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Abstract 

Angiogenesis, the formation of new blood vessels from pre-existing 

vasculature, is a feature of a number of pathologies, including neovascular 

eye diseases such as diabetic retinopathy. A key pro-angiogenic signalling 

pathway is the vascular endothelial growth factor (VEGF) system and 

current therapeutic options for the treatment of pathological angiogenesis 

target VEGF, blocking its binding and subsequent activation of VEGF 

receptors to prevent downstream pro-angiogenic signalling. These therapies 

have significant drawbacks and so in this thesis, we propose an alternative 

treatment option, in the form of a therapeutic peptide derived from human 

syndecan-2 (SDC2). 

Previous work by our group has provided evidence of an inhibitory 

role for SDC2 in angiogenesis, a signalling pathway in which the protein 

tyrosine phosphatase receptor (PTPR), CD148, has been implicated as a 

binding target of SDC2. Angiogenesis is inhibited upon SDC2 interaction 

with CD148. Building on this, I have produced a body of work that 

characterises our therapeutic peptide, regarding its stability and detectability, 

through novel in vitro stability assays. Furthermore, I have accumulated 

preliminary evidence for its inhibition of angiogenesis and, for the first time, 

provided insight into its mode of action. This was completed primarily 

through optimisation of solid phase binding assays, with miniaturisation of 

binding proteins to determine the specific site responsible for the interaction. 

In addition, we have explored the anti-angiogenic activity of CD148 

short form (CD148SF), an endogenous protein translated from a CD148 

splice variant. The data in this thesis provides evidence that CD148SF 

inhibits angiogenesis, demonstrated across a variety of in vitro and ex vivo 

angiogenesis models. As well as using established angiogenesis assays, I 

developed a novel angiogenesis model and used it to show CD148SF 

inhibitory effects.  
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Together, the work contained in this thesis provides novel 

understanding into the activity of our therapeutic peptide, specifically 

regarding its binding and stability, and delivers preliminary insight into the 

role of CD148SF.  
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Chapter 1 

1. Introduction 

 

1.1. The eye 

The human eye is a specialised sense organ that receives visual images and 

relays them to the brain. It is an assemblage of a number of tissues consisting 

of a variety of cell types (Fig. 1.1). The cornea is the clear window at the 

front of the eye and is the main refractive surface for light waves entering 

the eye [1]. The anterior chamber, located between the cornea and iris, 

contains the aqueous humour: a transparent fluid, not unlike plasma, but 

containing low protein concentrations [2]. The iris itself is a muscle [1], 

which is heavily pigmented due to a high melanin content, which varies 

amongst individuals; the more melanin present the darker the individual’s 

eye colour [2]. The iris surrounds the pupil, an opening through which light 

travels, and controls the size of it to adjust the amount of light entering the 

eye [3]. As light travels through the eye, it is focused by the lens onto the 

retina [1]. The lens is a multi-layered transparent body consisting of proteins 

and water [2], whose shape is dictated by the ciliary body, a circular muscle 

that contracts or relaxes to adjust the shape of the lens in order to accurately 

focus the light [3]. 

 The vitreous humour is a clear gelatinous body, which fills the space 

between the lens and retina, in order to maintain the shape of the eye [3]. The 

eye receives its blood supply from two main sources: the ophthalmic artery 

and, branching off this, the central retinal artery [4]. Corresponding veins are 

also present.  

 Located at the back of the eye is the retina, a light-sensitive tissue that 

contains two types of photoreceptors: rods, which are more abundant and are 

active at low light levels, and cones, which are responsible for colour vision 
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[1, 2]. Photoreceptors carry out photo-transduction, whereby light is 

absorbed and converted into electrochemical signals to be transported along 

the optic nerve to the brain. At the centre of the retina is the macula, 

responsible for central vision [1, 3]. Behind this is the choroid, a vascular 

layer that provides oxygen and other nutrients to outer retina layers. The 

sclera is the final layer at the back of the eye [3] and is commonly called the 

“white of the eye”. It functions as a connective tissue coat for the eye [2].  

 The conjunctiva, seen in Fig. 1.1 at the front of the eye, forms a 

transparent mucous membrane and has a rich vascular supply [4]. Finally, 

the optic nerve is comprised of axons from ganglion cells as they exit the eye 

[4]. At the back of the eye, the optic disc represents the location where the 

optic nerve is bundled and leaves the retina [3]. There are no photoreceptors 

here, hence there is a “blind spot” or scotoma [1]. 

  



3 

 

 

  

Figure 1.1. Anatomy of the eye. Adapted from: Willoughby, C.E., et al. 

