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Abstract 

 

The role that lectin-like oxidised low-density lipoprotein receptor-1 (LOX-1) 

plays in atherosclerosis is an important research point. The current use of 

antibodies to inhibit LOX-1 activity is not promising and thus using antibody 

alternatives is a reasonable step to overcome the pitfalls of antibodies. 

Affimers, small protein scaffolds, are a potential LOX-1 inhibitors. They 

could be used in isolation of in combination with antibodies to identify and 

inhibit the uptake of oxidised low density lipoprotein (ox-LDL) into the 

endothelial cells. This work aims at establishing the ability of Affimers to 

bind and detect LOX-1 in vivo and in cell cultures in a preparatory step to 

test their use in animal and human –extracted tissues from disease and 

control subjects. The evolution of this technology will offer an advancement 

in the diagnostic and therapeutic modules of atherosclerosis.  
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Chapter 1 

Introduction 

 

1.1 Introduction to atherosclerosis 

1.1.1 Historical background 

The term atherosclerosis was first introduced in 1904 by Felix Marchand 

(Friedman, 1998; Mehta et al., 2002). Since then, the phenomenon of 

deposition of fat particles deposition in the arterial walls linking to hardening 

of the blood vessels became widely understood, leading to the use of 

atherosclerosis as a generic term that required no further definition or 

explanation globally. In the current era, doctors and healthcare workers 

almost always need no further descriptive terms when trying to explain an 

atherosclerotic process-related complication to a patient. 

In the beginning of the 20th century, the beginnings of atherosclerosis as a 

biological phenomenon began to emerge; this was a mysterious science 

area and although descriptions of arterial disease existed before Marchand, 

the work done by these clinician-scientists and their colleagues have 

provided the foundations of our current understanding of the role of 

cholesterol imbalance in the initiation, development and progression of 

arterial disease (Ignatowski et al., 1909). Subsequently, immense research 

efforts have identified key features of this biological process. In 1910, Adolf 

Windaus demonstrated that atheromatous plaques have 6-fold increased 

levels of free cholesterol and 20-fold increased levels of esterified 

cholesterol compared to normal arterial walls (Konstantinov et al., 2006).  

Generic definitions of this pathophysiological process argues that the 

deposition of lipid- and fat-enriched particles in the arterial wall is a central 

feature of atherosclerosis. However, viewed from a different angle, this is 

the endpoint of a long-standing biological process that eventually leads to 

arterial disease. All blood vessels are lined by a smooth surface of 

endothelial cells that, beside an important endocrine, exocrine and 
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paracrine function, also form a protective layer to the muscular layer below 

(Mannarino et al., 2008). Injury to this layer is a trigger point in the 

atherosclerosis pathway and the causes for such injury will be discussed at 

a later stage. The imbalance between circulating lipoproteins and 

chylomicrons leads to pathological deposition of lipids in the arterial wall 

which triggers an inflammatory reaction leading eventually to development 

of a fibrotic shell with a chronic inflammatory plaque that disrupts the 

function of all 3 layers of arterial wall (Mannarino et al., 2008; Milutinović et 

al., 2020). This eventually leads to narrowing of the blood vessel which 

results in ischaemia of the downstream tissues and organs. The disruption 

in blood flow and haemodynamics determines the differential atherosclerotic 

effects on large or small blood vessels (Kuller et al., 1994). Other systemic 

diseases like diabetes and rheumatoid inflammation also predispose to 

arterial disease via different mechanisms which will be described below. 

While around 36-38% of atherosclerotic plaques are subclinical and lead to 

little or no pathological effects, they still possess the capability to progress 

over time and cause serious health consequences (Toth et al., 2008). In the 

Cardiovascular Health Study, >5000 adult subjects aged ≥65 years were 

screened for asymptomatic atherosclerosis; 36% of females and 38.7% of 

males had a significant atherosclerosis burden which increased with age 

(Toth et al., 2008; Kuller et al., 1994). Although some patients develop 

gradual symptoms which when progress add to the burden of 

atherosclerosis. Additionally some patients are at risk of significant 

morbidity and mortality without prior symptoms. This depends on time 

available for the affected body organ to form collateral circulation to sustain 

blood flow that match the demand of its tissues. However, the latter patients 

also have minimal capacity to deal with stress-induced ischaemia which 

renders them in need of interventions. Symptoms such as stable angina and 

intermittent lower limb claudication are examples of mismatch between 

tissue demand and supply during exercise and stress which are 

manifestation of atherosclerotic disease that is asymptomatic at rest. 

Patients with such symptoms may progress to acute life-threatening or limb-

threatening symptoms with factors as simple as excess ischaemic stress or 
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a thrombotic or embolic event causing disruption of the collateral circulation 

or the remaining luminal flow. 

 

1.1.2 Arterial histology and disease process 

Blood and lymphatic vessels share 3 histologic layers named tunica intima, 

tunica media and tunica adventitia (Figure 1.1). The relative thickness of 

each layer is used to histologically differentiate arteries, veins, capillaries 

and lymphatic vessels. These histological differences pose significant 

implications in the development of disease as well as when treatment is 

considered. For example, tacking an ‘unstable’ intimal layer to the arterial 

wall after doing an endarterectomy of an artery becomes important to avoid 

dissection of the vessel on the antegrade flow direction. Aortic dissection, 

for instance, is a serious and usually acute disease that involves separation 

between the arterial wall layers. In-hospital mortality rates from aortic 

dissection are around 27%; besides close to 20% of the initially affected 

patients die before reaching a hospital setting (Kronzon et al., 2010). This 

arterial disease also can lead to organ malperfusion and multi-organ failure 

resulting in considerable burden on health services as well as being 

resource-intensive to treat. A net cost of around US$30,000 is the median of 

treating a single patient with aortic dissection (McClure et al., 2020). 
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 Another important aspect of understanding the histology is to develop and 

analyse biomarkers for different pathological processes. The intimal layer 

lines the luminal surface of the arterial wall and consists of longitudinally 

oriented specialised epithelial cells called endothelium. These cells act as a 

selective diffusion barrier separating the circulating blood from the rest of 

the arterial wall layers. Alongside their absorptive function, they also have 

essential autocrine, paracrine and endocrine functions by secreting 

bioactive substrates which ultimately control vessel tone, adhesion of 

platelets and white blood cells to the arterial wall. An elastic membrane 

separates the intima from the muscular layer below. With aging or when 

there is intimal injury, this membrane may get fragmented, duplicated or lost 
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focally (Jim et al., 2007). The disruption of this membrane can result in 

blood leaking into the sub-intimal space and triggering a sterile inflammatory 

response which is hypothesised to stimulate atherosclerosis (Ritman et al., 

2007). 

Theories of inflammation as a cause of atherosclerosis continue to be 

hypothesized including recently. In 2017 Alex Haverich, a German 

cardiologist, proposed that plaques result from inflammation of the vasa 

vasorum, which are small blood vessels found in the adventitial layer of 

large sized arteries and veins which act as nutrient blood vessels to the 

arterial wall (Jim et al., 2007; Ritman et al., 2007). Linking inflammation to 

atherosclerosis can also be evidenced by plaque histology showing 

accumulation of lymphocytes and macrophages surrounding a pro-

inflammatory zone enriched for oxidised lipid particles (Stary et al., 1995). 

The description of a fibrous cap covering the atherosclerotic plaque also 

supports that inflammation is the main element of atherosclerosis as a 

process. This can be explained by fibrocytes taking over the function of 

acute inflammatory cells at the periphery of the plaque, similar to what 

occurs with any long-standing inflammation (Figure 1.2).  
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Figure 1.2: Formation of the atherosclerotic plaque. Within the blood vessel 

intima, LDL accumulation leads to a chronic inflammatory process leading to the 

transmigration of immune cells and the formation of foam cells. EC; endothelial 

cell. ICAM; intercellular adhesion molecule -1. Inf: interferon- gamma. LDL: low- 

density lipoprotein. oxLDL; oxidized low-density lipoprotein. SR: scavenger 

receptor. Th-1: T-helper 1 cell. VCAM: vascular cell adhesion molecule -1. VSMC: 

vascular smooth muscle cell. (Adapted from Gisterå et al., 2017). 
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1.1.3 Endothelial dysfunction and atherosclerosis 

Ross and Glomset hypothesized the “response to injury hypothesis” which 

indicated that histological loss of the integrity of the endothelial layer is 

responsible for allowing the modified lipoprotein particles such as LDL to 

traverse the endothelial barrier and start the inflammatory process that 

eventually leads to the formation of atherosclerotic plaque (Gimbrone et al., 

2016). As this may sound logical, overt physical loss of the intimal lining 

integrity, as found subsequently in animal modules, is not a mandatory 

precursor for atherosclerosis to commence and progress. Oxidative stress 

from nitric oxide imbalance which is a result of multiple disease processes 

(Table 1.1) or changes of intraluminal flow haemodynamics are thought to 

be the offending agent resulting in loss of intimal continuity (Gimbrone et al., 

2016). The change of haemodynamics can be used as evidence to explain 

the common observation of atherosclerotic plaques taking place at arterial 

branching (Morbiducci et al., 2016). The response to injury theory was 

beyond attractive pure scientific study topic. This is evidenced by proof that  

growth factors and injury-repair mechanisms result in inflammation and 

subsequently atherosclerosis. 

The endothelial dysfunction phenomenon replaced this theory to a great 

extent and suggested a widely accepted and physiologically acceptable 

explanation for an oxidative stress response even in the absence of 

physical dysfunction of the endothelium (Boisvert et al., 2016; Swirski et al., 

2007). The evolution of this concept revolutionized the current 

understanding of the atherosclerosis process. This theory suggests that the 

endothelial permeability and regeneration process may be as much 

responsible for the inflammatory changes as is loss of continuity of the 

endothelial layer.  
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Table 1.1: Disease processes that promote atherosclerosis. 

 

The chemotactic process initiated by platelet adhesion and secretion of 

platelet-derived growth factors stimulates blood cells to migrate to the 

endothelial site of dysfunction, leading to local inflammatory changes and 

eventually leading to the formation of a fibromuscular plaque (Ross et al., 

1999). Statins are a group of medications used widely to reduce circulating 

cholesterol levels, usually associated with low-density lipoprotein (LDL) 

particles. Statins are also thought to have anti-inflammatory properties and 

anti-plaque development and progression (Antonopoulos et al., 2012). The 

pathways by which statins exhibit this anti-plaque function involves 

hepatocytes and endothelial cells. They reduce circulating levels of C-

reactive protein (CRP), tumour necrosis factor (TNFα), interferon gamma 

(IFNγ) and interleukin 6 (IL-6) which are vital pro-inflammatory factors in 

Hypercholesterolaemia (e.g., oxidatively modified lipoproteins) 

Diabetes, metabolic syndrome (e.g., advanced glycation end products, 

reactive oxygen species, adipocytes) 

Hypertension  

Sex hormonal imbalance (e.g., oestrogen deficiency, menopause) 

Ageing (e.g., advanced glycation end products, cell senescence) 

 

Pro-inflammatory cytokines (e.g., interleukin-1, tumour necrosis factor) 

Infectious agents (e.g., bacterial endotoxins, viruses) 

Haemodynamic forces (e.g., disturbed blood flow, turbulent flow) 

Environmental toxins (e.g., cigarette smoke, air pollutants) 
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plaque formation and progression. Recent evidence suggests that high 

dose statins have better cardio-protective capability mainly due to their anti-

inflammatory action. Kim et al. (2012) concluded that increasing statin 

dosage reduced pro-inflammatory factors in atherosclerosis and arterial 

disease. Loss of physiological capabilities of promoting vasodilatation, 

fibrinolysis and anti-adhesion are the markers of endothelial dysfunction 

rather than physical loss of the endothelial layer barrier. 

 

1.2 Vascular disease 

1.2.1 Spectrum of vascular disease  

Many references and researchers use the term vascular disease 

interchangeably with cardiovascular disease which is not scientific and not 

accurate. The commonly described vascular disease refers to the chronic 

vaso-occlusive disease that is almost always caused by atherogenic 

occlusive plaques. Cardiovascular disease certainly gained more attention 

because of statistical abundance of the disease and the mortality related, 

being the highest disease- related cause of mortality worldwide. 

Cerebrovascular disease leading to disabling strokes and peripheral arterial 

disease causing significant morbidity and being the leading cause of lower 

limb amputation are manifestation of vascular occlusive disease. Peripheral 

arterial disease may be thought of as a visible marker of cardiovascular and 

cerebrovascular disease mainly because it usually presents with symptoms 

that patients and clinicians can easily appreciate whereas the latter two can 

be asymptomatic till a major incident take place. 

The clinical manifestations of arterial occlusive disease occur when there is 

a mismatch between tissue demand and supply. The symptoms will depend 

on the organ affected and the degree and extent of ischaemia. For instance, 

extensive cardiac ischaemia will result in ST-segment elevation myocardial 

infarction (STEMI) which is a cardiological emergency with significant 

mortality that often necessitates urgent re-vascularization. Similarly, the 

acuteness of limb ischaemia and presence of collateral circulation 
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determine the options of revascularization for critical limb ischaemia and the 

time frame at which an intervention should be done. A surgical image 

representing stenotic arterial plaque is displayed in Figure 1.3.  

