1) was reduced after lovastatin treatment in THP-1 cells (Umetani et al., 1996), and also in PBMCs (Hrboticky et al., 1999). CD36 expression was reduced in cultured M0 macrophages supplemented with pitavastatin (Han et al., 2004). LOX-1 (OLR1) scavenger receptor gene expression was supressed in blood monocytes treated with lovastatin (Draude et al., 1999). 
The outcome of statins could be cell type specific, as indicated by Morikawa et. al. (2004) who reported that atorvastatin an pitavastatin have various effect in different cultured vascular cells (human umbilical vein endothelial cells- HUVEC, human coronary artery smooth muscle cells- HCASMC, human hepatocarcinoma HepG2 cells) and mediate pleiotropic effect by transcriptional control. (Morikawa et al., 2004). It was confirmed that the effect of statins is cell type specific confirmed by the different RNA-seq results in different cell types (Stormo et al., 2014). In epithelial cells, 10 μM atorvastatin treatment induced anti-thrombotic effects through the increased expression of genes encoding endothelial nitric oxide synthase and thrombomodulin (Boerma et al., 2008) but these genes were not affected in HepG2 cells (Stormo et al., 2014). An anti-inflammatory effect of atorvastatin was detected in human peripheral blood through reduced mRNA level of cytokines (IL-6, IL-1, TGF-) and chemokines (CCL2, CXCL1) (Wang et al., 2011). None of these changes was detected in HepG2 cells (Stormo et al., 2014).
To conclude, the effect of statins on scavenger receptors remains controversial because of the previously shown conflicting results in different cell types.

5.5.2. [bookmark: _Toc101274325]The effect of dexamethasone on macrophage specific genes in human M1 and M2a polarized cells
Glucocorticoid hormones regulate fundamental physiological functions, like stress response and energy homeostasis and in medicine, they are widely used as anti-inflammatory and immunosuppressive medications (Sacta et al., 2016). The glucocorticoid receptor is a ligand regulated transcription factor, which regulates gene expression by binding directly or indirectly to the genome (Desgeorges et al., 2019). Glucocorticoid receptor regulated gene networks are highly plastic and vary between cell types and physiological context (Weikum et al., 2017). 
Anti-inflammatory synthetic glucocorticoids like dex have a beneficial role in atherosclerosis through the regulation of glucocorticoid response elements (Ramamoorthy and Cidlowski, 2016). Dexamethasone treatment of stroke patients suggested that there is no benefit from corticosteroids on improving functional outcomes or decreasing the number of deaths from stroke (Sandercock and Soane, 2011). On the contrary, data from stroke models or monocytic cells are more encouraging, e.g., it was found that dex (0.25 mg/kg) could reduce infarct volume size, mortality and neurological deficits in a mouse ischemic stroke model (Espinosa et al., 2020). Dexamethasone also inhibited human monocytic cell activation induced by ﻿27-Hydroxycholesterol (27OHChol) (Bo-Young Kim, 2017). 
Glucocorticoids also play a role in the regulation of macrophage functions to resolve inflammation mainly through the reduction of the expression of pro-inflammatory cytokines (Desgeorges et al., 2019). Glucocorticoids also promote macrophage survival to decrease inflammation through their anti-apoptotic effect (Luedke and Cerami, 1990, Barczyk et al., 2010). Moreover, it was found that lower doses of GCs increased NO production while higher doses of GCs reduced the production of NO (Lim et al., 2007).
Therefore, the dose-dependent effect of dex needed to be tested on human polarized M1 and M2a macrophages, in vitro. 