2010. 
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1.1.1. Common eye diseases 

Due to the complexity of the eye, a variety of diseases can develop which 

affect different parts of the eye. Less severe afflictions include allergies 

(most commonly caused by pollen) which cause inflammation in the cornea 

and conjunctiva, resulting in watery, itchy eyes [5]. In addition, refractive 

errors in the lens can lead to hyperopia and myopia, colloquially referred to 

as “long-” and “short-sightedness”, respectively [6]. The causes of refractive 

errors are poorly understood, although hyperopia seems to have a genetic 

link and could be caused by the lenses becoming stiffer with age, as it 

generally presents in older individuals [7]. Myopia onset is also linked with 

genetic factors, although it also appears to be more common in children who 

spend long periods of time focusing on near objects, activities such as 

reading or looking at a computer screen [7]. Prescriptive corrective 

eyeglasses or contact lenses manage refractive errors, and corrective surgery 

may be an option for some patients.  

 Also affecting the lens are cataracts, the most common cause of 

blindness worldwide. These are protein ‘clumps’ that appear as cloudy areas 

on the normally clear lens and interfere with patients’ vision [6], caused by 

age- or injury-related breakdown of proteins and fibres in the lens of the eye 

[8]. Risk factors for cataracts include ageing, family history, diabetes and 

smoking, among others [8]. The only established treatment for severe 

cataracts is surgery to replace the cloudy lens [9].  

 Glaucoma refers to a group of diseases whose onset is brought about 

by an increase in fluid pressure, causing damage to the optic nerve and 

ultimately resulting in blindness [10]. There are two major categories of 

glaucoma: “open angle”, which is chronic and develops slowly over time, 

presenting with late-stage symptoms, and “closed angle”, referring to 

glaucoma where painful symptoms appear suddenly and visual loss can 

happen rapidly (without treatment) [6]. Risk factors include ageing, family 
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history and having pre-existing medical conditions, including diabetes and 

hyperopia or myopia [11].  

 

1.1.2. Neovascular eye disease 

As mentioned previously, the two major groups of blood vessels supplying 

the eye are the ophthalmic and central retinal vessels. The central retinal 

artery branches off the ophthalmic artery, as do the posterior and anterior 

ciliary arteries. The central retinal vein and ophthalmic (vortex) vein provide 

drainage for the eye. In the case of neovascular eye diseases, the central 

retinal vasculature is damaged and the subsequent neovascular repair 

mechanisms that are employed by the body affect the central retinal 

vasculature [12]. 

Neovascularisation, the formation of new blood vessels, is a 

physiological phenomenon that is crucial in processes such as embryonic 

development, wound healing and at stages in the female reproductive cycle. 

However, in certain diseases neovascularisation perpetuates symptoms – for 

example, dysregulated growth of new blood vessels within the eye 

contributes to visual loss in a number of ocular diseases [13]. There are 

various types of neovascularisation, with the most common being 

angiogenesis (the formation of new blood vessels from pre-existing 

vasculature): this is often observed in diseases where neovascularisation is a 

feature. Vasculogenesis, in contrast, is the origin of de novo (new) 

vasculature. 

The most common neovascular eye diseases are proliferative diabetic 

retinopathy, wet age-related macular degeneration and retinopathy of 

prematurity.  
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1.1.3. Diabetic retinopathy 

Diabetic retinopathy is the most common microvascular complication of 

diabetes mellitus. According to the World Health Organisation (WHO), it is 

thought that 422 million individuals globally have diabetes mellitus (also 

referred to as solely “diabetes”) [14, 15]. There are a number of types of 

diabetes, with the most commonly recognised forms being Type 1, Type 2, 

and gestational diabetes, which occurs in pregnant women [16, 17]. Of these, 

the most prevalent is Type 2 diabetes; an estimated 90% of all diabetes cases 

are diagnosed with Type 2 diabetes, while the remaining 10% are Type 1 

[14, 16, 18]. 

 

1.1.3.1. Type 1 diabetes mellitus 

Type 1 diabetes is a chronic autoimmune condition, whereby the ability of 

the pancreas to produce insulin is impaired. The Islets of Langerhans are 

clusters of cells within the pancreas. The two main cell types within the Islets 

are α- and β-cells, responsible for producing hormones to maintain glucose 

homeostasis [19-21]. In order to sense the level of glucose present in the 

vasculature, the Islets of Langerhans form dense clusters supplied by 

fenestrated capillaries, enhancing permeability and blood supply to allow 

rapid exchange of glucose molecules and quick response to changing states 

[19, 22]. β-cells express several glucose transporter molecules, which act as 

glucose sensors. Glucose transporter 2 (GLUT2) facilitates diffusion of 

glucose into β-cells until equilibrium is reached, whereupon glucokinase 

phosphorylates glucose molecules as the first stage of glucose metabolism 

[23]. Later stages of glucose metabolism are coupled to adenosine 

triphosphate (ATP)-sensitive potassium channel-dependent insulin 

secretion. As glucose metabolism continues, intracellular ATP increases 

until these potassium channels close, depolarising the plasma membrane and 

causing voltage-dependent calcium channels to open. This initiates a calcium 
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influx, which activates the exocytosis of insulin granules and the secretion 

of insulin into the vasculature [22, 24, 25]. β-cells produce and secrete 

insulin in response to elevated blood glucose levels by promoting 

glycogenesis in adipose, hepatic and muscle tissues, converting glucose to 

glycogen for storage [23]. In those with Type 1 diabetes, however, these cells 

have a reduced ability to make insulin and ultimately stop manufacturing it 

altogether. This leads to chronically elevated blood glucose levels [21]. The 

other major cell type within the Islets of Langerhans, α-cells, secrete the 

hormone glucagon, to elevate the blood glucose levels in response to low 

levels. Transmembrane ATP-dependent potassium channels found on the α-

cells generate action potentials of sodium and calcium at low glucose levels, 

triggering the exocytosis of glucagon granules and therefore the secretion of 

glucagon [26]. In cases of high blood glucose levels, these channels are 

blocked, preventing action potentials from activating glucagon secretion [26, 

27].  