 

 

 

 

Figure 1.3: Carotid plaque removal by surgery. Surgical image during a 

carotid endarterectomy showing the atheromatous plaque (yellow, arrow) 

being dissected off the common and internal carotid arteries. Blue sling around 

common carotid artery (CCA) red slings around internal (ICA) and 

external(ECA) carotid arteries. [Patient’s consent was recorded for the data 

collection A. Al-Aufi, operating surgeon, Leeds General Infirmary, Leeds, UK]. 
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1.2.2 History of vascular disease 

Although cardiovascular disease is widely thought of as a disease of the 

modern era, studies on ancient Egyptian mummies have shown definitive 

and probable atherosclerosis in 34% out of 137 mummies (Allam, et al., 

2018). Whole body computed tomography (CT) examination of these 

mummies that have been preserved for over 4000 years from 4 different 

civilizations across the globe demonstrated that atherosclerosis is as 

ancient as these mummies. The probable reason why we are observing a 

rise in cardiovascular disease currently is likely due to more easy access to 

health facilities and diagnostic tests, beside of course the actual increase in 

incidence, which is attributable to lifestyle changes in the modern era.  

The technology of CT scanning performed on those mummies enabled 

scientists to establish evidence of atherosclerotic disease without the need 

for surgical dissection. This, however, was not the case during earlier times. 

Greek anatomists, Herophilus and Erasistratus, performed the first 

dissections in Alexandria, Egypt. Later, Roman law prohibited dissection 

and autopsy of the human body and as autopsies were banned untill the 

14th century, no further dissection was performed and hence no physical 

evidence of atherosclerosis was documented. Despite the return of 

autopsies thereafter the clinical correlation with findings of atherosclerosis 

during dissections was not made and hence no major scientific advances 

were achieved. The clinical description of angina pectoris that dates to 

around 3000 BC derived from links to anatomy and remains just descriptive 

symptoms of what is referred to as “threat of death”. 

Similar reference to cardiac disease was made in Arabic literature referring 

to a famous poet, “Majnun Laila”, who is thought to have died of a 

myocardial infarct following a failed love story (Hajar et al., 2017). The 

description of his sad love experience was similar to the symptoms of an 

acute cardiac event. Scientists quote the poem below when referring to the 

death of “Majnun Laila” caused by what seems to be a heart attack.  
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“My heart is firmly seized 

By a bird's claws. 

My heart is tightly squeezed, 

When Lila's name flows. 

My body is tightly bound, 

When the wide world I found 

Is like a finger ring around” 

 

1.2.3 Burden of vascular occlusive disease 

There are two main types of pathophysiological blockages for vascular 

ischaemic events, embolic and occlusive. Embolic blockage is usually linked 

to cardiac arrhythmias or aneurysmal disease and when an embolus breaks 

off, it can travel and lodge into a distal blood vessel. The burden of the 

embolus and the affected organ will determine a patient’s presentation and 

ability to recover. An occlusive blockage usually refers to a chronic gradual 

process of arterial narrowing caused by an atheromatous plaque which can 

reach a stage of total occlusion. Symptoms are usually less acute than 

embolic events, particularly because there is time for collateral vasculature 

to develop. This, however, is not always the case and depending on the 

organ affected and whether collateralization has taken place or not, the 

affected organ may be at risk of irreversible ischaemia. 

The focus of many statistical analyses with regards to the incidence, 

morbidity, mortality and cost of treatment of vascular disease refers mainly 

to cardiovascular disease which constitute the major bulk of vascular 

occlusive disease (Figure 1.4). The other two major constituents of vascular 

disease also contribute to the overall disease burden and account for 

considerable health consequences and expenditures. For instance, limb 

amputations are possible end results of peripheral arterial disease and they 

cause significant disability and consume human and financial resources. 

Combination of more than one system affected is also a common 
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manifestation of vascular disease and it is not infrequent to encounter 

patients suffering from concomitant heart and limb vascular disease, for 

example. This displays the spectrum of vascular disease and by linking the 

associated morbidity and disabilities with those conditions, one can assess 

the heft of these diseases on the health systems. Although their prevalence 

of these diseases may vary between countries or in different socioeconomic 

zones, it remains the most concerning health related issue globally 

(Roussouw et al., 1990).  



14 
 

  

 

Figure 1.4: Vascular disease incidence and mortality. A Venn 

diagram representation of the risks of different vascular disease states 

and mortality.  
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1.3 Lipid lowering therapy 

Evidence compiled over the last three decades strongly shows the 

association between increased total cholesterol, LDL and triglycerides and 

the mortality from cardiovascular events. In addition to this, lower levels of 

high-density lipoprotein (HDL) cholesterol are also linked to increased CVD 

events and death related to them (Roussouw et al., 1990). It is then 

sensible to hypothesize that lowering the levels of LDL, triglycerides and 

total cholesterol would reduce mortality in people who are at risk or who 

have existing CVD. This was proved extensively by many clinical trials. For 

instance (Gitsels et al., 2016) showed that the all-cause mortality is reduced 

in people taking statins at age >65 years compared to the placebo group. 

Given that 75% of the deaths in people with existing coronary disease occur 

as a result of cardiovascular events, it was essential to establish a 

secondary preventive strategy for CVD. Lipid lowering agents are an 

important pillar of this secondary prevention module which act in 

conjunction with antiplatelet therapy to reduce the risk of major adverse 

cardiovascular events (MACE) and major adverse limb threatening events 

(MALE) in people with cardiovascular disease. The target LDL levels 

postulated for this category of people varies based on their risk factor 

profiling. To exemplify, people with established atherosclerotic disease 

(EAD) who are either diabetic or have chronic kidney disease have an LDL 

target of <70 mg/dL as opposed to those with multiple risk factors (MRFs) 

without established atherosclerotic disease, who have a set LDL target level 

of<100 mg/dL (Krittayaphong et al., 2019). 

Statins are the most commonly used lipid lowering agents worldwide; over 

129 million people took some form of statins in 2018 and this number is 

thought to have grown significantly over the last few years (Blais et al., 

2021). High dose statin is proposed to be as effective as a lipid lowering 
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therapy in people with dyslipidaemia; in addition to their low side effects 

gives more patient compliance (Sharma et al., 2009). The hepatic 

metabolism of most statins also allow their use with no need for renal 

adjustments in people with chronic kidney disease (Sharma et al., 2009). 

These characteristics as well as their easy production and low production 

cost contribute to their wide usage (Chong et al., 2001). Statins act 

predominantly on hepatocytes and exhibit their LDL-c lowering effect by 

competitively blocking the enzyme HMG-CoA reductase in the mevalonate 

pathway which is the rate limiting step in this pathway that is a precursor for 

cholesterol synthesis (Buhaescu et al., 2007).  

Statins not only reduce total serum cholesterol, but also have a pleotropic 

effects on the vascular beds including improvement of the function of the 

endothelial cells, reducing the vascular inflammation and stabilizing 

atheromatous plaques (Liao et al., 2001).There is strong evidence of the 

reduction of mortality and incidence of cardiovascular events in high and 

moderate risk patients using statins compared to placebo. Studies with high 

degree of reliable evidence generated from double blinded randomized 

clinical trials including the 4S (Scandinavian Simvastatin Survival Study 

Group 1994), JUPITER (Ridker et al., 2008), PROVE IT-TIMI 22 (Cannon et 

al., 2004), WOSCOPS (Freeman et al., 2001), TNT (LaRosa et al., 2005) 

and IDEAL (Waters et al., 2011) trials. These studies demonstrated statin-

based reduction in mortality and morbidity in high-risk patients and also 

compared different regimes of statin therapy as mono- or combination 

therapies.  

Beside direct inhibition of the cholesterol production pathway, statins also 

exhibit an anti-inflammatory response which is an important feature 

especially during the initial period following a major cardiovascular or 

cerebrovascular accident. It is during this period that the plaque ruptures 

leaving a raw surface vulnerable to a blood clot or thrombus. This is the 

reason that most clinicians insist that a patient with a recent cardiovascular 

event should be promptly started on statins. 
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1.4 Lipid particles in disease 

As early as 1913, the connection between cholesterol and the formation of 

atherogenic arterial plaques were postulated in studies on rabbits on a fat-

rich diet (Anitschkow, 1913). Compilation of evidence at a later stage 

proved that raised serum LDL levels are linked to increased incidence of 

cardiovascular disease (Stamler et al., 1986; Castelli et al., 1986). Lipids 

and fats are essential parts of the mammalian diet, but these hydrophobic 

entities they are enclosed within lipid micelles and transported in circulatory 

fluids e.g. blood. Lipoprotein-, lipid- and fat-containing particles are formed 

in the liver and circulated to the rest of the tissues and where the excess 

constituents are transported back to the liver to be excreted by a process 

known as “reverse cholesterol transport” (Marques et al., 2018). 

Lipid particles are complex substances consisting of a central hydrophobic 

core of non-polar lipids, primarily cholesterol esters and triglycerides, which 

is surrounded by a hydrophilic membrane consisting of phospholipids, free 

cholesterol, and apolipoproteins (Figure 1.5). Lipid particles can be 

subdivided into 7 classes based on their molecular weight, lipid composition 

and apolipoproteins (Figure 1.6). Of the seven classes of lipid particles, LDL 

is widely considered to be the most pro-atherogenic owing to the following 

properties. LDL particles can display a reduced affinity to the LDL receptor 

(LDLR) and are therefore retained in the circulation for longer. LDL particles 

enter the arterial wall more easily compared with larger lipid particles. LDL 

particles contain the 500 kDa apolipoprotein-B100 (Apo-B100), which binds 

avidly to intra-arterial proteoglycans leading to trapping within the arterial 

wall. LDL particles are more susceptible to oxidative modification, with 

oxLDL being rapidly taken up by macrophages. Apo-B100 is the major 

structural component of very low-density lipoprotein (VLDL), intermediate-

density lipoprotein (IDL) and LDL particles. There is a single molecule of 

apo-B100 per VLDL, IDL or LDL particle. Ionic bonds between positively 

charged intra-arterial proteoglycans and negatively charged Apo-B100 lead 

to the retention of LDL within the arterial wall.  
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Figure 1.5: Schematic diagram showing the molecular composition 

of a lipoprotein particle. The difference between the various subtypes 

of lipoproteins is the percentage of the different concentrations of these 

components. Created using Biorender.com. 
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Figure 1.6: Lipoprotein particle heterogeneity and properties. The 

specific density (g/mL) vs. average diameter of each class of known 

lipid particles. Created using Biorender.com. 
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1.5 Scavenger receptors 

1.5.1 Scavenger receptor family  

The family of scavenger receptors (SRs) include ten classes of 

transmembrane protein receptors that are involved in a wide range of 

functions including binding, transmembrane transportation and elimination 

of multiple ligands such as microbes, apoptotic cells and denatured proteins 

(Canton et al., 2013) (Figure 1.7). More recently, a member of the SR 

family, the HDL scavenger receptor B type 1, was shown to facilitate the 

entry of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

that was responsible for the Coronavirus-19 pandemic, into host cells via an 

angiotensin-converting enzyme 2 receptor (ACE2) –dependent mechanism 

(Wei et al., 2020). The crossover of ligand and antigen recognition of these 

subclasses of SR is linked to redundancy in the immune system allowing 

multiple receptor binding to the same antigen. For instance, modified LDL 

can bind to six of these subclasses, although this binding is at different 

levels of strength and possibly to different binding sites on the protein 

receptors (Moore et al., 2006). 
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Figure 1.7: Schematic representation of the scavenger receptor supergroup. 

Structural similarities and differences of the ten classes of SRs. Class A and E proteins 

have specific affinity for oxLDL. Adapted from Abdul Zani et al 2015.  
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Scavenger receptors class A consist of three groups that have exclusive 

affinity to ox-LDL. These receptors consist of an extracellular C-terminus, a 

cytoplasmic N-terminus and a single pass transmembrane segment 

(Kodama et al., 1990). They are subdivided into 5 groups and these are 

expressed in different cell types. Amongst these groups is scavenger 

receptor with C-type Lectin (SRCL) which is expressed on endothelial cells 

and has high affinity to ox-LDL (Levitan et al., 2010). The lectin-like ox-LDL 

receptor 1 (LOX-1, OLR1) is the single member of class E-SR and is 

predominantly found on endothelial cells and is one of the most studied SR 

as it is linked to development of atherosclerosis. This is discussed in depth 

in the following section.  

1.5.2 Lectin-like low Density lipoprotein receptor-1 (LOX-1)  

1.5.2.1 LOX-1 receptor structure  

Human LOX-1 (OLR1) is a membrane receptor and a type II membrane 

glycoprotein that is made of 273 amino acids, with an apparent molecular 

weight of ~45-50 kDa due to N-glycosylation. The C-type lectin-like domain 

(CTLD) makes up most of the bulk of the glycoprotein (130 residues) and 

contains an important hydrophobic channel, a neck domain, a 

transmembrane domain and a 34-residue cytoplasmic domain (Figure 1.8). 

The hydrophobic tunnel is enclosed in a quasi-conical mixed hydrophilic and 

hydrophobic structure. Mutations in this structure have beeng linked to 

impairment of binding capability of LOX-1 receptor to specific ligands 

(Biocca et al., 2009). LOX-1 is found on macrophages, platelets, endothelial 

and vascular smooth muscle cells (Chen et al., 2001; Yoshida et al., 1998). 
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Figure 1.8: LOX-1 domain structure. (A) Schematic representation of the LOX-

1 membrane protein. (B) Model of the different aspects of the LOX-1 membrane 

protein excluding the cytoplasmic domain. Abbreviations: CTLD, C-type lectinlike 

domain; Neck, helical stalk or neck domain; TM, transmembrane domain. 

Adapted from Kore et al.,2022.  
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The LOX-1 (OLR1) gene is located on the short arm of human chromosome 

12 called and is within the loci encoding innate immunity receptors. In 

contrast to other scavenger receptors, LOX-1 has a structure and sequence 

similar to a class of immune receptors found on natural killer (NK) cells 

(Yamanaka et al., 1998; Aoyama et al., 1999). The OLR1 gene is made of 

7000 base pairs in the form of 6 exons and 5 introns. Single nucleotide 

polymorphic mutations in these segmental coding bases were shown to 

have a wide array of consequences with variable importance (Sentinelli et 

al., 2006; Palmieri et al., 2013; Biocca et al., 2009). Whilst some of these 

polymorphic forms are of uncertain significance, a deletion of exon 5 

resulting in loss of a segment of the CTLD domain is proven to have an anti-

atherogenic effect (Mango et al., 2011). 