In this study, the effect of dex on polarized macrophages was investigated. It was found that the gene expression of macrophage specific genes including scavenger receptors in M1 and M2a macrophages was significantly altered following 24h exposure to different, clinically relevant concentration of dex. 
First, it was important to determine what is the clinically relevant concentration on the cellular/plasma level for human research because the amount of dex used both in vitro and in vivo studies is highly variable. In in vitro studies, the concentration of dex varies between 0.4 ng/ml and 392 ng/ml (Asai et al., 1993) (Bo-Young Kim, 2017). In vivo, in animal models, the range of the used dex is from 0.125 mg/kg up to 15 mg/kg (Asai et al., 1993) (Lee et al., 2014) (Espinosa et al., 2020) while in human, the daily dose is between 0.3 mg and 24 mg (Loew, 1986) (Weijtens et al., 1998). In the 20th century, standard pharmacokinetic studies measured the concentration of dex in the plasma level by radioimmunoassay (Loew, 1986) (Weijtens et al., 1998). These studies have reported that after 0.5 mg oral administration of dex, the plasma level (Cmax) was 8 ng/ml and after 10 mg of dex the plasma level reached 14 ng/ml (Loew, 1986). Adults usually take between 0.5 mg and 10 mg dex daily, therefore 8 ng/ml, 14 ng/ml (1.5 daily dose) and 125 ng/ml concentrations were chosen for this study. Cell death (apoptosis) was not detected in my samples and this agrees with a previous study (Zhou et al., 2010) which proved that glucocorticoids only induce apoptosis in high dose (1000 ng/ml). 
My data suggest that dex may re-program macrophages to a less inflammatory state (an M2 state) by significantly increasing MRC1 gene expression (p= 0.0183). Similarly, dex (0.3 µM= 117.65 ng/ml) upregulated MRC1 gene expression (up to 100 fold) in human polarized M1 and M2 macrophages (THP-1) (Sarsenbayeva et al., 2021). It indicates that dex has potent anti-inflammatory effect on human macrophages, through the induction of inflammatory mediators (Abraham et al., 2006). On the contrary, in a mouse model (C57BL/6 mice) and murine cell line (Lewis lung carcinoma- LLC), Mrc1 gene expression was significantly decreased after exposure to high dose of dex (50 mg/kg) (Lei et al., 2020). 
I also found that dexamethasone reduces SCARB1 gene expression in polarized macrophages. Similarly, it was reported that dex decreased the expression of this gene in rat stem Leydig cells (dex: 0–100 nM) (Zhang et al., 2019) and adrenal gland (dex: 100 μg) (Azhar et al., 2002). In contrast, SCARB1 expression in monocyte‐ derived human DCs was upregulated following dex (10 nM-100 nM) treatment (Hodrea et al., 2012)
The expression of MSR1 gene was not significantly altered in my work following dex treatment, which has various effects on modified LDL uptake. On the other hand, rat macrophages (polarized M1 and M2 BMDMs) expressed lower level of MSR1 following dex (100 nM) treatment (van Putten et al., 2013).
In my data, dex did not have a significant effect on CD36 gene expression. In dex (0.1 mg/kg) injected adult rat offspring, the CD36 expression in the jejunum was reduced which is resulted lower fatty acid absorption (de Souza et al., 2021).
Using OLR1 gene expression as a readout, in both M1 and M2a macrophages, the average OLR1 gene and protein expression was significantly reduced (average 4-5 fold) following an exposure to dexamethasone. In support, OLR1 expression was also reduced in monocyte‐ derived human DCs after dex (10 nM-100 nM) treatment (Hodrea et al., 2012). Cortisol, another glucocorticoid (0.1 to 1000 nM) decreased oxLDL uptake in macrophages differentiated from THP1 cells (Ledda et al., 2016). In functional tests, in the research, oxLDL accumulation by dex treated hMDMs was reduced by around 50%. This implies that M1 and M2 macrophages bind less oxLDL after exposure to this drug, which could reduce the formation of atherosclerotic plaque in the vessel wall. In support, previous studies have shown that dex significantly decreased the development of aortic atherosclerotic plaque in rabbits (Asai et al., 1993). One of the processes which leads to the migration of inflammatory cells is the monocytic cell activation. This could be inhibited with dex through the inhibition of the secretion of chemoattractants (e.g., CCL2) (Bo-Young Kim, 2017). 
[bookmark: _Ref56858687]The controversiality of the data is supported by the fact that most of the GR target genes are unique and showing cell type specificity (Weikum et al., 2017). For example, it was found that different sets of target genes were regulated by dex in two different cancer cell lines (U2OS: human bone osteosarcoma epithelial cells, A549: human lung adenocarcinoma cells) (Weikum et al., 2017). Generally, dex reduced ‘active’ and pathogenic cell behaviours e.g., lipid accumulation and promoted the polarisation to the M2 (anti-inflammatory) state (Figure 44).
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[bookmark: _Toc101269246]Figure 44: Beneficial effect of dexamethasone on human macrophages
Dexamethasone treatment of hMDMs beneficially alters the expression of scavenger receptor genes and promotes polarisation to a less inflammatory state. Dexamethasone may help in the stabilisation of carotid atherosclerotic plaques. 


5.6. [bookmark: _Toc101274326]Limitations
The work presented in this chapter is mostly in vitro cell culture experiments, which are highly controlled and easily reproducible, but it has some limitations. 
First of all, blood used for PBMC isolation was donated by healthy young adult donors, and not from elderly people, who are more susceptible to stroke (Soriano-Tárraga et al., 2016). Secondly, only the effect of dex was tested as an anti-inflammatory drug, but other glucocorticoids, like prednisolone or hydrocortisone, might be effective, therefore, the investigation of these drugs are necessary.
[bookmark: _Toc36551629]
6. [bookmark: _Toc101274327]Chapter 6. 
General Discussion and Conclusions