 Type 1 diabetes is a multifactorial disease and numerous genetic 

mutations are associated with the destruction of β-cells [22]. There is strong 

evidence to suggest that, in the majority of cases, disease onset is initiated 

by viral infection [28-30]. Immune cells recognise autoantigens on β-cell 

surfaces, including macrophages, dendritic cells, and B and T lymphocytes, 

all of which have been found to be involved in the pathogenesis of Type 1 

diabetes mellitus [31-33]. It is usually an inherited condition: if an individual 

has a close relative with the condition, they have approximately a 6% chance 

of developing it themselves. Type 1 diabetes was historically called 

“Juvenile-onset diabetes” due to its high incidence in children; diabetes 

diagnoses in adulthood were thought not to be Type 1 diabetes mellitus. This 

has been revised in latter years following the discovery that not all childhood 

diagnoses of “diabetes” meant Type 1 and vice versa [18]. There is 

increasing research and evidence into the role of the gut microbiome in Type 
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1 diabetes onset, due to the link between biome and immunity becoming ever 

clearer [34, 35]. Ongoing research suggests that dysbiosis, or an imbalance 

between the different floras in the gut, may disrupt homeostasis and trigger 

autoimmune diseases [30, 34, 36, 37].  

Diabetes UK, one of the leading charities involved in diabetes 

research, created a new campaign in 2012, the “4Ts campaign”, to increase 

awareness of the symptoms of diabetes and allow swifter diagnoses before 

further complications arise [38]. These four “Ts” align with the major 

indicators of diabetes onset, which are “Toilet, Thirsty, Tired, Thinner” [38]. 

The decreased production of insulin in those individuals with Type 1 

diabetes prevents the absorption of glucose from the blood, leading to 

hyperglycaemia (high blood glucose levels). This causes excessive thirst 

(“Thirsty”) and as a result, increased frequency of urination (“Toilet”). Due 

to the dysregulation of glucose homeostasis and the lack of glycogenesis, 

muscle tissues fatigue, causing individuals to feel exhausted and lethargic 

(“Tired”). Finally, muscle and adipose tissues start to breakdown as 

gluconeogenesis is triggered to compensate for the low availability of 

glucose from the diet as an energy source. This process generates glucose 

from non-carbohydrate carbon substrates, including lipid and protein 

substrates. The breakdown of body tissues as a source of energy leads to 

weight loss (“Thinner”) [39, 40]. Due to the absence of insulin in the blood, 

this breakdown also causes ketone bodies to form, which unbalance the 

electrolyte system as they alter the pH of the blood to become acidic [40, 

41]. This, in combination with high levels of glucose in the blood, can lead 

to diabetic ketoacidosis, which is life threatening if not treated rapidly [39-

41].  

Treatment for Type 1 diabetes is a life-long undertaking. The overall 

aim is blood glucose management, through glucose testing and regular 

injections or infusions of insulin to replace that which the body is unable to 
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produce. This aims to keep the blood glucose levels stable [42]. Glucose 

levels have previously been measured by finger prick testing, where a small 

amount of blood is used to determine the amount of glucose present. 

However, novel approaches use subcutaneous methods to measure 

interstitial glucose levels, which reduces the number of finger prick tests a 

patient needs to perform [43]. Testing glucose levels allows individuals with 

diabetes to react to any changes, imitating the function of β-cells in a healthy 

pancreas. This involves the delivery of insulin in response to high glucose 

readings, or in preparation for increasing glucose levels due to consumption 

of carbohydrates. 

With regard to insulin delivery, there are a variety of therapies 

available to patients. Primarily, these are insulin injections, administered at 

least four times per day, and pump therapy, where an insulin pump is 

attached to the individual and continually delivers insulin subcutaneously in 

small doses throughout the day. Pump therapy reduces the need for multiple 

injections and provides the user with the ability to make smaller and more 

accurate adjustments to insulin delivery [44, 45]. Diet and exercise are also 

important factors for glucose management; exercise increases the sensitivity 

of body tissues to insulin, causing it to be used more efficiently [46] and thus 

reducing the volume required to stabilise blood glucose levels. Carbohydrate 

is the main source of glucose in humans and therefore it is imperative that 

this is regulated in the diet. Reducing the amount of carbohydrate consumed 

decreases the volume of insulin required and improves glucose control over 

time. This is due to fewer incidences of rapid increases and decreases in 

blood glucose levels, aiding their stabilisation and avoiding the resulting 

damage from rapid changes in glucose amounts. 