In normal homeostatic state, LOX-1 receptors are expressed in low 

concentrations and contribute to the innate immunity versatility. They 

dispose of circulating apoptotic cells and cellular debris. Certain 

pathological conditions including atherosclerosis, carcinogenesis, obesity, 

cellular transformation and inflammatory response trigger induction of LOX-

1 receptors expression (Binder et al., 2016). Activated LOX-1 receptors 

triggers an oxidative stress response leading to destabilization of 

atheromatous plaques and consequently plaque rupture leading to 

atheroembolization that results in the clinical cardiovascular, 

cerebrovascular and peripheral arterial disease presentations associated 

with atherosclerosis (Boullier et al., 2000). Animal experimental work on 

ORL1 knockout mice showed that the resultant atherosclerotic lesions were 

considerably limited and less dense compared to the ORL1 expressing 

mice. These mice also were protected from periaortitis (inflammation of the 

aorta and the periaortic tissues) and developed a reduced response to 

ischaemia and reperfusion injury (Mehta et al., 2002).  Additionally, 

induction of LOX-1 expression and the higher concentrations of ox-LDL 

were linked to cell dysfunction, inflammation and injury in the same animal 

module.  
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1.5.2.2 LOX-1- signalling pathway 

The activation of LOX-1 receptors by bondage of oxLDL and other ligands 

activates a sequence of interconnecting cellular signalling pathways that 

result in foam cell formation, proliferation of vascular smooth muscle cells, 

platelet activation, generation of reactive oxygen species (ROS), and 

collagen degradation which are the key steps in atherogenesis (Xu et al., 

2013); (Pothineni et al., 2017). The specific signal activation and 

transduction is shown in Figure 1.9 below. The imbalanced state of 

oxidative stress caused mainly by reduction of nitric oxide (NO) and 

increased production of  ROS leads to endothelial cell dysfunction which is 

the rate limiting step in atherogenesis (Ogura et al., 2009); (Kataoka et al., 

2001). 

 

1.5.2.3 LOX-1 receptors and disease process 

LOX-1 receptors have been studied in a spectrum of pathological 

processes. Examples of these pathologies are given below. Figure 1.9 gives 

a summary of disease processes that are linked to LOX-1 receptors.  
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Figure 1.9: LOX-1-mediated signalling in physiology and pathology. 

Schematic representation of role of LOX-1 in different signalling processes 

impacting on cell and tissue responses. Abbreviations: ↑, increased; ↓, 

decreased; AGE, advanced glycation end product; Ang II, angiotensin II; 

ICAM-1, intercellular adhesion molecule-1; MAPK, mitogen-activated protein 

kinase; MCP, monocyte chemoattractant protein; MMP, matrix 

metalloproteinase; NF-κB, nuclear factor–kappa B; NO, nitric oxide; PKC, 

protein kinase C; TGF, transforming growth factor; VCAM-1, vascular cell 

adhesion molecule-1.  Adapted from Pothineni et al. (2017). 
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1.5.2.3.1 Endothelial dysfunction 

Endothelial dysfunction is characterized by reduction of endothelium-

dependent relaxation, endothelial cell apoptosis and increased monocyte 

adhesion to endothelial cells, (Xu et al., 2013). As shown in Figure 1.9, 

activation of LOX-1 receptors leads to reduction of NO production which is 

an important stimulus for smooth muscle relaxation. Reduced levels of NO 

expectedly lead to lack of arteriolar dilatation of vascular beds resulting in 

myocardial infarction and cerebrovascular events (Shi et al., 2011). 

Evidence from experiments on atherosclerosis-prone apolipoprotein E 

(APO-E) deficient mice which had existing atherosclerotic lesions and were 

treated with Anti-LOX-1 antibodies demonstrated that the balance of NO-

mediated coronary dilation was restored. The same antibody treatment 

showed no effect in wild-type mice (Xu et al., 2007).  

As formerly mentioned, recruitment of inflammatory cells is crucial in 

atherogenesis.  Recruitment of inflammatory cells to the endothelium is 

crucial in the, the development of atherosclerosis. Incubated human 

endothelial cells extracted from coronary arteries in an ox-LDL-rich media 

showed increased monocyte chemoattractant protein-1 (MCP-1) production 

as well as monocyte adhesion to HCAEC (Li and Mehta, 2000). Human 

LOX-1 antisense RNA seems to inhibit this response which supports the 

key role of LOX-1-mediated monocyte adhesion in atherogenesis.  

 

1.5.2.3.2 Vascular smooth muscle cells migration and proliferation 
 

Vascular smooth muscle cells (VSMC) migration and proliferation is one of 

the defining characteristics of atherosclerosis. Overexpression of LOX-1 

receptors due to ox-LDL bindings activates NF-κB- and JNK-signalling 

which consequently leads to VSMC growth and proliferation. This pathway 

was inhibited by using LOX-1 antisense mRNA in vitro (Xu et al., 2013). 

This was also supported by the work of Hinagata and co-workers who gave 

anti-LOX-1 antibody to rats after inducing an intimal injury with an 

angioplasty balloon. The treated rats demonstrated suppression of oxidative 

stress, VSMC proliferation and leucocyte infiltrates (Hinagata et al., 2006).  
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1.5.2.3.3 Macrophage foam cell formation  

At early stages of atherosclerosis it is known that the internalization and 

processing of ox-LDL by macrophages forming foam cells contributes to the 

atherogenic process.   In his work, Popovic and co-workers examined the 

effect of incubating human macrophage cells with inflammatory mediators, 

Interleukin-4 (IL-4) and interferon Gamma (IFNγ), and compared them to 

untreated macrophages. The induced macrophages formed more foam cells 

and also showed increased expression of LOX-1 receptors which support 

that foam cell formation is a LOX-1 mediated pathway (Popovic et al., 

2017). 

 

1.5.2.3.4 Platelet activation and thrombosis 

Platelets express LOX-1 receptors and hence have the capability to 

internalize ox-LDL. This leads to suppression of nitric oxide synthase and 

platelets aggregation (Chen, Mehta and Mehta, 1996). Platelets retrieved 

from atherosclerotic plaques in post mortem examination of patients 

suffering from angina showed increased expression of LOX-1 receptors 

(Chen et al., 2001).  Animal studies where anti-LOX-1 antibodies were used 

to block LOX-1 receptors showed reduction in the formation of an arterial 

thrombus and reduced platelets count in the atherosclerotic plaques 

(Kakutani et al., 2000). Additionally, platelet activation varied significantly 

when polymorphic LOX-1 platelets were exposed to ox-LDL (Puccetti et al., 

2007). 

 

1.5.2.3.5 Hypertension  

The renin-angiotensin system (RAS) is an important determinate of blood 

pressure homeostasis so imbalance in this system leads to hypertension. 

Data suggest that RAS is activated by increasing levels of circulating oxLDL 

(Chen and Mehta, 2006). Increased levels of ox-LDL also induce LOX-1 

receptor expression, not only by direct signalling, but also by means of 

stimulating RAS which triggers LOX-1 receptors as shown in Figure 1.7 

(Pothineni et al., 2017).  Angiotensin receptor (ATR) blockers were used by 
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Nagase and colleagues on an APO-E null mice fed on a cholesterol-rich diet 

and these mice showed reduced extent and burden of atherosclerosis 

(Nagase et al., 1997). Furthermore, the same group investigated the 

expression of LOX-1 receptors on aortic samples from hypertensive mice 

and those receptors were found to be overexpressed compared to healthy 

mice, which proves the linkage of hypertension to LOX-1 expression 

(Nagase et al., 1997).  

 

1.6 Antibodies and alternative synthetic protein technology 

1.6.1 Introduction 

Antibodies are proteins that occur naturally to bind antigens (non-self) 

molecules or pathogens as a means of immune recognition and defense. 

Antigen targeting using antibodies with predefined specificity is a technology 

that was first introduced in 1970s (Köhler and Milstein, 1975). Since then 

this technology gained much attention and is used in biomedical research 

for diagnostics, disease treatment and different applications. The approach 

to produce clonal antibodies has been exploited to produce large quantities 

of a specific antibody directed to a specific ligand. In the past 40-50 years, 

antibody production techniques have improved tremendously. For instance, 

bacteriophage display systems can be used to screen and identify clonal 

antibodies to target pathological antigens (Clementi et al., 2012). The 

concept of polyclonal and monoclonal antibodies was also an area of 

development in the past few decades. Polyclonal antibodies are derived 

from multiple cells and tissues and have wide binding properties, whereas 

monoclonal antibodies are clonal, derived from a single cell line and bind to 

a single epitope or defined antigen.  

 

1.6.2 Applications and limitations of antibodies 

Monoclonal antibodies are a fundamental tool in immunoblotting (Magi and 

Liberatori, 2005), immunoprecipitation (Kaboord and Perr, 2008) and 

immunohistochemistry (Stack et al., 2014) amongst other uses. These 
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abilities of antibodies give them the advantage of being used to analyse 

animal and human blood and other fluids by tests like enzyme-linked 

immunoassay (ELISA) (Lequin, 2005) and immunosensors (Luppa et al., 

2001). The specificity and sensitivity of antibodies binding to cell surface 

proteins is a feature with important applied medical usage. For instance 

rheumatoid arthritis (RA) is treated with monoclonal antibodies that target 

ligands on certain inflammatory cells and disrupt their function, which 

controls the patient’s symptoms and the disease progression (Bossaller and 

Rothe, 2013). Similar uses exist for inflammatory bowel disease (Shah and 

Mayer, 2010), neoplasms (Scott et al., 2012) and hypercholesterolaemia 

(Sabatine et al., 2017). Antibodies have also been used to enhance drug 

delivery systems in certain diseases to improve the tissue concentration and 

bioavailability of the medication in that specific tissue which reduces the 

systemic side effects of the medication (Firer and Gellerman, 2012). 

Different ways of utilizing antibodies in target detection are shown in Figure 

1.10. 
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Despite their versatile abilities and usefulness, antibodies have some 

technical limitations. Polyclonal antibodies, for instance, have a wide batch 

variability which renders them less useful and as there is a long process of 

trial and error to get the desired antibody at the desired concentration, this 

requires time and money and hence limits their commercial use (Bradbury 

and Pluckthun, 2015). Isolation of monoclonal antibodies resolves the issue 

 

Figure 1.10: Different methods of immunoassay. (A) Direct 

immunoassay, (B) indirect immunoassay, (C) sandwich immunoassay, and 

(D) indirect sandwich immunoassay. Created using Biorender.com. 
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of batch variability; however, it still doesn’t address the matter of cost. 

Furthermore it, still requires animal hosts for production and it is technically 

demanding and this consequently prolongs the production time. Monoclonal 

antibodies are generally favoured in therapeutic application because as 

they are raised from a single clone and should interact with a single target 

epitope, their effects should be consistent and predictable. The cost is the 

most limiting factor for the wide spread use of monoclonal antibodies in 

clinical circumstances. Alemtuzumab, for example, is a monoclonal antibody 

used in the treatment of leukaemia which costs £37,000 per year per patient 

(Shaughnessy, 2012). Another issue with antibodies is their relatively large 

size (150 kDa) which limits their permeability to certain tissue in the body. 

Alternative technologies are under development to overcome the 

shortcomings of antibodies. Fragment antigen bindings (Fab) and single-

chain variable fragments (scFv) are examples of these particles.  As they 

lack the constant fragment (Fc) region, their size is considerably smaller 

and hence offers more versatility compared to the original antibody they are 

derived from (Bird et al., 1988; Xenaki et al., 2017) (Figure 1.11). Moreover 

they also can be expressed in bacterial cells for mass production and this 

helps reduce the cost. Despite these characteristics these particles also 

have limitations. For instance, they are grown in bacteria which lack the 

capability to form disulphide bonds and the exposed hydrophobic residues, 

thus rendering these fragments unstable (Helma et al., 2015). This 

challenge could to some extent be resolved by using strains of engineered 

Escherichia coli (E.coli) bacteria (Bertelsen et al., 2021). These fragments 

are also prone to protein aggregation which can cover their binding surface 

and disable their function especially when expressed as intrabodies 

(intracellular expression) (Ewert et al., 2004). The need for alternatives to 

antibodies and antibody fragments, to express the benefits and limit the 

pitfalls (Helma et al., 2015)), has given rise to antibody mimetics, non-

antibody scaffolds or nanobodies (Helma et al., 2015). 
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Figure 1.11: Antibody structure and variations. Basic structure and sizes of 

antibodies, antibody fragments and single chain variable fragments. Adapted 

from www.SinoBiological.com.  
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1.6.3 Antibody alternatives 

Antibody alternatives are synthetic scaffolds that carry the ability to bind 

specific ligands, as do classical antibodies, and simultaneously overcome 

some of the shortcomings of antibodies. They are smaller in size with 

simpler structure and relatively easier and cheaper to produce (Sternke et 

al., 2019). The use of these scaffolds have being described and 

experimented for medical uses including toxin neutralisation (Jenkins et al., 

2019). Figure 1.12 shows examples of these scaffolds and some of them 

are discussed in more depth in the next section. 
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Figure 1.12: Antibody alternatives and their characteristics. Adapted from 

Jenkins et al. (2019). Abbreviations: MW, Molecular weight,; Tm, Denaturation 

temperature; Ct, Current Phase; YoD, Year of Development.   
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1.6.3.1 Nanobodies (Nbs) 

These nanobodies (Nbs) are IgG-based particles are composed of 110-136 

amino acids and consist of a single heavy-chain region and a variable 

domain (VH) which includes the antigen binding site (Conrath et al., 2005). 