6.1. [bookmark: _Toc101274328]Major outcomes

Stroke is a neurological condition caused by an acute injury of the central nervous system (Deb et al., 2010). Ischemic stroke is resulted by atherosclerosis, which is a systemic inflammatory disease, where mostly inflammatory cells and lipid form a plaque within an artery (Ross, 1999, Daugherty et al., 2005, Chinetti-Gbaguidi et al., 2014). Inflammatory cells, like macrophages, are highly sensitive to their surrounding microenvironment and can adapt their phenotype and function on demand (Shapouri-Moghaddam et al., 2018) Treatment with lipid-lowering (e.g., statins) or anti-inflammatory drugs (e.g., dexamethasone), reduce stroke recurrence, therefore the molecular mechanism of the effect of these drugs needs to be investigated.
In this thesis, I described the function and role of human carotid plaque macrophages and I simulated the effect of statins and dex on polarised M1 and M2a macrophages, in vitro.

In this study, carotid plaques were taken from patients with recently symptomatic carotid stenosis and histological features were analysed according to the American Heart Association criteria (Stary, 1994, Stary et al., 1995). Patients were mostly elderly males who had increased risk for stroke because of high blood pressure or smoking (Appelros et al., 2009, Shah and Cole, 2014). The collected plaques were histologically classified and 55% were considered unstable, a similar ratio (69%) as reported previously (Salem et al., 2014). Interestingly, a recent study (n= 92 patients) reported a significantly increased percentage of patients identified with unstable plaques (94%), using advanced ultrasound technology, and electron paramagnetic resonance (Ignatyev et al., 2021). 
A novel IF staining and analysis technique was developed to identify single M1 (CD68+CD86+MRC1-), single M2 (CD68+CD86-MRC1+), double positive (CD68+CD86+MRC1+) and double negative (CD68+CD86-MRC1-) macrophages in the shoulder regions (either side of a thinned fibrous cap) of the lesions. Different macrophages subtypes were abundant in the collected plaques and as previously described by Stöger et al. (2012). In this thesis, the population comprised double positive (68%), M1 single positive (16%), M2 single positive (9%) and double negative macrophages (7%). Amongst the unstable plaques (n=6) the majority (88%) of shoulder macrophages were expressing the CD86 surface marker. In contrast, amongst stable plaques (n=5), the majority of plaque macrophages (83%) exhibited MRC1 expression. The data presented here is different from previous studies (Medbury et al., 2013), because those studies separately stained for M1 and M2 markers and did not consider that a single macrophage can express both markers. My data indicate that a considerable number (68% of total) of macrophages are actually ‘intermediates’ expressing both M1 and M2 marker genes, while double negative macrophages may represent a previously uncharacterised population. Macrophages, in an inflammatory region, like atherosclerotic lesion, are activated and polarized to functional phenotypes as a response for microenvironmental changes(Shirai et al., 2015). 

Single cell RNA sequencing is a powerful approach to identify differences between cell types, for example characterise these novel macrophage subsets, while bulk RNA-seq (data points are observed from more cells) is useful to measure and average gene expression and compare conditions (Chaudhry et al., 2019). To dissect single cells, Laser Capture Microdissection was used, because I hypothesised that cell localisation and clustering within the plaque could be important. Moreover macrophages are more susceptible to becoming damaged than other cell types during dissociation with enzymatic or mechanical solutions (Willemsen and Winther, 2020). 
To date, no one has dissected single human macrophages and sequenced whole transcriptome RNA from IF stained FFPE atherosclerotic plaques, using LCM; therefore, all steps needed to be optimised. First, the histological steps (decalcification, embedding, IF stain) were modified to maintain RNA integrity and tested with RT-qPCR, Bioanalyzer scans and pilot sequencing. It was shown that common macrophage specific markers (CD68, CD86 and MRC1) were present in the RNA sample with adequate quality and quantity. Second, laser settings were specified for carotid plaque samples because the quality of microdissected cells were not be adequate due to its exposure to fixatives and staining reagents (Chung and Shen, 2015). Finally, library preparation and bioinformatic analysis were optimised, by our collaboration partners. Results indicated that, RNA sequencing is possible from a single macrophage dissected from carotid plaque tissue, with a 5% mapping rate to protein coding genes. This rate might seem low, but it is sufficient, considering the exposure to chemicals (e.g., EDTA, xylene, ethanol)  (Civita et al., 2019).
Preliminary scRNA-seq data validated the macrophage origin of the microdissected cells. Moreover, these 4 dissected cells were clustered between M1 and M2a polarised macrophages, generated in vitro, confirmed by hierarchical analysis. Previously in this thesis, I described that a considerable number (68%) of plaque macrophages are double positive (CD68+CD86+MRC1+) cells, which could be ‘intermediates’ between phenotype switching or a previously uncharacterised phenotype. LCM scRNA-seq data confirmed this new hypothesis, that this phenotype (CD68+CD86+MRC1+) is highly represented in the shoulder regions of carotid lesions. At the time, we could only dissect and sequence 4 individual cells, but it was sufficient for optimisation. LCM scRNA-seq analysis of more cells from human carotid plaques is necessary to study inflammatory cells in atherosclerosis.