Maintaining stable glucose levels has been shown to reduce the risk 

of developing further complications associated with having diabetes; 
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therefore, this is the ultimate aim of diabetes treatment, including for Type 

1. 

 

1.1.3.2. Type 2 diabetes mellitus 

It is estimated that 90% of patients with diabetes mellitus have Type 2 

diabetes [47], which was approximately 380 million globally as of 2012 [15]. 

In 2019, it was thought that 3.9 million individuals in the UK had a diabetes 

diagnosis and at least 90% were Type 2 diabetes mellitus: this makes at least 

3.5 million in the UK [47]. Type 2 diabetes mellitus is a metabolic disorder 

resulting in hyperglycaemia. This is due to either insulin resistance, where 

the body of the individual uses the insulin produced ineffectively, or the 

inability of the pancreas to produce enough inulin [48, 49]. Previously, it has 

been referred to as “adult-onset diabetes” as its diagnosis was most 

commonly in those over the age of forty years. Currently, however, its 

occurrence in children and young people is rapidly increasing; this is thought 

to be a consequence of increasing incidences of obesity. Risk factors 

associated with developing Type 2 include being overweight or obese, 

consumption of an unhealthy diet and a lack of physical activity [50, 51]. 

There is also a strong association with family history: if an individual has a 

first-degree family member with Type 2 diabetes, their risk of developing it 

themselves increases to 15%. If both of an individual’s parents have it, their 

risk increases to 75% [52]. The symptoms experienced prior to diagnosis can 

be similar to Type 1 diabetes: excessive thirst, frequent urination, increased 

hunger, fatigue and the rapid loss of muscle mass. This is a consequence of 

hyperglycaemia [47-49]. 

 Initial treatment involves increasing participation in physical activity 

and modifications to the diet, primarily to decrease the amount of 

carbohydrate consumed, as carbohydrate increases the need for insulin. Low 

calorie and low carbohydrate diets are often prescribed for patients who are 
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overweight or obese, as this lowers the requirement for insulin in the body, 

reducing the demand on the pancreas [51]. Drugs such as metformin are 

frequently prescribed to increase patients’ sensitivity to insulin. Metformin 

is a biguanide, a group of drugs which inhibit the production of glucose in 

the liver. This leads to a reduction of insulin levels in the body and improves 

the body’s sensitivity to insulin, as well as reducing the amount of sugar 

absorbed by the intestines. Metformin, and other “diabetes medications” help 

to maintain healthy blood glucose levels in diabetic patients [51]. Insulin 

injections are sometimes recommended for Type 2 diabetic patients, 

particularly those who have lived with the disease for an extended period, or 

those for whom metformin has little or no effect. 

 

1.1.3.3. Other types of diabetes 

A number of other types of diabetes have been identified, though these 

comprise the smallest percentage of the overall number of cases. The most 

common of these is gestational diabetes, which presents in pregnant women: 

hyperglycaemia develops usually during the second or third trimester, 

caused by the pancreas’s inability to produce sufficient insulin to meet 

additional needs of the body during pregnancy. Usually this is rectified after 

pregnancy. 

Maturity onset diabetes of the young (MODY) makes up 1-2% of all 

diabetes cases in the UK and is often mistaken initially for Type 1 or Type 2 

diabetes mellitus. It is caused by a single gene mutation and does not 

necessarily result in the need for insulin injections. 

 

1.1.3.4. Main complications of diabetes 

There are a number of complications associated with having diabetes, 

however, although it is common for individuals with diabetes to develop co-

morbidities, it is not inevitable and there are factors that increase an 
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individual’s risk of developing them. These include having diabetes for 

twenty years or more and poor glycaemic control (indicated by inconsistent, 

out-of-range blood glucose levels). 

 The most common complications are diabetic nephropathy, which is 

the deterioration of kidney function, diabetic neuropathy (damage to the 

nerves), and diabetic retinopathy, caused by damage to the microvasculature 

supplying the eye. All can be considered a direct consequence of chronically 

elevated blood glucose volumes [53].  

Nephropathy is a macrovascular complication caused by exposure of the 

kidneys to elevated blood glucose levels, which causes increased 

hypertension and damage to the kidneys through reactive oxygen species 

(ROS) production and oxidative stress [54].  High blood pressure within the 

kidneys causes damage to the filtration units (nephrons) over time, resulting 

in their loss of ability to adequately filter the blood.  

Diabetic neuropathy is nerve damage caused by diabetes through various 

mechanisms. Predominantly, damage occurs via the direct impact of 

hyperglycaemia and reduced blood flow to nerves, caused by injury to small 

blood vessels. Consequently, patients can suffer from sensory damage in 

their extremities, in the form of numbness or pain, depending on which 

nerves are affected. The impairment to nerves is especially prevalent in the 

feet, where decreased sensation leads to patients’ inability to recognise cuts 

or blisters, often leading to the formation of ulcers and foot infections [55].  