They are much more thermostable then classical antibodies and have a 

small molecular weight that varies between twelve and fifteen kDa which 

gives them the ability of higher deep tissue penetration (Dolk et al., 2005).  

The complementarity determining region 3 (CDR3) loop is the binding site 

on the variable domain and this loops is extended on Nbs which combined 

with their small size allows them to bind and neutralize hidden epitopes that 

regular antibody cannot bind to (Manglik et al., 2017).  

Nbs have a short half-life (1-6 h) secondary to their different 

pharmacokinetic behaviour and this characteristic is considered  a “double-

edged sword” ,where  in situations where rapid clearance is needed it is an 

advantage, whilst if longer tissue availability is key in treatment then multiple 

dosing will be required (Van Audenhove et a.l,  2016).  Trials to improve the 

Nbs half-life by glycation using polyethylene glycol (PEG) has some 

success; however, it resulted in reduction of Nbs-PEG tissue penetration 

due to increased size (Holt et al., 2003).  

 

1.6.3.2 Adnectins 

Adnectins or monobodies are structurally based on the type III domain of 

the adhesive glycoprotein, fibronectin (Lipovšek et al., 2011). Fibronectin is 

abundant in human blood and extracellular matrix and is easily extractable 

thus adnectins are relatively easy to synthesize and they bear resemblance 

to the variable domains of antibodies (Ramamurthy et al., 2012). These 

factors, in addition to their compact size of ≤12 kDa, led to the interest in 

these particles as antibody alternatives (Ramamurthy et al., 2012). They are 

made up of seven β-strands joined by six loops arranged in a double 

antiparallel β-sheet fold (Lipovšek et al., 2011). Disulphide bones and free 

cysteine residues contribute to their thermostability, as these bonds require 

a temperature of 84°C to breakdown in addition to a reducing condition and 

this makes them suitable to be produced in bacterial cells (Plaxco et al., 

1997). They can reach high volumes of distribution and rapid penetration of 

tissues due to their small size and soluble nature, although this eventually 



37 
 

leads to rapid clearance by the kidneys (Mitchell et al., 2014). Oncological 

studies at phase II of trials are taking place to investigate the potentials of 

adnectins, but some studies suggest that their use in other fields is 

controversial (Vazquez-Lombardi et al., 2015; Koutsoumpeli et al., 2017). 

 

1.6.3.3 Designed ankyrin repeat proteins (DARPins) 

As the name suggests, these synthetic protein scaffolds are based on 

ankyrin repeats (AR) which are protein-protein interaction domains found in 

many species (Bork, 1993). DARPins consist of two or three internal AR 

domains joined by a six-residue β-turn which is the binding site for potential 

protein targets (Binz et al., 2003). The β-turn can be modified to adapt to a 

wide range of targets by altering the sequence of the amino acids 

(Plückthun et al., 2015). 

DARPins are easily expressed in E.coli and have a molecular mass of 15-

18 kDa (Binz et al., 2017). Owing to their high thermostability and adaptive 

pharmacokinetics, they can be used intravenously, topically, nasally, orally 

or by inhalation (Stumpp et al., 2008). Clinical Phase II trials have assessed 

the use of DARPins in oncological treatment as a tissue-specific delivery 

system. This is thought to reduce hepatotoxicity from some 

chemotherapeutic agents (Münch et al., 2013). They also exhibit the 

capability to bind to and neutralize protein targets useful in toxicology work 

(Rodon et al., 2015). 

 

1.6.3.4 β-Hairpin mimetics 

These consist of two antiparallel β-strands connected by a loop with an 

exceptionally small size (approximately 1.7 kDa) which allows good tissue 

penetration and distribution (Fasan et al., 2004). Their ability to activate the 

p53 tumour suppressor protein led to investigations for their use in early 

cancer management and therapy (Fasan et al., 2006).  
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1.6.3.5 Anticalins 

Anticalins are derivatives of lipocalins that consist of 150-180 synthetic 

residues and have an extremely high affinity to certain protein targets that 

are involved in tumour growth and inflammation (Rothe et al., 2018). Fifteen 

naturally occurring anticalin isotopes have been isolated from human 

plasma which are thought to play an important role in the inflammatory 

response and carcinogenesis (Rothe et al., 2018). 

 

 

1.6.3.6 Affimers 

First described by Tomlinson, McPherson and colleagues, these plant 

phytocystatin synthetic scaffolds gained global interest due to their desirable 

characteristics (Tiede et al., 2014). For instance, they are extremely 

thermostable and degradation occurs beyond water boiling point (Tiede et 

al., 2017). The core structure is an α-helix reinforced by four antiparallel ß-

strands forming a β-sheet with two variable regions that act as potential 

binding sites for targets (Figure 1.11). A bacteriophage-based Affimer library 

can be screened against a specific target with up to 1.3x1010 independent 

Affimer clones within the library (Tiede et al., 2014). The targets can include 

proteins, DNA, lipids or small molecules. Affimers have been isolated to 

different antigens such as tubulin, vascular endothelial growth factor 

receptor 2 (VEGFR2), ion channel TRPV2 and cancer antigen tenascin C 

(Tiede et al., 2017). Discussions on Affimers will follow in the later chapters.  
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Figure 1.11: Affimer structure. The core Affimer scaffold (80 residues) is 

composed of a single α-helix supported by a β-sheet made of four anti-

parallel β-strands. Two flexible variable loops (interaction loops 1 and 2) 

contain 9 residues each and their sequence is randomized in a 

bacteriophage library. Affimers with variable loops confer specific target 

antigen which could be identified and isolated using phage display. Created 

using Biorender.com 
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1.7 Summary and hypothesis  

In this work we detail the experiments that seek better understanding of the 

LOX-1 protein in the uptake of oxLDL by endothelial and vascular cells 

using a novel class of synthetic protein scaffold called Affimers. Five 

different anti-LOX-1 Affimers were isolated human LOX-1 as a target 

antigen. To better evaluate the properties of Affimers on LOX-1 recognition, 

we developed assays to assess Affimer-based recognition of LOX-1-

mediated oxLDL recognition and uptake. We hypothesise that Affimers are 

as a better antibodies-alternative in detecting LOX-1 receptors and blocking 

the uptake of ox-LDL by endothelial cells. Our findings provide the basis for 

development of synthetic scaffold proteins (Affimers) to LOX-1 as a new 

route for diagnostics and therapeutics.  
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Chapter 2 

Materials and methodology 

 

2.1. Materials  

2.1.1 Chemicals and reagents  

All chemicals and reagents are sourced from Sigma-Aldrich (Poole, UK), 

Thermo Fisher Scientific (Loughborough, UK) or BDH (Poole, UK) unless 

otherwise stated. Restriction enzymes were obtained from New England 

Biolabs (Hitchin, UK), Promega (Southampton, UK) or Fermentas Life 

Sciences (York, UK). 

2.1.2. DNA plasmids 

DNA plasmids encoding recombinant Affimer cDNAs were used for 

expression and purification of the five LOX-1-specific Affimers; these were 

obtained from B. Roper (University of Leeds, UK). Plasmids were made in 

E.coli XL-10 bacterial strain and purified using plasmid DNA preparation kits 

as specified by manufacturer (Thermo Fisher Scientific). Purified plasmid 

was stored at -20°C and transformed into E.coli BL21*(DE3) bacterial strain 

for production and purification the respective LOX-1-specific Affimers.  

2.1.3 LOX-1 Plasmids 

Plasmid pET15b expression vector encoding either human LOX-1 

extracellular domain (ECD-LOX-1; residues 68-273) or the C-type lectin 

domain (CTLD-LOX-1; residues 143-273) were previously cloned by R. 

Vohra (University of Leeds, UK) was kindly provided by S. Ponnambalam, 

(University of Leeds, UK).  

2.1.4 Bacterial Strains 

The XL-10 Gold E.coli strain TetrΔ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F ́ proAB lacIqΖΔM15 
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Tn10 (Tetr) Amy Camr] was from Stratagene (CA, USA) and was used for 

plasmid propagation and cloning. The BL21*(DE3) E.coli strain (F– ompT 

hsdSB (rB – mB –) gal dcm rne131 (DE3)) was from Novagen (Nottingham, 

UK). BL21*(DE3) is a modified bacterial strain specifically engineered to use 

the T7-based plasmid expression system resulting in enhanced protein 

expression. It also harbour an RNaseE (rne131) gene mutation which is the 

major source of mRNA degradative enzymatic action. BL21*(DE3) was 

used for recombinant soluble LOX-1 production. 

 

2.1.5 Human cell lines  

Tetracycline-inducible LOX-1 expressing HEK293 T-Rex cells were 

provided by Mr. B. Roper and I. Abdul-Zani (University of Leeds, UK).  

 

2.1.6 Antibodies 

Antibodies used for the experimental work were purified in-house or brought 

as readymade antibodies as follows:  

Mouse anti-FLAG M2 (Sigma-Aldrich, Poole, UK), horseradish peroxidase 

(HRP)-conjugated secondary antibody (ThermoFisher, AlexaFluor-488 and -

594 conjugated secondary antibodies (Invitrogen, Paisley, UK). The 

following antibodies were produced in the Ponnambalam laboratory 

(University of Leeds, UK): sheep anti-LOX-1 (Diagnostics Scotland, 

Edinburgh, UK), rabbit anti-LOX-1 (Eurogentec, Seraing, Belgium). 

Antibodies used in this project are listed in Table 2.1 with concentrations 

and sourcing details. 
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Antibody 

 

Source Host Original 

concentration 

(mg/ml) 

Dilution 

(Western blot / 

Immunofluorescence) 

Monoclonal 

anti-FLAG 
 

Sigma 

Aldrich 

(Poole, 

UK) 

 

Mouse 

 

1 

 

WB 1:1000 

IF 1:300 

Polyclonal  

anti-LOX-1 

(crude serum) 

Ponnambal

am lab, 

purified 

from crude 

serum 

 

Rabbit  

 

10 mg/ml 

(total IgG) 

 

WB 1:1000 

 

Polyclonal anti-

LOX-1 
Ponnambal

am lab, 

purified 

from crude 

serum 

 

Sheep 

 

 

1 

  

WB 1:1000 

IF 1:500 

HRP-

conjugated anti 

-tubulin 

 

Proteintech 

(Rosemont 

IL, USA) 

 

 

Mouse 

 

2 

 

WB 1:5000 
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AlexaFluor™ 

488 conjugated 

anti-mouse 

secondary 

 

Thermo 

Fisher 

(Waltham, 

MA, USA) 

 

 

Donkey 

 

2 

 

IF 1:500 

 

 

HRP 

conjugated 

anti-rabbit 

secondary 

 

Jackson 

Immuno 

Research 

(Ely, UK) 

 

Donkey 

0.8 IF 1:1000 

 

HRP 

conjugated 

anti-sheep 

secondary 

 

 

 

Jackson 

Immuno 

Research 

(Ely, UK) 

 

Goat 

0.8 IF 1:1000 

 

HRP 

conjugated 

anti-mouse 

secondary 

 

Jackson 

Immuno 

Research 

(Ely, UK) 

 

Goat 

0.8 IF 1:1000 

 

Table 2.1: Antibodies used in these studies.  
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2.2 Experimental methods  

2.2.1 Preparation of competent bacterial cells  

BL21*(DE3) or XL-10 cells were streaked onto Luria-Bertani (LB) agar 

plates (1% (w/v) bacto-tryptone, 1% (w/v) NaCl 0.5% (w/v), bacto-yeast 

extract, 1.5% (w/v) agar, pH 7.0) and grown at 37°C overnight, using a 

single colony and inoculating it in a flask containing 50 ml of LB media (1% 

(w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract and 1% NaCl, pH 7.0). 

This was incubated at 37°C for 24 hours with continuous shaking. Using a 

dilution of 1:20, the stationary phase bacteria were grown until the 

OD600nm reached a density of ~0.5. The culture was then put on ice to 

cool for 15 min. Following this the cultures were spun in a pre-cooled 

benchtop centrifuged at 4000 rpm for 5 min at 4°C. Supernatant was poured 

out and the cell pellet resuspended in the residual liquid by vortexing. 20 ml 

of ice cold TfbI (100 mM RbCl2, 50 mM MnCl2, 30 mM potassium acetate, 

10 mM CaCl2 and 15% (v/v) glycerol, pH 5.8) was then added per 50 ml of 

original culture and cells gently resuspended before incubating on ice for 45 

min. Following this the cells were then centrifuged in a pre-cooled 4°C 

benchtop centrifuge at 4000 rpm for 10 min. Supernatant was decanted by 

pouring and cells gently resuspended in 4 ml of ice cold TfbII (10 mM 

MOPS, 75 mM CaCl2, 10 mM RbCl2 and 15% (v/v) glycerol, pH 6.5) per 50 

ml of original culture. Cells then incubated on ice for 30 min before 

aliquotting into 50-100 μl aliquots and snap frozen on dry ice for storage at -

70°C. 

 

2.2.2 DNA transformation into competent bacterial cells  

Plasmid DNA (1.5 μl) was added to 100 μl of thawed competent cells 

(prepared from previous section). E.coli XL10 gold (for bacterial plasmid 

replication) or BL21*(DE3) (for protein expression) were the cells of choice. 

These cells with the added plasmid were then incubated on ice for 5 min. 

Cells were heat-shocked by placing in a water bath at 42°C for 1 min and 

returned to ice for 5 min. Sterile LB media at 1 ml of was added to cells and 

incubated while shaking at 37°C for 1 h. Cells were then plated onto LB 
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plates containing ampicillin 100 μg/ml and incubated at 37 °C overnight 

before selection of a bacterial colony now incorporating the recombinant 

plasmids. Alternatively the culture plates could be stored at 4 °C for two 

weeks. 