In this study, an in vitro model was also optimised, based on the previously established method by Geng and Hansson (1992), to study human monocyte derived macrophages and the gene expression changes that occur as an effect of exposure to different drugs. 
Polarized macrophages were treated with simvastatin and atorvastatin in clinically relevant concentrations, and it was found that these lipid lowering drugs do not amend the gene expression of macrophage specific, including scavenger receptor genes (OLR1, MRC1, MSR1, CD36, SCARB1). Previously, equivocal data were published (Llaverias et al., 2004) about the effect of different statins, therefore the impact of these drugs on scavenger receptor genes remains uncertain and further investigation is necessary. Interestingly, it was found that statins (lovastatin, atorvastatin, fluvastatin and pravastatin) can disrupt OLR1 receptor, leading to a decreased receptor function (Biocca et al., 2015).
To explore the effect of anti-inflammatory drugs on plaque macrophages, polarized hMDMs were treated with dex in clinically relevant concentrations and the changes in gene expression were studied. MRC1 gene expression was significantly increased, following dex treatment, which proves the anti-inflammatory effect of this drug (Sarsenbayeva et al., 2021). SCARB1 gene expression was decreased in M2a macrophages which could result increased HDL level in the bloodstream (de Villiers and Smart, 1999). MSR1 gene expression was upregulated in M1 macrophages with a possible disadvantageous effect on LDL uptake, but it was downregulated in M2 cells with a protentional beneficial result. Dexamethasone had the most significant effect in the expression level of OLR1 gene and protein. OLR1 gene encodes low-density lipoprotein receptor transcript variants (e.g., LOX-1,) which bind, internalize and degrade oxLDL, therefore it has a role in the process of atherosclerosis. Over expression of LOX-1 is associated with coronary artery diseases (CAD). A recent study (Salehipour et al., 2021) investigated the impact of different OLR1 polymorphisms because of the possible clinical significance of single nucleotide polymorphisms (SNPs) in OLR1 gene. It was found that there are 6 SNPs which form a haplotype block, and between these two (rs1050283 & rs3736235) are highly associated with CAD (Salehipour et al., 2021). I have found that dex reduced OLR1 with a favourable impact on oxLDL accumulation. Biological tests (oxLDL accumulation) supported this which suggest that dex can reduce the formation of a lipid rich atherosclerotic plaque. 
Overall, polarized human macrophages are characterised by increased MRC1 expression and decreased OLR1 expression following dex treatment and these results are in accordance with the anti-inflammatory effect of dex (Desgeorges et al., 2019). These data demonstrate that human macrophages can be reprogrammed to a less pathogenic state in vitro and provide a potential mechanism for the effectiveness of dex in the stabilisation of carotid atherosclerotic plaques in humans. Longitudinal studies incorporating biomarkers of plaque instability are now needed to further explore the plaque stabilising effects of dex in humans.


6.2. [bookmark: _Toc101274329]Future Work

The findings presented in this thesis raise new questions about the function and role of macrophages in human atherosclerotic plaques. In order to obtain further insight, further investigation is required, which is discussed below.

Firstly, collection and analysis of more carotid plaques are necessary to investigate the function of atherosclerotic macrophages. The optimised LCM scRNA-seq is a powerful tool to study the mechanism of atherosclerosis, characterise the previously described double positive (CD68+CD86+MRC1+) and double negative (CD68+CD86-MRC1-) macrophages or identify markers for unstable atherosclerotic lesions. A previous study (Nichterwitz et al., 2016) suggested that the length of the staining is important to minimize RNA degradation, therefore the use of a quick histological stain, like H&E would be useful.

Secondly, my findings suggest that dex treatment of hMDMs significantly decreased the binding capacity of macrophages for lipids and that this may have an impact on the development of atherosclerosis and the formation of unstable plaques. However, the data presented are from macrophages derived from healthy young donors (in their 20s) but patients requiring endarterectomy tend to be older adults. Therefore, to test the effect of dex on MDMs isolated from elderly donors, samples from stroke patients are necessary. 
The timing of the dex is also need to be studied. Does it work on already polarised macrophages or can it prevent polarisation? To investigate the beneficial effect of dex on already polarised cells, MDMs need to be cultured for 7 days, polarize toward M1 or M2 state for 24h then add dex for an other 24h. To study wether dex can prevent polarisation, cultutred macrophages need to be treated with dex, then add polarisation factors. 
Steroids are effective in a low dose, thereby to test a lower concentration of dex is required.
In this thesis only dex was tested as an anti-inflammatoty glucocorticoid, therefore a comparison of clinically relevant concentration of prednisolone, hydrocortisone in an in vitro system would be useful. 
Finally, the effect of dex on human carotid plaques should be assesed to see if it can alter the gene and protein expression of macrophage specific and scavenger receptors ex vivo. Carotid plaques (right after surgery) needed to be divided in different sections, to culture it in the presence and absence of dex. The affect of dex treatment cold be tested with OLR1 histological staining and RT-qPCR after cell lysis and RNA extraction.
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IX.5. [bookmark: _Ref36553502][bookmark: _Ref36553506][bookmark: _Toc101274336]EDTA