Hyperglycaemia is a common consequence of having diabetes and an 

indicator that an individual has diabetes, prior to diagnosis. Over time, 

chronic hyperglycaemia contributes to atherosclerosis and this injury to the 

vessels promotes initiation of repair processes, increasing cellular energy 

demand. Oxidative stress is another result of persistent hyperglycaemia, due 

to elevated concentrations of sugars and lipids present in the blood. This 

causes a surge in oxygen-derived free radicals, which damage blood vessels 
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and cause the pro-oxidant and antioxidant systems to become unbalanced 

[56]. ROS are formed as a result of normal oxygen metabolism and their 

production is an essential feature of wound healing and tissue repair. The 

presence of ROS causes the oxidative degeneration of proteins and lipids 

(peroxidation), which can affect their functions in vivo. This includes lipids 

comprising plasma cell membranes, promoting the creation of damaging 

secondary compounds due to the oxidation process, which induce damage in 

addition to that caused by ROS [57]. 

The damage caused is exhibited as inflammation; nitric oxide synthase 

(NOS) is secreted, to induce production of nitric oxide to help attenuate the 

inflammation. NOS functions by binding to the endothelium via palmitate 

molecules. One pathway which produces palmitate is the fatty acid synthase 

(FAS) pathway. FAS is an enzyme regulated by insulin and individuals with 

diabetes have low levels of FAS due to impaired insulin function, either as a 

result of insulin deficiency or resistance to it [58, 59]. As such, it has been 

proposed that those with diabetes may be more prone to develop vascular 

damage, as NOS does not function as effectively in these patients.  

Patients with all types of diabetes are subject to an increased risk of 

stroke and heart attack, although Type 2 has a stronger causal association 

with an unhealthy diet and sedentary lifestyle, which also increases an 

individual’s risk for these [15, 60, 61].  

The most common microvascular complication that occurs in Type 1 and 

Type 2 diabetic patients is diabetic retinopathy, which is initiated by damage 

to the blood vessels supplying the back of the eye; chiefly, those supplying 

the retina (light-sensitive tissue). It develops as a result of oxidative stress 

caused by chronic hyperglycaemia; the type of injury observed is identical 

to that observed in inflammation. Vessels become permeable, causing 

leakage of fluids and lipids. The macula, located at the centre of the retina, 

swells when the blood vessels that supply it become permeable, resulting in 
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blurred vision. This is known as macula oedema, also referred to as diabetic 

maculopathy, and is thought to affect half of diabetic retinopathy patients.  

In response to microvascular damage in the eye, repair mechanisms, most 

notably angiogenesis, are initiated to replace the defective and damaged 

blood vessels. The disease develops progressively; the main stages are 

outlined in Table 1.1 [62] (see Fig. 1.2 also). “Diabetic retinopathy” 

generally refers to both diabetic maculopathy and proliferative retinopathy 

[63].  
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Table 1.1. An outline of each progressive disease stage found in diabetic 

retinopathy. 

  

Disease stage Main features Consequence Treatment 

Background 

retinopathy 
Micro-aneurysms 

in retinal 

microvasculature, 

blood vessels 

rupture and leak 

blood into 

surrounding 

tissues 

Eyesight 

unaffected, risk of 

future blindness is 

increased 

Lifestyle changes: 

optimal control of 

blood glucose, 

blood pressure 

and cholesterol 

levels 

Pre-proliferative 

retinopathy 
Severe changes to 

the retinal 

microvasculature: 

retinal occlusions 

and increased 

vascular 

permeability 

causing bleeding 

into the retina 

Areas of the retina 

become ischaemic 

as they are starved 

of oxygen and 

nutrients, pro-

angiogenic factors 

stimulated, such as 

VEGF 

Lifestyle changes 

Proliferative 

retinopathy 
Vision loss due to 

angiogenesis and 

scar tissue 

formation on 

retina. New blood 

vessels are fragile 

and leaky, blood 

leakage into the 

retina 

New vessels grow 

into vitreous body, 

retinal detachment 

as the leaked 

blood and micro 

vessels push it into 

the vitreous body, 

blindness 

Anti-VEGF 

medication and, in 

the most advanced 

cases, surgical 

procedures, such 

as retinal 

reattachment 
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Diabetic retinopathy is the leading cause of blindness globally: 

approximately one third of people with diabetes present with signs of 

retinopathy. Of these, a further one third have vision-threatening retinopathy 

[64, 65]. Any individual with diabetes is at risk of developing diabetic 

retinopathy, though a patient’s chance of developing the disease is increased 

by a number of factors, including hypertension, high cholesterol levels and 

a high body mass index. Non-modifiable risk factors include 20 or more 

years since diabetes onset and pregnancy [66]. Patients with diabetes who 

are over the age of 12 years in the UK are screened annually for any signs of 

retinopathy: early detection is imperative to prevent loss of vision and 

permanent blindness. 