 

2.2.3 DNA purification 

A single colony of E coli XL-10 gold transformed with the plasmid of interest 

was selected from LB-agar plates and inoculated into 3 ml of LB containing 

ampicillin 100 μg/ml and incubated at 37°C for 18 hours in a shaking 

incubator (150 rpm). Following this, 1.5 ml of the culture was centrifuged at 

16000 g for 5 minutes to pellet the bacterial cells. Plasmid DNA was 

extracted using a miniprep kit (Qiagen, Crawley, UK) according to the 

manufacturer’s instructions.  

 

2.2.4 Plasmid DNA sequencing  

600 ng of the plasmid samples were purified using commercial kits as 

previously described then made up to 25-30 ng/μl in a 20 μl volume using 

deionized water. These were sent to the DNA Sequencing Service (Dundee 

University, UK) for analysis. DNA sequences were emailed back after 

analysis. 

 

2.2.5 E.coli expression of recombinant human soluble LOX-1  
 

Human LOX-1 plasmid was transformed into E.coli BL21*(DE3) cells and 

selected on Luria-Bertani (LB) agar plates with ampicillin (100 μg/ml) and 

incubated overnight at 37°C . A single colony was inoculated in a sterile 50 

ml LB medium (1% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract and 

1% (w/v) NaCl, pH 7.0) with added 100 μg/ml ampicillin, which was then 

incubated with shaking overnight at 37°C. A 20 ml overnight culture was 

then added to a 1 L culture of LB medium with 100 μg/ml of ampicillin and 

incubated with shaking at 37°C until the OD600nm ~0.6. At this stage 

isopropyl β- d-1-thiogalactopyranoside (IPTG) at 0.1 mM was added (1:10 

000 dilution from 1 M IPTG stock) to induce the cultures to induce 
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recombinant protein expression which then were returned to the incubator 

for 16 hours at 25°C for continued protein expression. Next day, bacterial 

cultures were centrifuged at 4000 rpm for 30 min at 4°C and supernatant 

was discarded.  

 

2.2.6 Purification of recombinant human LOX-1 
 

The bacterial pellet was resuspended in 20 ml of lysis buffer (10 mM Tris pH 

7.8, 1 mg/ml lysozyme, 1 mM PMSF, 1 U/ml benzonase) and incubated on 

ice for 30 min. The cell suspension was sonicated for 6 x 30 sec each at 15 

μM amplitude. The lysed cells were then centrifuged at 10 000 rpm for 15 

min. The supernatant was removed and the inclusion body pellet were 

resuspended in 40 ml solubilization buffer (10 mM Tris pH 8.0, 6 M GnHCl, 

100 mM NaH2PO4) before vortexing and sonicating them for 6 x 30 sec 

bursts. This was centrifuged again as before; the solubilised protein was 

incubated with ~0.5-1 ml of washed nickel-agarose resin (in a 20 ml 

column) on a rotator at 4°C for 30-60 min. The column was allowed to drain 

and flow-through kept for later analysis. Columns were washed 2 x column 

volumes (~40 ml) with solubilisation buffer plus 1% TX-100 (w/v). The 

columns are then washed in 10-20 ml solubilization buffer (+ 1% TX-100 + 

20 mM imidazole) to get rid of non-specific bound proteins. The column was 

washed backed into 10-20 ml solubilisation buffer (no detergent or 

imidazole). The peak fractions were then eluted in 5-10 x 1 ml fractions of 

solubilisation containing 250-500 mM imidazole. Elution fractions with 

measured absorbance OD280>0.1, now containing the soluble LOX-1 

protein, were pooled together for refolding and dialysis. Purity of soluble 

LOX-1 was checked by running it against BSA in 12% agarose gel.  

 

2.2.7 Recombinant human sLOX-1 refolding process 
 

To the pooled LOX-1 fractions from previous section, 100 mM dithiothreitol 

(DTT) was added, gently mixed and incubated at 4°C for 1 hour. To remove 

the DTT, the LOX-1 fractions were then placed in a dialysis membrane and 

dialysed overnight at 4°C using the initial dialysis buffer (4 M GuHCl, 50 mM 

Tris pH 8.0). Then to allow correct format of refolding, the purified sLOX-1 
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protein was sequentially dialysed using 6 variable-constitution dialysis 

buffers and each is used for at least 12 hours. Buffer 1 (50 mM Tris-HCl pH 

8.5, 4 M GuHCl, 0.4 M L-Arginine, 0.4 sodium chloride, glycerol (v/v)10%, 

0.5 mM oxidized glutathione, 5 mM reduced glutathione). Buffer 2 (50 mM 

Tris-HCl pH 8.0, 3M GuHCl, 0.4 M L-arginine, 0.4 sodium chloride, glycerol 

(v/v)10%, 0.5 mM oxidized glutathione, 5 mM reduced glutathione). Buffer 3 

((50 mM Tris-HCl pH 8.5, 3 M GuHCl, 0.4 M L-arginine, 0.4 sodium chloride, 

glycerol (v/v)10%, 0.5 mM oxidized glutathione, 5 mM reduced glutathione). 

Buffer 4 (50 mM Tris-HCl pH 8.5, 1 M GuHCl, 0.4 M L-arginine, 0.4 sodium 

chloride, glycerol (v/v)10%, 0.5 mM oxidized glutathione, 5 mM reduced 

glutathione). Buffer 5 (50 mM Tris-HCl pH 8.5, 0.4 M L-arginine, 0.4 sodium 

chloride, glycerol (v/v)10%, 0.5 mM oxidized glutathione, 5 mM reduced 

glutathione). Buffer 6 (50 mM Tris-HCl pH 7.5, 50 mM sodium c 

hloride). If precipitations form (Figure 2.1), the dialysate is centrifuged at 

100 000 g for 30 min at 4°C and returned to the dialysis membrane. After 

the final dialysis and centrifugation, sLOX-1 fraction was mixed with an 

equal volume of 50% (v/v) glycerol (25% (v/v) glycerol final concentration), 

snap frozen, and stored at -80°C. 
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Figure 2.1 Dialysis of sLOX-1 proteins against buffer 4. The soluble LOX-1 

proteins were dialysed extensively against buffer 4 (see Materials and Methods). 

sLOX-1-ECD (left) remained clear whilst sLOX-1-CTLD (right) contained solid 

white precipitated protein. These precipitations could be removed by centrifuging 

at 100 000 g for 30 min at 4°C before further dialysis. 
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2.2.8 Affimers production and purification 

10-50 μl aliquots of BL21*DE3 cells were thawed on ice allocated before 

adding 1 μl of the 5 LOX-1-specific plasmids encoding Affimers which were 

incubated on ice for 30 min. Following a heat shock at 42°C for 2 min, the 

cells were returned to ice for 5 minutes. The resultant Affimer plasmid-

transformed bacterial cells are then spread separately on LB agar + 

ampicillin (50 μg/ml) culture plates and kept in an incubator at 37°C 

overnight.  

Single colonies of the respective cultured bacteria harbouring the Affimer 

plasmids, were selected and added to 3 ml of 2xYT (16 g/L bactotryptone, 

10 g/L yeast extract, 5 g/L NaCl) and then incubated overnight at 37°C with 

shaking. Pre-warmed 50 ml 2xYT culture was inoculated with 1 ml of the 

incubated cultures and then put back in the incubator until absorbance 

OD600 reached ~0.6. Following this, the cultures were induced with 0.1 mM 

IPTG and incubated overnight at 25°C with shaking. The following day, the 

cultures were centrifuged at 4,000 rpm 4°C for 15 min. The supernatant was 

decanted and 1 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 

imidazole, 10% (v/v) glycerol, 0.1 mg/ml lysozyme, 1% (v/v) Triton X-100, 

10 U/ml benzonase pH 7.4) was used to resuspend the cell pellets before 

applying them to sonication at 50% power for 30 sec bursts x4 to avoid 

denaturing the proteins with the generated heat from sonication. These 

were then placed on a rotator wheel at 4°C for 20 min. Meanwhile 

preparation of the nickel-based agarose resin was prepared by washing 300 

μl/Affimer subtype of Ni-NTA agarose resin (Invitrogen) in 1ml of lysis 

buffer, gently mixed, centrifuged at 1,000 g for 1 min and the buffer 

decanted. This washing process was repeated 3 times. In a prewarmed 

water bath at 50°C, the lysates are incubated for 30 min and then on ice for 

3-5 min before centrifuging at 4,000 g for 20 min at 4°C. At this stage the 

lysates are added to the resin and kept on a wheel rotator for 2 h at 4°C. 

The resin binds to the Affimers leaving other proteins free to be collected by 

centrifuging at 1,000 g for 1 min following the 2 h incubation period. These 
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unbound proteins were stored at -20 °C for analysis. The resin bound 

Affimers were then repeatedly washed by adding 1 ml wash buffer (50 mM 

NaH2PO4, 500 mM NaCl, 20 mM imidazole, pH 7.4) and centrifuging at 

1000 rpm for 1 min. Wash fractions with OD280 ≥0.05 were pooled and 

eluted to free the Affimers from the resin using the elution buffer (50 mM 

NaH2PO4, 500 mM NaCl, 300 mM imidazole, 10% (v/v) glycerol, pH 7.4) in 

150 μl fractions. Elutions repeated until A280 readings on a NanoDrop 

Spectrophotometer were consistently <0.01. Elution fractions with A280 

readings >0.05 were pooled and dialysed with PBS containing 10% (v/v) 

glycerol. 

 

2.2.9 Maleimide-based biotinylation of Affimers  

Following elution from Ni-NTA, Affimers were biotinylated at the C-terminal 

cysteine residue. 150 ml of lysate containing Affimer was bound to Tris (2-

carboxyethyl) phosphine (TCEP) immobilized resin (ThermoFisher 

Scientific) and washed with 300 ul PBS containing 1 mM EDTA, mixing 

thoroughly and centrifuged at 1000 rpm for 1 min. The supernatant is then 

aspirated and 4 ul PBS containing 50 mM EDTA was added. To this, 150 ul 

of a 0.5 mg/ml concentration of each Affimer is added and left on a wheel 

rotator (20 rpm) for 1 h at bench temperature. The solution was spun at 

1000 rpm for 1 min and, carefully aspirating 130 ml of the supernatant, was 

transferred into a tube containing 6 ml of 2 mM biotin-maleimide (Sigma-

Aldrich) and incubated at room temperature for 2 h. Zeba spin desalting 

columns (Thermo Fisher Scientific) were prepared according to the 

manufacturer’s protocol and the Affimers were added to the columns and 

centrifuged at 1000 rpm for 5 min to remove excess biotin.  

 

2.2.10 N-Hydroxysuccinimide biotinylation of Affimers  

Where biotin-maleimide binds to the cysteine residues of Affimers, biotin-N-

hydroxysuccinimide modifies exposed terminal amines.  NHS-biotin (Sigma-

Aldrich) was prepared by dissolving the powder form and using serial 

dilution in dimethyl sulfoxide (DMSO) to reach a concentration of 0.25 
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ng/ml. Affimers at concentration of 0.5 mg/ml were added to the NHS-biotin 

in a volume ratio of 4:1 to the desired volume and incubated on ice for 1 

hour and then desalted using Zeba spin desalting columns (Thermo Fisher 

Scientific). 

2.2.11 Alexafluor-488 maleimide as a fluorescent tag for Affimers 

Using the Affimers that were “freshly” eluted from Ni-NTA resin, 150 μl 

fractions at 0.5 mg/ml concentration were incubated with 150 μl of washed 

Tris (2-carboxyethyl) phosphine (TCEP) immobilized resin (ThermoFisher 

Scientific) and incubated for 1 h at room temperature with agitation. The 

resultant solution was then centrifuged at 1,500 g for 1 min and 120 μl of 

the supernatant was extracted. To this, 6 μl/Affimer of 2 mM AlexaFluor 488 

C5 maleimide (Thermo Fisher Scientific) was added, gently mixed and 

incubated for 2 h at room temperature and protected from light by wrapping 

in foil. Zeba 7 kDa MWCO desalting columns (ThermoFisher Scientific) 

were used to remove unbound AlexFluor 488 according to the 

manufacturer’s instructions.  

 

2.2.12 Preparation of cell lysates 

Media was aspirated from flasks and cells were washed thrice in ice-cold 

PBS. Cell lysis was achieved by adding in 2% (w/v) SDS in PBS containing 

1 mM PMSF and protease inhibitor cocktail (Roche) and scraped into 

microcentrifuge tubes. Following this the lysates were incubated at 95°C for 

5 min and then burst sonicated for 5 sec. 

 

2.2.13 Bicinchoninic acid (BCA) assay for determining protein concentration 

Protein concentration was measured using bicinchoninic acid (BCA) assay. 

To generate a standard curve, 10 μl of bovine serum albumin (BSA) 

controls at concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml were 

pipetted into the wells of a 96-well polystyrene ELISA plate (Nunc, Roskilde, 

Denmark) in duplicate to generate test samples of 0, 2, 4, 6, 8 and 10 μg of 

BSA. The protein of interest was then pipetted at 1, 5 and 10 μl. Pierce BCA 

protein assay reagents A and B (Thermo Fisher Scientific) were mixed 
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together in a 50:1 ratio. 200 μl/ well of the mixture was added before 

incubating the plate at 37°C for 30 min. The readings were analysed using a 

Tecan plate reader running Magellan version 6.0 software (Tecan, Reading, 

UK). The standard curve generated from BSA was used by the programme 

to determine the protein concentration of the test protein. 