· Stir 186.1g disodium ethylenediamine tetraacetate dihydrate into 800 ml of distilled water.
· Stir the solution vigorously using a magnetic stirrer.
· Add NaOH solution to adjust the pH to 8.0. 
· Dilute the solution to 1 L with distilled water.

[bookmark: _Ref36553576][bookmark: _Ref36553580]

IX.6. [bookmark: _Ref77089912][bookmark: _Toc101274337]H&E staining protocol

· Dewax slides in a plastic rack and incubate them for 5 minutes in
· Xylene I 
· Xylene II
· Rehydrate the slides for 2 minutes in each of the following solutions, 
· Ethanol 99 %
· Ethanol 99 % 
· Ethanol 95 %
· Ethanol70 %
· Wash the sections in running tap water for 5 minutes, to remove xylene and ethanol.
· Put the slides into Haematoxylin for 2 minutes.
· Rinse well in running tap water.
· Put the slides into Scott’s tap water for 20 seconds.
· Rinse well in running tap water.
· Put the slides into Eosin for 5 minutes.
· Rinse quickly in running tap water (3 dips).
· Dehydrate the slides for 3 dips in each of the following solutions, 
· Ethanol70 %
· Ethanol 95 %
· Ethanol 99 %
· Ethanol 99 % 
· Put the slides into fresh xylene for 5 minutes.
· Add mountant, place the cover slip and push the air bubbles away from the section.
· Leave slides overnight at RT.

[bookmark: _Ref36553670][bookmark: _Ref36553674]

IX.7. [bookmark: _Ref77089954][bookmark: _Toc101274338]CD3 and CD68 staining protocol

Dewaxing
· Put the slides in a plastic rack and incubate them for 5 minutes in
xylene I 
xylene II
Rehydration
· Incubate the slides for 2 minutes in each of the following solutions, 
ethanol 99 %
ethanol 99 % 
ethanol 95 %
ethanol70 %
· Wash the sections in running tap water for 1 minute, to remove xylene and ethanol.
H2o2 blocking 
· Incubate sections in 3% H2O2 in methanol for 10 mins. 
· Wash the sections in running tap water for 1 minute.
Antigen retrieval
· Microwave sections in a plastic rack for 10 mins from cold at high power in 400ml of 10mM/L TSC pH6
· Wash the sections in running tap water for at least cool down (1-2 minutes).
Serum blocking 
· Nonspecific binding is blocked with 50 µl 5% Donkey/Goat serum for 30 min at room temperature (consider not using BSA).
· CD3 samples: normal goat serum in PBS
· CD68 samples: normal donkey serum in PBS
Primery Antibody 
SINGLE_1: Rabbit anti-human CD3 (1:300) 
SINGLE_2: Mouse anti-human CD68 (1:100) 

· Drain slides and wipe around the section with a tissue. Do not wash off the serum. 
· Incubate with 50ul of primary antibody diluted in PBS for 1 hour at room temperature. 
· Wash the sections twice, in PBS for 5 minutes on a magnetic stirrer.

Secondary Antibody; DAB Substrate
SINGLE_1: ImmPRESS™ HRP Reagent Kit; Anti-rabbit IgG, made in horse
SINGLE_2: ImmPRESS™ HRP Reagent Kit; Anti-mouse IgG, made in horse

· 1 drop from ImmPRESS™ HRP Reagent
· Incubate with it for 30 minutes at room temperature.
· Wash the sections twice, in PBS for 5 minutes on a magnetic stirrer.

· DAB working solution: add 1 drop (30 μl) SignalStain® DAB Chromogen Concentrate to 1 ml SignalStain® DAB Diluent and mix well before use.
· Incubate sections with DAB working solution for 5-10 minutes.
· Wash slides in water for 5 minutes.
Counterstaining, Dehydrating, Mounting
· Lightly counterstain sections in Gill's haematoxylin (1 min)
· Rinse well in running tap water.
· Dehydrate the slides for 3 dips in each of the following solutions, 
· Ethanol70 %
· Ethanol 95 %
· Ethanol 99 %
· Ethanol 99 % 
· Put the slides into fresh xylene for 5 minutes.
· Add mountant, place the cover slip and push the air bubbles away from the section.
· Leave slides overnight at RT.