Prevention is preferable to treatment – therefore, reducing the risk of 

developing diabetic retinopathy to begin with is crucial. The most effective 

way to do this is intensive glycaemic control, whereby patients keep their 

blood glucose within optimal range (for insulin-dependent diabetes, this is 

between 4.0 and 7.0mmol/ L [66]). Keeping blood glucose, blood pressure 

and blood cholesterol levels within range can help to reduce the chance of 

retinopathy development. Both the Diabetes Control and Complications 

Trial [67] and the UK Prospective Diabetes Study [68] showed that intensive 

glycaemic control reduced the risk of developing diabetic macula oedema by 

approximately 25%. 
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A 

B 

C 

Figure 1.2. The major stages of progressing diabetic retinopathy. (A) 

A healthy eye, before onset of diabetic retinopathy. (B) Early-stage 

diabetic retinopathy, usually eyesight is unaffected at this stage. (C) 

Proliferative retinopathy, where neovascularisation is a prominent feature 

and eyesight is very poor. 
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Current treatment options include surgical and drug-based therapies. 

The first-line therapy used to treat diabetic maculopathy is laser treatment: 

the laser creates small burns on the retina to offset the leakage of blood from 

the damaged vessels and reduce macula oedema. For proliferative 

retinopathy, panretinal photocoagulation (PRP) is required, a procedure that 

shrinks and seals new blood vessels that have formed already and prevents 

additional new vasculature from growing on the retina. This in turn reduces 

the risk of haemorrhaging and further leakage. By using PRP, patients are 

prevented from losing their remaining eyesight and the chance of developing 

retinal detachment is reduced [69]. Other surgical procedures that are used 

in treating diabetic retinopathy include vitrectomy and retinal re-attachment. 

Pars plana vitrectomy is performed when a patient develops vitreous 

haemorrhage (VH), or retinal detachment with or without VH. VH develops 

as a consequence of angiogenesis; as the vessels proliferate into the vitreous 

body and along the retina, they eventually cause its detachment. As they 

grow into the vitreous body, the blood vessels rupture and cause recurrent 

haemorrhages. As blood leaks into the vitreous humour, patients suffer pain 

and loss of vision. Pars plana vitrectomy involves removing some or all of 

the gel from the vitreous humour and potentially replacing it with, for 

example, saline. This removes the blood from the vitreous body, which 

attenuates some vision loss and pain. It can also be employed when 

performing a retinal reattachment operation [69]. 

In diabetic retinopathy, tears in the retina combined with fluid leakage 

and build up can cause the retina to become detached, which results in patient 

blindness. Retinal re-attachment can be performed, using a gas bubble and 

post-operative positioning to maintain the placement of the bubble. This 

procedure first requires laser photocoagulation or cryotherapy (freezing 

treatment) to stabilise the haemorrhaging blood vessels; this is followed by 
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injection of an intraocular gas, for example SF6, to form a small bubble that 

covers the pathology. 

Drug-based therapy options include corticosteroids and anti-VEGF 

(vascular endothelial growth factor) drugs, described later in section 1.4., via 

intra-vitreal injection. Corticosteroids are used to inhibit VEGF expression; 

they act to down-regulate platelet-derived growth factor (PDGF, see section 

1.2.4.), which reduces new blood vessel formation by angiogenesis [70, 71]. 

The adverse effects associated with long-term steroid use have been well 

established, such as development of cataracts that further impair patients’ 

vision; therefore, they cannot be used indefinitely to treat diabetic 

retinopathy.  

 

1.1.4. Age-related macular degeneration 

Age-related macular degeneration (AMD) is a progressive disease involving 

degeneration of the macula, an area of tissue in the centre of the retina at the 

back of the eye, resulting in the loss of central vision [72]. Globally, AMD 

is the leading cause of central visual loss in those over the age of 65 years, 

and the third most common cause of blindness (following cataracts and 

glaucoma) [73], affecting 10% of those over 65 years and more than 25% of 

individuals aged 75 years [74]. It has two forms; dry, which is more common, 

and wet AMD, which develops from the dry form, usually developing more 

rapidly. The main feature of the wet form is neovascularisation within the 

macula, which is absent in dry AMD.  

Human retinal pigment epithelium (RPE) is a complex tissue made up 

of a monolayer of non-dividing pigmented cells present at the neuroretina 

and choroid interface. It has a number of functions imperative for 

maintaining photoreceptor cells but can undergo various changes during the 

aging process, which can lead to the formation of drusen [72]. These are 

yellow deposits located beneath the retina, between the RPE and Bruch’s 
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membrane, comprising lipids and proteins [72, 75]. There are different types 

of drusen: small, hard drusen may not affect patients’ vision, whereas 

presence of large, soft drusen is a known risk factor for, and a hallmark of, 

AMD [76-78]. The formation of drusen is indicative of RPE dysfunction and 

promotes loss of RPE and photoreceptor death [79]. Some of the key 

constituents of drusen are vitronectin and apolipoprotein E (apoE) [80]. 