2.2.14 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

Polyacrylamide-based gel 12% or 15% at 1.5 mm thickness was used for 

protein analysis. The composition of the different gel concentrations making 

20 ml of gel is shown in table 2.2. These were topped with stacking gel that 

and a well comb was used to create the well spaces. Stacking gel 

composition for 200 ml was as follows: 

 30% Acryl 33.3 ml 

 1 M Tris 25 ml 

 10% SDS 2 ml 

 ddH2O 139.7 ml 

 10% APS 2 ml 

 TEMED 0.2 ml  

TEMED should be the last component to be added.  
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Solution (volume in 

ml) 
Gel percentage % 

 
6 7 8 10 12 15 

30% Acryl 4 4.7 5.3 6.7 8 10 

3M Tris 2.5 2.5 2.5 2.5 2.5 2.5 

ddH2O 12.9 12.2 11.6 10.2 8.9 6.9 

10% SDS 0.2 0.2 0.2 0.2 0.2 0.2 

10% APS 0.4 0.4 0.4 0.4 0.4 0.4 

TEMED 0.016 0.016 0.016 0.016 0.016 0.016 

Table 2.2: Percentage composition of polyacrylamide gels. 

 

A mass of 10-25 μg of whole lysates and 1-10 μg of purified protein would 

be run on the gels alongside a visible protein marker for referencing. Gels 
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were stained using Instant Blue Protein Stain (Stratech Scientific, 

Newmarket, UK) and imaged using a Syngene G Box:Chemi (Cambridge, 

UK). SDS-PAGE running buffer was prepared from 10X stock (30.3 g Tris, 

144.2 g glycine) making 1 l solution. 100 ml of this was then used in addition 

to 10 ml of 10% SDS and made up to 1 l by adding ddH2O to make up 1x 

SDS-PAGE running buffer.  

 

2.2.15 Western blotting 

Buffers were prepared as follows 

 1X Transfer buffer: 200 ml 10x transfer buffer, 400 ml 20% methanol, 

1400 ml ddH2O, PH 8.1 

 10X Transfer buffer: 30.3 g Tris, 144 g glycine were dissolved in 900 

ml of ddH2O and made up to 1 l volume, PH 8.1 

 TBS-T: 10 mM Tris, pH 7.5 , 150 mM NaCl , 0.1% Tween-20 

 

6 pieces of 3MM Whatman blotting paper and one strip of nitrocellulose 

membrane (BioRad) per gel were cut at the size of the gel and the top left 

corner of the nitrocellulose membrane was marked for easy orientation at 

later stages. The nitrocellulose membrane and the blotting papers are 

soaked in transfer buffer before stacking them. The gel was inverted on the 

nitrocellulose membrane and 3 blotting papers were used to sandwich them 

on either side ensuring air bubbles are removed from all the layers of the 

stack. This was then placed in the transfer cassette and placed in a transfer 

tank that was prefilled with transfer buffer. At constant current of 300mA at 

4° C the transfer tank was kept overnight to complete the protein transfer 

into the nitrocellulose membrane.  

To ensure protein transfer is complete, the nitrocellulose membrane was 

placed in Ponceau S solution to cover the membrane; the presence of 

visible bands confirm successful transfer. Remaining red stain from the 

Ponceau S was rinsed off with ddH2O followed by 3-5 washes with TBS-T. 

The membrane was then incubated in TBS-T with 1-5% (w/v) non-fat 

skimmed milk to a volume enough to cover the membrane 1 h and then 

washed with TBS-T 3 times for 10 min each. 1° antibody was prepared by 
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mixing  1% (w/v) non-fat skimmed milk in 20 ml TBS-T and adding 1° 

antibody to 1:1000-10,000 of serum final concentration. The nitrocellulose 

membrane was incubated in the TBS-T containing 1° antibody overnight at 

4° C. After the 1° antibody solution was drained and stored for one more 

useable time, the membrane was washed 3 times with TBS-T for 10 min 

each. In 20 ml of TBS-T, 2° antibody was diluted to 1:2500 in with1% 

skimmed milk and then added to the washed membrane and incubated at 

room temperature for 1 h on a rocker. The 2° antibody was drained and the 

membrane is washed 3 times for 10 min each time with TBS-T. Enhanced 

chemiluminescence (ECL) solution was made up by mixing reagents A and 

B in a 1:1 ratio to a volume ~500 μl total volume per membrane strip. The 

ECL solution was pipetted onto a sheet of plastic acetate to cover an area 

equal to the size of the membrane and the membrane blot was inverted a 

few times onto the ECL solution and ensuring that air bubbles between the 

sheet and the membrane are removed and the ECL activated membrane is 

allowed to set for 1 min then covered with a second acetate sheet. At this 

stage the membrane is ready to be imaged using a chemiluminescence 

workstation.  

 

2.2.16 Affimer-based ECD and CTLD detection 

LOX-1 ECD and CTLD domains were transferred on a nitrocellulose 

membrane along with tetracycline-induced and un-induced cell proteins. 

These membranes were then added to a dish containing a mixture of 20 ml 

TBS-T, 1% (w/v) skimmed milk and un-labelled Affimers at 1:1000 and 

incubated at room temperature overnight. These were done for all 5 LOX-1 

specific Affimers. The following day, TBS-T was decanted and the 

membranes washed with TBS-T and then incubated for 2 h at room 

temperature against TBS-T containing 2° antibody and 1% skimmed milk. 

Membranes were then washed with TBS-T 3 times for 10 min each and 

then treated with ECL as described in the previous section before imaging 

them in a chemiluminescence workstation. These were compared to 

standard 1° antibody tagged membranes. 
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2.2.16 Lipoprotein particle purification from blood 
 

18 ml blood sample were taken from consenting volunteers in accordance 

with the University of Leeds Faculty of Biological Sciences protocol and 

using local ethical approval and licence (University of Leeds reference 

BIOSCI 15-007). The blood was added to a falcon tube containing 2 ml of 

3.8% (w/v) trisodium citrate as an anticoagulant before centrifuging the 

sample at 3,000 rpm for 10 min at 4°C. The plasma layer (yellow) was 

carefully aspirated to isolate it from the precipitant blood cells (red)  and 

then transferred into a falcon tube containing Opti-prep density gradient 

medium (Sigma) at a  4:1 ratio.  The plasma was then pipetted out using a 

sharp glass pipettes and layered beneath 1 ml of HBS (0.85% (w/v) NaCl, 

10 mM Hepes, pH 7.4) that was initially pipetted to a 4.7 ml Optiseal 

centrifuge tube (Beckman Coulter, High Wycombe, UK). The centrifuge 

tubes were sealed by placing black bungs and tube collars on all tubes. 

Tubes were balanced and placed in a TL-110 rotor inside a Beckman 

Optima-MAX centrifuge and ran at 100 000 g for 3 h at 16 °C. At this stage 

the different lipoproteins formed distinct layers that could be aspirated and 

analysed as shown in Figure 2.2. Tubes were wrapped in Sellotape to 

reduce accidental mixing of the layers when piercing the tube with the 

needle. The tubes were then placed in clamps and using a 25-gauge needle 

and 1 ml syringe, the LDL band was aspirated (Figure 2.3). The LDL was 

then dialysed against PBS overnight at 4°C. BCA was used to measure the 

concentration of LDL following dialysis and concentration was adjusted to 1 

mg/ml with PBS. 
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Figure 2.2: Preparation of LDL from plasma. Plasma was extracted from whole 

blood and centrifuged at 100,000 g for 3 h (see Materials and Methods). This 

procedure separates LDL from HDL, LDL and VLDL. Abbreviations: VLDL, very 

low-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density 

lipoprotein; HDL, high-density lipoprotein particles. 
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2.2.17 Oxidation of LDL particles 

The LDL sample generated from previous section was divided into 2 

fractions. The first was was treated with 100 μM EDTA and 20 μM BHT 

(final concentrations) were added from stock solutions. This was wrapped in 

foil and stored at 4°C for up to 4 weeks and used as native- LDL (non-

oxidised) for comparative analysis alongside ox-LDL. The other fraction was 

processed for oxidation LDL sample for oxidation by incubating with 5 μM 

CuSO4 for 24 h at 37°C with protection from light by wrapping in tinfoil. 

After this period lapsed, 100 μM EDTA and 20 μM BHT were added to the 

Figure 2.3: Aspiration of lipoproteins. A 19 gauge needle attached to a 1 ml 

syringe is used to aspirate the different lipoproteins after separation using 

ultracentrifugation. A 1-2 ml band of LDL was aspirated from each tube and 

these were pooled and dialyzed in BPS overnight.   
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ox-LDL to halt the oxidation process and the tube placed on ice. Successful 

oxidation could be visibly observed by a colour change from yellow of the 

LDL to clear of ox-LDL. The final step was to dialyse the ox-LDL sample in 

PBS at 4°C with protection from light before measuring and recording the 

final concentration of ox-LDL and the native-LDL was determined by BCA 

assay.  

 

2.2.18 Agarose gel electrophoresis-based analysis of lipid particles 

4 μg of oxLDL and native LDL were loaded in 5x sample buffer (50 mM Tris 

pH 8, 50% glycerol, 0.025% bromophenol blue) onto a 0.5% (w/v) agarose 

gel running at 100 V for 45 min. The agarose gel was then fixed with a 

solution of 75% (v/v) ethanol and 5% (v/v) acetic acid at room temperature 

for 15 min. This solution was then decanted before using Sudan black in 

60% (v/v) ethanol and 0.05% (w/v) NaOH to stain the agarose gel. The gel 

was destained by washing briefly in ddH2O then incubating overnight in 

50% (v/v) ethanol at 4°C. By this stage the gel with visible LDL bands was 

ready for digital imaging. 

 

2.2.19 DiI-labelling of oxLDL 

The red fluorescent dye DiI DiIC18(5)-DS (1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindodicarbocyanine-5,5'-Disulfonic Acid; Thermo Fisher 

Scientific) was used to label native and oxidised LDL particles. Dil was 

prepared by dissolving the powder form of the dye in DMSO to yield a 

concentration of 10 mg/ml. 30 μl of fluorescent dye in DMSO was mixed per 

milligram of lipoprotein particles and incubated at 37°C overnight with 

protection from light. The following day the solution was centrifuged at 

10,000 rpm for 10 min to pellet any residual unbound DiI and protein 

aggregates. The supernatant now containing the ladled LDL was then 

dialysed in PBS for 24 h in a sealed, dark box, stored at 4°C. Final 

concentration was assessed by BCA.  
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2.2.20 Epithelial human embryonic kidney 293 (HEK293) culture 
 

HEK293-LOX-1-FLAG cells were cultured in Dulbecco’s modified eagle 

medium (DMEM) that was prepared by adding the following: 

 MEM non-essential amino acids, 2 mM L-glutamine) 

 10% (v/v) Foetal Bovine Serum Gold (PAA laboratories, Pasching, 

Austria) 

  50 U/ml penicillin 

 50 ug/ml streptomycin 

Cell culturing was achieved under humid, aseptic conditions at 37°C, 5% 

CO2. 

 

Cell passaging was done by incubating every 2-3 days with PBS + 5 mM 

EDTA for ~3 min, this is done until complex detachment of the cells is 

achieved. 9 ml of the previously prepared DMEM was used to quench the 

reaction and cells were plated at ~20% confluency. Cells were split at 3:1 

ratio before 1 mg/ml poly-L-lysine (Sigma-Aldrich) was used to coat fresh 

culture plates and coverslips which were then incubated for 30 min at room 

temperature then washed with PBS. Plates were allowed to 2 hs before 

seeding cells. The resultant lysates were stored at -20 °C.  

 

2.2.21 Cell lysis  

Cold PBS was used to wash the cells and get rid of any residual medium. 

Lysis buffer (PBS, 2% (w/v) SDS and protease inhibitor cocktail (1:1250, 

Merck)) was then added to the cells which were then detached from the 

tubes using a cell scraper. To complete the lysis process, cells were then 

transferred on ice for 5 min and then sonicated for 5 times for 5 sec each at 

50% sonication power before applying a heat-shock at 95°C for 5 min to. 

Heating is used to stop the protease activity as well as to denature proteins. 

The final concentration of the protein was determined using BCA assay. 
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2.2.22 Using Affimers as probes for LOX-1 on HEK293-LOX-1-FLAG cells 

Tetracycline-induced HEK293-LOX-1-FLAG cells were prepared by seeding 

coverslips in DMEM + 10% FBS on 24-well plates at 25% confluence and 

when confluence reached 50% confluence tetracycline was added and cells 

incubated for 16 h. Following this the media was aspirated and Opti-MEM 

media with added 0.2% BSA and 25 μg/ml of AlexaFluor488-labelled 

Affimers and incubated on ice for 10-30 min. Cells were then transferred 

into a new 24-well plates containing 0.5 ml PBS. Cells were washed 3 times 

with PBS which is carefully aspirated after each wash then the cells were 

fixed using  3% (w/v) paraformaldehyde for 20 min at room temperature, 

and then washed further with PBS 3 times. Coverslips were then incubated 

with 500 ul PBS plus DAPI (1 μg/ ml) at room temperature for 2 h before 

washing the cells again PBS 3 times. Finally the coverslips containing the 

fixed cells were mounted onto microscope slides using Fluoromount-G™ 

Mounting Medium (Cat. No. 00-4958-02, ThermoFisher). 