[bookmark: _Ref514173447][bookmark: _Ref514173452]

IX.8. [bookmark: _Ref36553776][bookmark: _Ref36553781][bookmark: _Toc101274339]CD68, CD86, MRC1 staining protocol

Dewaxing
· Put the slides in a plastic rack and incubate them for 5 minutes in
· xylene I 
· xylene II
Rehydration
· Incubate the slides for 2 minutes in each of the following solutions, 
· ethanol 99 %
· ethanol 99 % 
· ethanol 95 %
· ethanol 70 %
· Wash the sections in running tap water for 1 minute, to remove xylene and ethanol.
H2O2 blocking 
· Incubate sections in 3% H2O2 in methanol for 10 mins. 
· Wash the sections in running tap water for 1 minute.
Antigen retrieval 
· Microwave sections in a plastic rack for 10 mins from cold at high power in 400ml of 0.01M trisodium citrate (TSC) pH6
· Wash the sections in running tap water for at least cool down (1-2 minutes).
5% donkey serum blocking
· Non-specific binding is blocked with 50 µl 5% Normal Donkey Serum for 30 min at room temperature.
Primer antibody 
Single staining: Anti-CD68 antibody (1:50)
Dual staining: Anti-CD86 antibody (1:50) + Anti- Mannose Receptor antibody (1:50)
· Negative Control: Purified Mouse IgG1, κ Isotype Control 1:150
· Drain slides and wipe around the section with a tissue. Do not wash off the serum. 
· Incubate with 50ul of primary antibody (1:50) diluted in PBS for 1 hour at room temperature. 
· Wash the sections twice, in PBS for 5 minutes on a magnetic stirrer.



Secondary antibody 
Single staining: Donkey Anti-Mouse IgG- NL493 (1:400)
Dual staining: Donkey Anti-Mouse IgG- NL493 (1:400) + Donkey Anti-rabbit IgG-NL557 (1:200)
· Incubate with 50ul of secondary antibody diluted in PBS for 1 hour at room temperature, with the tub shielded from light.
· Wash the sections twice, in PBS for 5 minutes on a magnetic stirrer.
Mounting 
· Add 40 ul of ProLong Gold Antifade Mountant with DAPI per slides.
· Place the cover slip and push the air bubbles away from the section.
· Leave slides overnight at RT.





















IX.9. [bookmark: _Ref36553720][bookmark: _Ref36553725][bookmark: _Toc101274340][bookmark: _Toc36551638][bookmark: _Ref516065492][bookmark: _Toc34904609]Semiquantitative grading scales of histological features

	Histological feature
	Grade 1
	Grade 2
	Grade 3
	Grade 4

	Haemorrhage
	No haemorrhage
	Width ‹0,5 mm or circumferential length ‹2 mm
	Width ›0,5 mm or circumferential length ‹2 mm
	N/A

	Thrombus
	No thrombus
	Small thrombus (involving ‹ 50% of the luminal circumference of the vessel
	Large thrombus (involving › 50% of the luminal circumference of the vessel
	N/A

	Lipid core
	No lipid core
	Small lipid core
	Large lipid core
(› 25% cross sectional plaque area)
	N/A

	Fibrous tissue: lipid core ratio
	Predominantly lipid
	Approximately equal lipid and fibrous content
	Predominantly fibrous
	N/A

	Foam cells
	None
	‹ 50 cells per section
	› 50 cells per section
	N/A

	New vessels
	None
	‹ 10 cells per section
	› 10 cells per section
	N/A

	Calcification
	None
	Stippling only
	Calcified modules
	N/A

	Plaque Lymphocytes
	None
	Occasional cells or one group of
› 20 cells
	2-5 groups of › 20 cells
	› 5 groups of
› 20 cells or one group of › 100 cells

	Plaque Macrophages
	None
	Occasional cells or one group of
› 50 cells
	2-5 groups of › 50 cells
	› 5 groups of
› 50 cells or one group of › 500 cells

	Cap inflammation
	None
	‹ 10 cells in cap
	10-50 cells in cap
	› 50 cells in cap

	Rupture
	Intact cap, included cases obviously due to surgical incision
	Probably intact e.g. processing artefact making analysis of cap integrity less reliable
	Probably ruptured e.g site of rupture not clear but thrombus seen adherent to lipid in lumen
	Definitely ruptured