Vitronectin is a glycoprotein found abundantly in serum, extracellular matrix 

(ECM) and bone. It binds with various integrin molecules to play a role in 

tissue remodelling by cell adhesion regulation [81]. ApoE is a protein 

involved in fat metabolism by binding lipids to form lipoproteins, with its 

predominant role being to transport cholesterol [82]. Both of these molecules 

have been found to accumulate in drusen, which reflects the protein profile 

of RPE cells as well [80]. 

The soluble glycoprotein, complement factor H, has also been isolated 

from ocular drusen. It has a protective effect as it regulates the alternative 

complement pathway activation to ensure the complement system targets 

pathogens and not self-cells. It is mainly produced by the liver and circulates 

in the plasma; however, it can be synthesised by RPE cells and has been 

found to accumulate in drusen where it prevents degradation of drusen by 

the alternative complement pathway [83]. Degeneration of RPE leads to 

progressive damage to the Bruch’s membrane that, in combination with the 

upregulation of pro-angiogenic factors like VEGF, promotes growth of 

abnormal blood vessels from the choroid beneath the RPE. As the disease 

advances, these vessels also grow under the retina. Vision loss can develop 

as a consequence of choroidal neovascularisation, as blood vessels grow into 

the macula and, due to their fragility, are prone to haemorrhaging and so leak 

blood into the retina and surrounding tissues. Macula oedema also 

contributes to vision loss and occurs when fluid builds up in the back of the 

eye, distorting the vision or causing complete vision loss.  



21 

 

End-stage wet AMD results in the permanent loss of central vision, 

causing blurred vision or a blind spot in the visual field [84]. Wet AMD is 

distinct to other neovascular eye diseases in that aberrant angiogenesis 

occurs in the choroidal and not the retinal vasculature [62]. In those for 

whom central vision loss has developed as a consequence of wet AMD, the 

risk of depression increases as their ability to participate in various social 

activities is compromised. Charles Bonnet syndrome, wherein patients 

experience visual hallucinations, has also been linked with profound vision 

loss in patients with wet AMD. Up to 50% of individuals with macular 

degeneration experience this, though it is more likely to occur in those with 

loss of vision in both eyes, and the onset of hallucinations commonly 

happens after a sudden worsening of eyesight [85]. 

There is no obvious cause of wet AMD, although it has been noted 

that it develops from the dry form. The risk factors are numerous; twin 

studies have established that family history is a risk factor as the disease has 

a hereditary component [86], however the greatest risk factor is age: this 

disease is rare in those under 50 and most common in people over 75 [87-

91]. The prevalence of advanced AMD, including the wet form, increases 

with each decade after the age of 50 years. The highest prevalence is after 

the age of 80 years [72, 73]. Race is another risk factor, as there is a higher 

disease prevalence in Caucasian individuals. These are referred to as 

personal risk factors. Environmental risk factors for AMD include smoking, 

high blood pressure and cardiovascular disease, since conditions which 

affect the heart and vasculature may increase risk of other vascular 

conditions developing [72, 73, 87-91]. 

Prevention of wet AMD is crucial to prevent vision impairment: 

therefore, patients over the age of 60 years receive free routine eye 

examinations to identify early signs of AMD. Early detection and treatment 

of wet AMD can help to reduce loss of vision.  Managing medical conditions, 
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such as cardiovascular disease, can also help to reduce the risk of AMD 

development, along with avoiding smoking and maintaining a healthy 

weight through regular exercise and a healthy diet [73, 92]. Despite a lack of 

treatment available for dry AMD, central vision may not be affected at early 

stages of this disease. As wet AMD progresses, however, anti-VEGF drugs 

may be administered to prevent vision from worsening in 90% of patients, 

however, restoration of normal visual acuity occurs in considerably fewer 

(30%) [93]. 

 

1.1.5. Retinopathy of prematurity 

Retinopathy of prematurity (ROP) is a vasoproliferative disorder, in which 

there is abnormal growth of blood vessels at the back of the eye [94]. 

Normally, the retina becomes completely vascularised at full term, however 

in the premature baby, the retina remains incompletely vascularised at the 

time of birth. Thus, neovascularisation becomes disrupted and retinopathy 

occurs [62]. It develops in a two-phase process; the first phase occurs when 

a preterm neonate (defined as babies born alive before the completion of 37 

weeks of pregnancy) begins to breathe. The immature retinas become 

hyperoxic (a state of excess oxygen supply to the tissues [95]), which leads 

to suppression of growth factors such as VEGF and insulin-like growth 

factor-1. Due to the low-level presence of these factors, retinal blood vessel 

growth is attenuated [96]. 

Consequently, the retina becomes hypoxic, as it becomes more 

metabolically active but poorly vascularised; this stimulates the release of an 

abundance of growth factors to induce vasoproliferation [94, 96]. This is the 

second phase of the disease development, characterised by the consequential 

disorganised retinal vascular growth, plus oxidative damage to endothelial 

cells (ECs) [96]. As the vasculature develops, this can cause retinal 

detachment. Controlled administration of oxygen to these neonates can 
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reduce retinopathy of prematurity, though this cannot eliminate it altogether 

[97]. There are five disease stages, outlined in Table 1.2. [94, 96].  