HEK293-LOX-1-FLAG cells stained with antibodies were prepared 

differently.  After tetracycline-induction, cells were immediately fixed with 

3% (w/v) paraformaldehyde for 20 min at room temperature. Coverslips 

were washed 3 times with PBS before incubating with PBS, 0.5% (w/v) BSA 

for 30 min. Coverslips were then washed with PBS 3 times. The coverslips 

were then removed from the 24-well plates inverted onto 25 μl droplets of 

anti-FLAG antibody suspended in PBS, 0.1% (w/v) BSA then incubated 

overnight at room temperature with light-protected in a moist chamber. The 

following day, coverslips were subsequently washed 3x with PBS then 

inverted in a 25 μl droplet of secondary AlexaFluor 488 antibody conjugate 

(4 μg/ ml) (Cat. No. ab150105; Abcam, Cambridge, UK) suspended in PBS 

containing 0.1% (w/v) BSA and DAPI (1 μg/ml). The coverslips were then 

incubated at room temperature for 2 h before washing them with PBS 3 

times and then the coverslips were mounted in Fluoromount G 

(ThermoFisher) onto glass slides for imaging. Images were taken with the 

Zeiss LSM 700 confocal microscope using the Plan-Apochromat 40x/1.30 

Oil objective lens. Laser at 405 nm wavelength was used to agitate DAPI 
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and the resultant emission were collected at 435 nm (filter range 493 – 

1000) whilst AlexaFluor 488-labelled Affimers and antibodies were excited 

at wavelength of 488 nm with emission collected at 518 nm (filter range 493 

– 1000). 

 

2.2.23 Using Affimers to block LOX-1-dependent oxLDL uptake 

Using the same technique of cell seeding described above, the HEK293-

LOX-1 cells were seeded at 50% confluence onto poly-L-lysine coated glass 

coverslips in 24 well plates until achieving confluence of 70% at which stage 

they are induced in Opti-MEM medium with 0.2% BSA and 1 μg/ml 

tetracycline for 16 h at room temperature. Following this the medium was 

changed and the cells were then incubated on ice for 30 min. The media at 

this stage had the LOX-1 specific Affimers (A1, A3, B1, G1 and H1) added 

to each media flask. 3 concentrations of Affimers were tried 10, 100, and 

1000 ng/ml. Anti-LOX-1 antibody (JTX92) was used at 1 μg/ml as a positive 

control. DiI-labelled oxLDL was added to the excited media at 10 μg/ml and 

incubated for 30 min on ice before washing the cells with 500 μl PBS 3 

times and fixed using 3% PFA for 15 min. Subsequently cells were washed 

with 500 μl of PBS 3 times and then incubated at room temperature in  PBS 

with1 μg/ml DAPI for 30 min. Finally 3 washes with 500 μl of PBS were 

done and then the cover slips were mounted on microscope slides using 

Fluoromount G anti-fade medium (Thermo Fisher Scientific) for imaging. 

Images were taken with the Zeiss LSM 700 confocal microscope at 40x 

magnification. DAPI was excited with a 405nm laser and emission collected 

at 435nm (filter range 0-585 nm) whilst Dil was excited with a 555 nm laser 

and emission collected at 585 nm (filter range 560-1000 nm).  

 

2.2.24 Statistics 

Mean ± standard error of the mean (SEM) were used to express data. Error 

bars in graphs denote ± SEM. The statistical analysis was performed using 

the unpaired 2-sided t-test for two sets of data or one-way analysis of 

variance (ANOVA) followed by appropriate post-hoc test for multiple 
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comparisons as mentioned in the image legends. The statistics were done 

on the online tool Statistics Kingdom. Significant differences between 

control and test groups were evaluated with p values less than 0.05, 0.01, 

0.001 and 0.0001 were indicated on the graphs.  
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Chapter 3 

Results 

 

3.1 Introduction  

Atherosclerosis is a primer for many disease processes that result in clinical 

manifestations. Cardiovascular disease, cerebrovascular disease and 

peripheral arterial disease are commonly seen examples of these 

manifestations. The main focus on anti-atherosclerosis management that is 

used currently is the use of statins (Kwak et al, 2003; Almeida et al, 2019). 

Statins work by reduction of the total circulating cholesterol by reducing its 

synthesis which ultimately reduce the available cholesterol particles that can 

deposit in the arterial walls (Schiffrin et al, 2002). The side effects and 

intolerance issues with statin therapy call for the need for other options of 

treatment aiming at reducing the cardiovascular risk of patients.  

The oxLDL lipid particle is believed to be the main precursor for 

atherosclerosis development and progression and is recognised by 

scavenger receptors (SRs) (Zani et al., 2015). Multiple classes are included 

in the SR family and SR classes A, B and E play important roles of variable 

extent in atherosclerosis especially the LOX-1 receptor which is a member 

of class E SRs and is a multiligand receptor (Xu et al., 2003). The versatility 

of LOX-1 receptor functions and its direct involvement in the uptake of ox-

LDL makes it a logical target for treatment options to halt or control the 

progression of atherosclerosis. LOX-1 receptors are versatile and are found 

macrophages, endothelial and smooth muscle cells of arterial beds, so the 

dysfunctional effects of LOX-1 over-expression on these cells is largely 

linked to endothelial dysfunction leading to atherosclerosis (Sun and Chen, 

2011; White et al., 2011; Wang et al., 2019). In addition to this, activation of 

LOX-1 results in loss of smooth muscle relaxation due to inhibition of 

endothelial nitric oxide synthase (eNOS) activity thus resulting in rigidity of 

the arterial wall (Cavieres et al., 2014).  
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The use of antibodies for various medical intentions has been around for at 

least a few decades now and their uses extend to a wide range of medical 

applications including cancer treatment, autoimmune diseases and 

musculoskeletal disorders (Gligorov et al., 2022; Lu et al., 2020; Hafeez et 

al., 2018). Due to various issues with antibodies including cost of 

production, thermal and pressure stability conditions, cross reactivity and 

target specificity and structure complexity. These matters limited the use of 

antibodies and urged to exploit other particles to be used that exhibit the 

pros of the antibodies and has limited drawbacks.  

Affimers are small protein-based scaffolds that offer a solution for the pitfalls 

of antibodies and offer a good advantage of target-customisation. These 

targets can be screened via the phage library (Tiede et al., 2017; Tiede et 

al., 2014). Affimers have features including, small molecular weight, easy 

predictability in bacterial cells, thermal and pressure stability and low cost of 

production (Tiede et al., 2017; Tiede et al., 2014). These features favours 

the use of Affimers as potential LOX-1 antagonists which offers possibilities 

in the treatment of atherosclerosis as monotherapy or combination therapy. 

Five LOX-1-specific Affimers have been identified and they will be analysed 

experimentally in this study.  

3.2 Isolation and purification of lipid particles from human 

blood 

Blood was extracted from volunteers and run in a low-speed centrifuge to 

separate blood cells from the supernatant plasma which is then centrifuged 

at high-speed to separate the lipoprotein particles according to density (see 

Materials and Methods). These were then separated and used for 

biochemical analysis. These lipid particles were run on 0.5% (w/v) agarose 

gels to assess their migratory properties and then stained with Sudan black 

dye (figure 3.1). 
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The migration of these lipoprotein particles is dependent on their relative 

density and the proportion of protein content which carries the negative 

charge of the lipoprotein and hence effects the response to electrophoresis 

in the gel. For instance, chylomicrons are noted to remain in the upper gel 

due to their large size and this could be explained by their high density and 

low protein portion. VLDL on the other hand migrates more in the gel 

compared to the more dense LDL and this is related to its higher content of 

negatively charged ApoB-100 and apolipoproteins A5,C1,C2,C3 and E. To 

further analyse the protein content of these lipoproteins, 25 μl of each 

lipoprotein were ran on 6-20% denaturing SDS-PAGE gel and stained with 

Coomassie blue dye (Figure 3.2). 

=

2 

Figure 3.2: 
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3.3 Lipid particle oxidation and fluorescent labelling  

As mentioned earlier, ox-LDL is the metabolically active form of LDL and it 

is linked to atherosclerosis. In most healthy people, the levels of circulating 

ox-LDL are very low and this is linked to anti-oxidative processes and 

reducing conditions in the plasma (Malekmohammad et al., 2019). For 

these reasons, obtaining ox-LDL from plasma is not feasible and it is easier 

to produce in vitro. Using 10 μM copper sulphate is the main method of 

oxidation adapted for the purpose of this work. LDL and other lipoproteins 

could be labelled by a fluorescent label called Dil (1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate) which adds two long C18 chains 

to the lipid bilayer of the lipoproteins giving a red-orange fluorescence to the 

lipid particles (Figure 3.3). This allows the study of their cellular uptake.  
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Figure 3.3: 
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3.4 Expression and purification of LOX-1 protein  

The production purification and refolding process of sLOX-1 is discussed in 

this section. This step is mandatory before screening the Affimer library for 

possible targets for LOX-1. Production process was achieved by 

incorporating the LOX-1 plasmid into E. coli BL21* (DE3) bacterial strain. 

sLOX-1 plasmid was cloned in pER-15b bacteria vectors using PCR. The 

configuration of the resultant LOX-1 protein intentionally lacked the 

cytoplasmic and transmembrane segments to allow solubility ECD domain 

which included the neck domain in addition to the CTLD domain (residues 

61-273) (Figure 3.4) in the cellular cytoplasm during the expression 

process. Two constructs of sLOX-1 were created, CTLD which was formed 

by residues 136-273 and the LOX-1 plasmid which was engineered to 

contain a hexahistidine (His6) tag that binds to Ni-NTA resin, a tobacco etch 

virus cleavage site (TEV) and thrombin cleavage site that could be used to 

exclude the His6 tag. 
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Figure 3.4: 
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Following the protocol (Chapter 2), pET-15b sLOX-1 plasmids were 

transformed into the E. coli BL21* (DE3) plasmid and large volume cultures 

were produced. When OD600 was around 0.4, LOX-1 production was 

induced with IPTG overnight. LOX-1 protein present in the human body is 

naturally in a dimeric form as a disulphide bond links two monomers 

together, however, this does not occur when LOX-1 is produced in bacterial 

cells. To resolve this, the protein underwent a series of reduction and then 

refolding (Figures 3.5 and 3.6).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 
 

 



75 
 

 

 

 



76 
 

 

3.5 Selection of LOX-1 specific Affimers 

The Affimer phage display is a system used to match Affimers to target 

ligands. This system was first described by Tiede and co-workers at the 

University of Leeds (Tiede et al., 2014). Screening the sLOX-1 ECD domain 

previously identified five Affimers as LOX-1-specific. The process starts by 

capturing the biotinylated ECD domain on streptavidin-coated plates before 

adding an Affimer phage library which consist of 30 billion random-structure 

Affimers. After a period of incubation, the un-bound Affimers were washed 

and the ones with affinity to ECD were eluted. These then were 

incorporated in E.coli ER2738 strain to amplify their numbers and then used 

to target ECD in another round of panning. After repeating the phage-

display for 3 times the strongest binding Affimers remain and these were the 

LOX-1-specific Affimers. Using bacteriophage genome, these Affimers were 

then cloned into pET-11a expression vectors and the resultant plasmid can 

later be used for protein production in E.coli BL21*(DE3) strain. The 

Affimers are labelled as A1, A3, B1, G1 and H1. Figure 3.7 shows a 

schematic diagram of the process of panning. 
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3.6 Expression and purification of LOX-1-specific Affimers 

Unlike the process of LOX-1 purification where  refolding is required to 

reform the disulphide bonds between the monomers, Affimers lack 

disulphide bonds and rapidly form a folded stable structure; hence Affimer 

purification from E.coli is a single step process. The plasmids of the five 

LOX-1-specific Affimers which were previously isolated by the BioScreening 

Technology Group (BSTG) were subcloned into pET-11a bacterial 

expression vectors (Tang et al., 2017; Tiede et al., 2014). Induction using 

IPTG is the rate limiting step in the production pathway after which step the 

cells were lysed and the lysates were incubated with Ni-NTA resin that 

binds to the Affimers but not the other proteins. These were then washed 

until protein fractions were at negligible concentrations.  High imidazole 

(250 mM) buffer was then used to elute bound Affimers from the Ni-NTA 

resin. Fractions during the Affimer purification process were analysed using 

SDS-PAGE (Figure 3.8). 
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3.7 Affimers as LOX-1 probes using blotting technique 

Testing Affimers as LOX-1-specific probes was needed to assess their use 

in different assays. One test is to use the purified Affimers and assess 

binding to sLOX-1-ECD or sLOX-1-CTLD; a comparison to anti-LOX-1 

antibodies (positive control) and BSA (negative control) was used under 

blotting conditions. Multiple samples of sLOX-1-ECD, sLOX-1-CTLD, BSA 

and HEK293-LOX-1-FLAG cell lysates were probed using blotting 

techniques. The antibodies were used in sequence as follows: 

Affimers were used directly on the membrane strips. All were labelled and 

incubated for 24 h at room temperature before preparing for digital imaging. 

Affimers showed comparable ability to detect LOX-1 protein domains on 

Western blots compared to the standard anti-LOX-1 antibodies (Figure 3.6). 