	Overall instability
	Stable


e.g. predominantly fibrous, few inflammatory cells, intact cap
	Predominantly stable

e.g. one feature of instability such as small haemorrhage or inflamed but intact cap
	Unstable-intact cap


e.g. inflammation, thin cap and large lipid core but cap intact
	Unstable ruptured cap

e.g. thrombus, large haemorrhage, thin inflamed ruptured cap




IX.10. [bookmark: _Ref64638854][bookmark: _Toc101274341]RT-qPCR results of simvastatin and atorvastatin experiments
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[bookmark: _Toc101269247]Figure 45: Relative gene expression analysis of MRC1, MSR1, CD36, SCARB1 in human MDMs after simvastatin and atorvastatin treatment
Human M1 (left panels) and M2a (right panels) polarized macrophages were treated with simvastatin (6 ng/ml) or atorvastatin (30, 70 ng/ml)) and gene expression was determined with RT-qPCR. Data is plotted from 4 donors, individually listed (n=4), normalised to GAPDH housekeeping gene. Data is analysed with Wilcoxon matched pairs signed rank test. The direction of change in expression is shown with the treatment as an arrow for each individual donor. Dotted line indicates 0 expression level.
IX.11. [bookmark: _Ref99217215][bookmark: _Toc101274342]Representative image of RT-qPCR results of dexamethasone treatment
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[bookmark: _Toc101269248]Figure 46: Relative gene expression analysis of CD68, CD86, MRC1, MSR1, CD36, OLR1 and SCARB1 in human MDMs after dexamethasone treatment


[bookmark: _Ref97557367]

IX.12. [bookmark: _Toc101274343]Western Blots of dexamethasone treatment experiments
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[bookmark: _Toc101269249]Figure 47: Western Blots of OLR1 protein in human MDMs after dexamethasone treatment.
Human M1 and M2a polarized macrophages were treated with dexamethasone (8, 14 ng/ml) and OLR1 protein (left panels) expression was determined. Western Blots were performed with cells from 7 donors (n=7; D1, D4, D7, D17, D28, D34, D35) and normalised to GAPDH housekeeping protein (right panels). Order of samples in each blot: marker size, M0, M1, M2a, M0-8 ng/ml dex, M1-8 ng/ml dex, M2a-8 ng/ml dex, M0-14 ng/ml dex, M1-14 ng/ml dex, M2a-14 ng/ml dex




IX.13. [bookmark: _Toc101274344]Summary of reagents and consumables

	REAGENTS/KITS
	SUPPLIER
	PRODUCT NUMBER

	12-well plate
	Jet Bio-Filtration
	TCP011012

	6-well plate
	Jet Bio-Filtration
	TCP011006

	Anti-CD68 antibody (mouse)
	Abcam
	ab201340

	Anti-CD86 antibody (mouse)
	Abcam
	ab213044

	Anti-GAPDH Antibody
	Santa Cruz Biotechnology
	SC-47725

	Anti-Mannose Receptor antibody (rabbit)
	Abcam
	ab64693

	Atorvastatin
	Merck
	PZ0001-5MG

	Bovine Serum Albumin (BSA)
	Merck
	A7906-100G

	CD14+ microbeads
	Miltenyi Biotec
	130-050-201

	Chamber Slide
	Thermo Fisher Scientific
	154534PK

	DAB Substrate Kit SignalStain®
	Cell Signaling
	8059

	Dexamethasone
	Merck
	D4902-100MG

	Diethyl pyrocarbonate (DEPC)
	Merck
	D5758-25ML

	Donkey Anti-Mouse IgG- NL493
	R&D Systems
	NL009

	Donkey Anti-rabbit IgG-NL557
	R&D Systems
	NL004

	E. Coli Lipopolysaccharide
	Enzo Life Sciences
	ALX-581-007-L001

	EDTA
	Fisher Scientific
	BP2482-500

	Elastic (Connective Tissue Stain) kit
	Abcam
	ab150667

	Eosin Y
	Fisher Scientific
	6766010

	Ethanol
	Fisher Scientific
	E/0600DF/17

	FBS Good Forte
	PAN Biotech
	P40-37500

	Ficoll-Plaque Plus
	Merck
	GE17-1440-03

	Frame Slide PET
	Zeiss
	415190-9101-000

	Goat Anti-Mouse Immunoglobulins/HRP
	Agilent
	P044701-2

	Goat Anti-Rabbit Immunoglobulins/HRP
	Agilent
	P044801-2

	Haematoxylin (Gill 2)
	Fisher Scientific
	72511

	Human Recombinant IFN-g
	Pepro Tech
	300-02

	Human Recombinant IL-4
	Pepro Tech
	200-04

	Human Recombinant M-CSF
	Pepro Tech
	300-25

	Human Recombinant M-CSF
	Immuno Tools
	11343117

	Hydrogen Peroxide 30 %
	Merck
	107209

	ImmPRESS™ HRP Anti-Mouse IgG (Peroxidase) Polymer Detection Kit, made in Horse
	Vector Laboratories
	MP-7402