This required further validation to ensure that the binding is linked to the 

variable loop of the Affimers and hence the next step was to directly label 

the Affimers and use these as probes for recombinant sLOX-1 proteins. 
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3.8 Affimer labelling and applications 

3.8.1 Maleimide-based biotinylation of Affimers  

Labelling of antibodies and proteins including Affimers is a useful approach 

to assess ligand recognition, abundance and distribution in cells and 

tissues. Besides these features it also adds to the specificity of the 

interaction with the target. All the LOX-1-specific Affimers contain an added 

cysteine residue at the end of the C-terminus. This allows using the 

maleimide chemistry to label the Affimers. The process is done immediately 

after the Affimers are purified and eluted from the Ni-NTA resin. The 

Affimers were incubated with washed TCEP (Tris(2-carboxyethyl)phosphine 

hydrochloride) resin to break any preformed di-cysteine bonds between 

Affimers and freeing the cysteine residues to bind to biotin. Following this 

the Affimers were added to maleimide-conjugated biotin and the unbound 

biotin is removed using desalting columns. The conjugated Affimers were 

then run alongside the unconjugated counterparts in a 12% SDS-PAGE gel 

and transferred into a nitrocellulose membrane which was then probed with 

streptavidin-HRP (Figure 3.10). Multiple attempts using maleimide-biotin to 

label Affimers were not successful. The use of alternate reducing agents 

such as DTT, heating the samples before SDS-PAGE and finally using 

ELISA to check for biotinylation was again not successful. 
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3.8.2 N-Hydroxysuccinimide-biotin labelling of Affimers  

An alternative approach using NHS-biotin to label terminal amines on lysine 

residues was tried. The biotinylation process is simple and uses a fixed 

concentration of NHS in a high pH (pH>8.0) non-amine buffer. Affimers 

were incubated with 0.25 mg/ml of NHS-biotin for 30-60 min and then 

desalting columns were used to remove the excess biotin.  Affimers and the 

NHS-biotinylated Affimers were analysed by SDS-PAGE and then blotted 

before probing with streptavidin-HRP (Figure 3.11). 
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3.5.2 Fluorescent labelling of Affimers  

Affimers were labelled on the free cysteine residue with maleimide 

AlexaFluor-488. Fluorescent Affimer-488 was detected using excitation with 

488 nm light and detection by emission at 520 nm. These showed that 

AF488-labelled Affimer could indeed be detected for all 5 purified Affimers 

(Figure 3.11). SDS-PAGE and Coomassie Blue staining was used to check 

the presence of Affimer protein bands (Figure 3.12). Thus fluorescent 

Affimer probes could be made using this approach. 
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3.9 Labelled Affimers as probes on Western blots 
 

Biotinylated Affimers were used to assess recognition of purified 

recombinant sLOX-1-ECD and sLOX-1-CTLD domains. A 96-well ELISA 

plate was used to immobilize the ECD and CTLD domains of human sLOX-

1 and simultaneously mouse LOX-1 and bovine serum albumin (BSA) and 

water were used as negative controls or to test cross-reactivity. Biotinylated 

Affimers were then added to the plate wells compared to anti-human 

VEGFR1-specific Affimer 37c (negative control) which shares the same 

basic structure as LOX-1-specific Affimers but differs in the structure of the 

variable regions which binds to antigens such as LOX-1. This is to ascertain 

the specificity of Affimer recognition in the assay. After this the unbound 

Affimers were removed and streptavidin-HRP was added to probe for 

biotinylated bound Affimers. By using a specific HRP substrate i.e. ONPD, 

this was used to detect (Figure 3.13).  
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Figure 3.13: Biotinylated Affimer application for LOX-1 detection. (A) NHS-

biotinylated H1 Affimer used to detect sLOX-1-ECD at 2 μg and 5 μg loaded onto 
SDS-PAGE. These were tested alongside HEK-293-LOX-1 cell lysates (LOX-1-
FLAG, ~ 40 kD). Blots were probed with streptavidin-HRP and ECL. (B) 96-well 
plates were incubated with recombinant human sLOX-1-ECD (extracellular 
domain) or sLOX-1-CTLD (C-type lectin domain) variants or recombinant mouse 
sLOX-1 (msLOX-1). BSA and blank wells were negative controls. Recombinant 
sLOX-1 proteins detected using biotinylated Affimers followed by streptavidin-HRP. 
The anti-VEGFR1 Affimer 37C was a negative control. After addition of TMB 
substrate, the OD450 was read after 5, 15 and 30 min. The 15 min dataset is 
displayed. Error bars show mean ±1 SD. Significance tested by 2- way ANOVA 

37c negative control Affimer. 
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3.10 Using Affimers as probes for LOX-1 on HEK293-LOX-1-

FLAG cells 

The need for showing the expression of LOX-1 on Human Endothelial 

Kidney (HEK293-LOX-1-FLAG) cells was required before testing the ability 

to detect the protein using Affimers. As LOX-1 is linked to apoptosis, 

studying its functions on cells is challenging (Li and Mehta, 2009). Using 

tetracycline induction is a system that was created to overcome the 

apoptosis and allow study of LOX-1 functions (Abdul-Zani, 2017). These 

cells were induced with tetracycline along a negative control HEK293 cells 

that were transfected with an empty plasmid (empty vector) and after 

incubating the induced cells for 16 hours, sheep anti-LOX-1 antibodies were 

used to demonstrate the presence of LOX-1. As shown in Figure 3.14, the 

HEK293-LOX-1-FLAG expressed LOX-1 as opposed to the empty vector 

cells. 
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The same experiment was repeated and the cells were probed with 

AlexaFluor-488 labelled Affimer A1 and the uptake was assessed using 

fluorescent microscopy (Figure 3.15). LOX-1-expressing HEK293 cells 

labelled for AF488-Affimer A1 (Figure 3.15A), but not for control cells 

lacking LOX-1 expression (Figure 3.15B). 
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3.11 Using Affimers to block LOX-1-dependent ox-LDL 

uptake 

As shown previously, LOX-1-specific Affimers can bind to membrane LOX-1 

protein. This offers a potential to examine the ability of these Affimers to 

inhibit the uptake of oxLDL into cells. HEK293-LOX-1-FLAG cells along with 

Empty Vector (EV) HEK293 cells as controls were used and incubated with 

variable concentrations of Affimers for 2 hours. Then these were incubated 

with Dil-Labelled oxLDL (see Materials and Methods for details) for 15 min 

before fixing the cells and imaging them using fluorescent microscopy. The 

Affimers displayed the ability to inhibit the uptake of oxLDL in LOX-1-FLAG 

cells and the inhibition was Affimer concentration dependent (Figure 3.16). 

The inhibition of oxLDL uptake seems is maximal at 1 μg/ml Affimer 

concentration; additional increase in Affimer levels shows minimal additional 

inhibitory effects (Figure 3.16).  
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Chapter 4 

4. Discussion 

4.1 General discussion  

As per the report of Public Health England, ischaemic heart disease and 

stroke are two of the three leading causes of death (Public Health England, 

2017). Although the pathophysiology of ischaemic heart disease and stroke 

is multifactorial (Marzilli et al., 2012; Deb et al., 2010), but atherosclerosis is 

a fundamental contributor in their development (Marulanda-Londoño and 

Chaturvedi, 2016; Hansson, 2005). Furthermore, atherosclerosis carries 

significant associated morbidity, particularly in the context of its additional 

manifestations, such as peripheral arterial disease (Malyar et al., 2013). 

These clinical manifestations are major factors in the burden of health 

systems across the globe and constitute a large area of expenditure in 

direct disease management and rehabilitation as well as in the social and 

economic aspects of living (Herrington et al 2016). 

Atherosclerosis is a complex process that is driven by a chronic 

inflammatory reaction that is believed to start with endothelial dysfunction 

resulting in influx of inflammatory cells and oxidized lipid particles in the 

endothelial cells, eventually leading to progressive stenosis of the arterial 

lumen (Hadi et al., 2005). LOX-1 receptors are members of the scavenger 

receptors family and their overexpression is linked to the development and 

progression of atherosclerosis (Akhmedov et al., 2014). The evidence from 

animal studies confirmed this association and also proved that the 

composition of the atherosclerotic plaque differs between LOX-1 knockout 

mice and wild-type mice (Hu et al., 2008). LOX-1 knockout mice developed 

collagen-enriched stable plaque while wild-type mice developed cholesterol-

rich plaques in the wild-type mice which are more liable for rupture and 

embolization, resulting in end organ ischaemic manifestations (Hsieh et al., 

2001).  
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Cohort studies of LOX-1 polymorphisms and its linkage to cardiovascular 

risk demonstrated that circulating sLOX-1 in the blood can be a biomarker 

for disease states (Kume et al., 2010; Kobayashi et al., 2011; Fukui et al., 

2013). There is an interaction between the SR family and up regulation of 

one member could lead to alteration of the expression of the others. These 

factors pose a challenge to targeted therapy to scavenger receptors with 

possible interaction to wider range of targets within or outside and the 

scavenger receptor family (Fukui et al., 2013).  

Thus, the identification of molecules that target LOX-1 function is of great 

interest for basic research and translation medicine. To address this 

question in this study, we describe the isolation and characterization of 

Affimers as synthetic protein-binding residues for LOX-1. Affimer-based 

bacteriophage library was screened using phage display and identified five 

independent clones that bound human LOX-1 (Tiede et al., 2014). This work 

describes the characterization of such agents and the future application of 

Affimers as diagnostic or therapeutic agents, with the aim of developing new 

techniques to study LOX-1. These Affimers bind directly to purified human 

LOX-1, but the two Affimers also demonstrated lower affinity to mouse LOX-

1. Affimer-binding epitopes on LOX-1 have been mapped to the CTLD 

ligand-binding domain. A tetracycline-inducible human LOX-1 cell 

expression model was used to assess its LOX-1-specific Affimer effects on 

cells. Fluorophore-labelled Affimers have been shown to bind to LOX-1 

proteins expressed on the cell membrane. Cell incubation with Affimers has 

been shown to inhibit the uptake of DiI-tagged oxLDL by LOX-1-expressing 

cells. Furthermore, Affimers A1 and H1 were shown to modulate oxLDL 

stimulation and LOX-1-dependent activation of atherogenic signalling 

pathways, particularly inhibition of oxLDL-stimulated LOX-1-dependent 

ERK1/2 activation. Affimers provide more target-specific properties, thus 

studying this specificity and implications may offer solutions to the 

challenges raised by Fukui and his group in their 2013 study.  
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4.2 LOX-1 therapeutic potentials and implications  

The consensus is that LOX-1 is a strong candidate for therapeutic 

intervention. Deletion or dysfunction of the OLR1 locus in mice indicates 

that LOX-1 is non-essential (Mehta et al., 2007). However, caution should 

be taken with this view, as LOX-1 has been found to have both beneficial 

and detrimental functions depending on the cell or tissue type. The seminal 

work of Brown, Goldstein, and colleagues established the liver as a key site 

of lipid particle metabolism associated with vascular health and disease 

(Brown and Goldstein, 1986). Perturbation of lipid particle metabolism in the 

liver can influence atherosclerotic plaque formation and progression 

(Kleemann et al., 2007). Liver benefactors (Wang et al., 2022) or arterial 

invaders (Akinnusi et al., 2011; Miao et al., 2022; Tie et al., 2010; Yang et 

al., 2022) and their roles in oxLDL uptake for signal transduction and as 

oxLDL sensors for signal transduction, respectively. Transport, processing, 

and recycling of LOX-1 concurrently with signalling to different signalling 

pathways is further complicated by heterogeneity in the regulation of 

signalling pathways in different cell types and tissues. Increased LOX-1 

expression in the liver appears to be beneficial. However, the opposite is 

true for other tissues, especially endothelium, smooth muscle, immune cells 

and white blood cells. Therefore, therapies targeting LOX-1 should be 

evaluated with caution. Systemic inhibition of LOX-1 may prove to be of little 

benefit or adverse side effects for patients. This is especially true when 

hepatic oxLDL clearance is impeded by systemic inhibition of LOX-1 

function. A better approach for LOX-1-specific therapy might be based on 

specific targeting of fatty and lipid-rich plaques or lesions in the arterial 

vessel wall to preserve liver lavage function. 

LOX-1 is also involved in the recognition of bacterial cells, senescent and 

apoptotic cells, suggesting additional roles in immunity (Murphy et al., 2006; 

Oka et al., 1998). This fits with its structure as a C-type lectin domain 

protein and its genetic localization on the short arm of human chromosome 

12, a region rich in innate immunity genes. Therefore, the pathological 

functions of LOX-1 are specifically targeted. Interactions with oxLDL for 

therapeutic intervention should be carefully considered to gain beneficial 
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functions in immune surveillance. Currently, the exact mechanism of LOX-1 

recognition by ligands is poorly defined, complicating drug or therapeutic 

design. 

By identifying specific LOX-1 residues important for differential identification 

of ligands such as oxLDL and bacteria, it may be possible to target 

proatherogenic LOX-1 activity. Mapping different epitopes recognized by 

LOX-1-specific Affimers may potentially tune different antiatherogenic 

effects in cell and animal models. A similar strategy using antibodies has 

enabled better targeting of antigens for therapy (Guo et al., 2022). Negative 

selection can also be applied to Affimer screening by eliminating clones that 

bind unwanted epitopes, LOX-1 epitopes that mediate bacterial recognition 

or immune-related functions. 

 

4.3 Affimer-LOX-1 applications 

Affimer technology existed to overcome the pitfalls caused by using the 

conventional antibody-mediated targeting which was discussed in Chapter 

1. However, with evolution of this technology, further uses of Affimers were 

noted. For instance, Affimer resin was used to isolate fibrinogen from 

plasma in a selective and rapid process (Pechlivani et al., 2022). The quality 

of this fibrinogen was better compared to the commercially available 

recombinant substitute (Pechlivani et al., 2022). There are pitfalls in the 

complex antibody-based technology with requirements of biochemical 

conditions resulting in increased cost of the whole procedure and more risk 

of technical failure given the dependency of the sequence of steps on each 

other (Pechlivani et al., 2022). Affimers on the other hand overcome these 

issues, thus can reduce the cost of the procedure and result in a more 

reliable result (Pechlivani et al., 2022). Similarly, this module could be 

applied to the use of Affimers in vascular pathology. By isolating and 

amplifying LOX-1-specific Affimers, they could be used as biomarkers of 

atherosclerosis in diagnostic and prognostic implications. 
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4.4 Conclusions and future work 

In this work we described the process of purification and testing of five LOX-

1-specific Affimers and their potential use in cellular identification of LOX-1 

and blocking the pro-atherogenic pathways resulting from oxLDL interaction 

with LOX-1 receptors. Further work is required on the application of these 

interactions in animal tissue modules as well as in testing on healthy and 

diseased human tissues which will be a rate-limiting step in the 

development of diagnostic and therapeutic implications of Affimers in 

vascular disease. Further quantitative experimental work on the Affimers 

inhibition of ox-LDL uptake by LOX-1 is also required on cellular and tissue 

levels. 
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