	ImmPRESS™ HRP Anti-Rabbit IgG (Peroxidase) Polymer Detection Kit, made in Horse
	Vector Laboratories
	MP-7401

	iScript cDNA synthesis kit
	Biorad
	1708890

	L-glutamine
	Gibco
	17-605E

	LS Columns
	Miltenyi Biotec
	130-042-401

	Methanol
	Fisher Scientific
	M/4000/17

	Monoclonal Mouse Anti-Human CD68 Clone KP1
	Agilent (DAKO)
	M081401-2

	Normal Donkey Serum
	Abcam
	ab7475

	Normal Goat Serum
	Abcam
	ab7481

	NuPAGE 4-12% Bis-Tris Gel
	Invitrogen
	NP0322BOX

	NuPAGE Antioxidant
	Invitrogen
	NP0005

	NuPage LDS Sample Buffer
	Invitrogen
	NP0007

	NuPAGE MES SDS Running Buffer
	Invitrogen
	NP0002

	NuPAGE Transfer Buffer
	Invitrogen
	NP0006

	Oil Red O powder
	Merck
	O0625

	oxLDL
	Thermo Fisher Scientific
	L34357

	Penicillin/Streptomycin
	Gibco
	15070-0063

	PhosSTOP EASY pack
	Roche
	04906837001

	Pierce BCA Protein Assay Kit
	Thermo Fisher Scientific
	23227

	Polyclonal Rabbit Anti-Human CD3
	Agilent (DAKO)
	A045201-2

	Precision PLUS qPCR Master Mix with SYBR Green
	Primer Design
	PPLUS-XXML

	ProLong Gold Antifade Mountant with DAPI
	Thermo Fisher Scientific
	P36931

	Protease Inhibitor Cocktail
	Merck
	P8340-1ML

	Protector RNase Inhibitor
	Merck
	3335399001

	Purified Mouse IgG1, κ Isotype Control
	Abcam
	ab170190

	Rabbit IgG Control Antibody
	Vector Laboratories
	I-1000-5

	Rabbit polyclonal OLR1 primary antibody
	Abcam
	ab203246

	ReBlot Plus Strong Antibody Stripping Solution
	Millipore
	2504

	Red-Ponceau S Solution
	Merck
	P7170

	RIPA buffer
	Merck
	R0278-500ML

	RNase-Free DNase Set
	Qiagen
	79256

	RNeasy UCP Micro Kit
	Qiagen
	73943

	RPMI 1640 media
	Gibco
	21875034

	Scott’s Tap water
	Merck
	S5134-6X100ML

	SeeBlue, Plus2 Prestained Standard
	Invitrogen
	LC5925

	Silane Coated Microscope Slides
	Cell Path
	MDC-0102-54A

	Simvastatin
	Merck
	S6196-5MG

	SMART-Seq v4 Ultra Low Input RNA Kit
	Takara Bio
	635026

	SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian kit
	Takara Bio
	634412

	SuperSignal™ West Pico PLUS Chemiluminescent Substrate
	Thermo Fisher Scientific
	34578

	Tris Buffered Saline
	Merck
	T6664

	Trisodium citrate
	Fisher Scientific
	S/3320/53

	Tween 20
	Merck
	P9416-50ML

	Xylene
	Fisher Scientific
	X/0250/17

	Isopropanol
	Fisher Scientific
	BP2618-4

	Formaldehyde solution 4%
	Merck
	1004960700





IX.14. [bookmark: _Toc101274345]Summary of machines and software

	MACHINE/SOFTWARE
	MANUFACTURER

	2100 Bioanalyzer
	Agilent

	AF6000LX inverted microscope
	Leica

	Application Suite Advanced Fluorescence (LASAF) software
	Leica

	CFX384 C1000 Touch Thermal Cycler
	Biorad

	ChemiDoc XRS+ Imaging System
	Biorad

	Correlative Light Light Microscopy software
	Péter Horváth Laboratory

	DMI4000B inverted microscope
	Leica

	EG1150 H Paraffin Embedding Station
	Leica

	FIJI 
	

	Image Studio Lite version 5.2.5 software
	Li-Cor

	LAS X software
	Leica

	LMD6 Laser Microdissection Microscope
	Leica

	Microplate Reader, Varioskan Flash
	Thermo Fisher Scientific

	MiniSeq System
	Illumina

	Nanodrop Spectrophotometer
	Thermo Fisher Scientific

	Prism 9
	GraphPad

	RM2245 semi-automated rotary microtome
	Leica

	RM2245 semi-automated rotary microtome
	Leica

	SP8 LIGHTNING confocal microscope
	Leica

	TP 1020 automatic Tissue Processor
	Leica

	Ultrasonic bath
	Thermo Fisher Scientific
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