In 2010, it was estimated that the number of premature neonates who 

developed severe ROP worldwide was 53,000, with 20,000 becoming blind 

or severely visually impaired [98, 99]. In developed countries, the incidence 

of blindness in infants with ROP is low at 3-13%, although the overall 

incidence of ROP is increasing in these countries on account of advances in 

neonatal management that allow the survival of more premature infants [98, 

100, 101]. Generally, around 90% of infants with ROP are in stages I and II, 

the milder disease categories, in which they do not experience long-lasting 

damage nor impaired vision [102].  

The two greatest risk factors for ROP development are gestational age 

and birth weight, which are inversely proportional to the risk. This means the 

lower the birth weight and the earlier the gestational age of a neonate, the 

more likely they are to develop ROP. Another key factor is the use of 

supplemental oxygen, received in neonatal intensive care; however, the use 

of this for preterm neonates decreases the risk of systemic injury. Other risk 

factors include sepsis, blood transfusion and intraventricular haemorrhage 

[96, 102]. 
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Table 1.2. An outline of each progressive disease stage found in 

retinopathy of prematurity. 
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With regard to treatment options, laser therapy and cryotherapy are 

both used to destroy the periphery of the retina, to slow or reverse the 

abnormal blood vessel growth. Although they preserve the crucial part of our 

sight, the central vision, these treatments do impair peripheral vision and the 

long-term side effects are not known. Thus, they are only performed on 

infants with advanced retinopathy: stage III with “plus disease” or more [96, 

102].  

 Later disease stages, primarily stages IV and V, can also require a 

scleral buckle, where a silicone band is placed around the eye to tighten it 

and prevent the vitreous gel from pulling on scar tissue, in order for the retina 

to flatten against the wall of the eye. The band is removed after a few months 

or a year, as the eye continues to grow. The final treatment option for stage 

V ROP is a vitrectomy, where the vitreous humour is removed, either fully 

or partially, and replaced with saline solution. Following the extraction of 

the vitreous humour, the scar tissue on the retina can be removed, allowing 

the retina to flatten against the eye wall and preventing complete blindness 

[96, 102]. 

 Retinal detachment can develop if infants do not respond to treatments 

for ROP. If there is only a partial detachment, classified as stage IV, no 

further treatment is given, as the retina may remain the same or reattach 

without treatment. However, in some instances additional treatment is 

offered to avoid further advancement of the retinal detachment (stage V). If 

the centre of the retina, or the entire retina, detaches, central vision is 

threatened: at this point, surgery may be recommended to reattach the retina 

[96, 102]. It is worth noting that surgical interventions to treat retinal 

detachment have limited success due to the small size of their eyes and the 

firm vitreoretinal attachments found in neonates [62]. 
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1.2. What is angiogenesis? 

 

1.2.1. The circulatory system  

The human circulatory system comprises two distinct networks: the 

cardiovascular system, responsible for the transport of blood, and the 

lymphatic system, which transports lymph. Both systems consist of a series 

of branching vessels that supply body tissues to deliver necessary 

components (such as oxygen) to body tissues, and to remove waste products 

[103]. 

Major blood components include plasma, erythrocytes, immune cells 

and platelets. Primarily, plasma contains water, proteins (including 

antibodies, hormones, enzymes and other factors such as chemokines and 

cytokines) and salts [104]. Put simply, the human heart pumps blood to the 

lungs where haemoglobin is oxygenated (this is the pulmonary circulation) 

before the blood returns to the heart to be transported to the body tissues 

(systemic circulation).  

 

1.2.2. Blood vessels 

There are three major types of blood vessel – arteries, which have thick 

muscular vessel walls and transport blood at a high pressure; veins, which 

transport blood at a lesser pressure and therefore have thinner walls; and the 

smallest vessels, capillaries, which make up vascular beds to directly supply 

blood to tissues. 

In the pulmonary circuit, pulmonary arteries transport blood with low 

oxygen content to the lungs, which is returned to the heart, where systemic 

arteries transport oxygenated blood to body tissues. Artery walls comprise 

three key layers. The outermost layer, the tunica adventitia, connects the 

artery to surrounding tissues as part of the ECM [105]. Consequently, this 

layer is made up of connective tissue and elastic and collagenous fibres. The 
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next layer is the tunica media, which is composed of smooth muscle and 

provides support for the cells and allows alterations in vessel diameter as part 

of blood pressure and blood flow regulation [105]. Finally, surrounding the 

vessel lumen is the tunica intima, the inside layer, which is the endothelial 

layer. This consists of a single EC layer attached to a basement membrane 

(simple squamous epithelium), surrounded by fibro-elastic connective tissue 

and elastic fibres, to provide flexibility and stability for the ECs [104, 105]. 

Blood flows through the entire network of arteries, from the largest arteries 

into smaller arteries, to arterioles, which play a key role in regulation of 

blood flow into the capillaries that supply the tissues, aided by the smooth 

muscle cells in arteriole walls [104, 105]. 

 Capillaries directly supply body tissues and are the connecting vessels 

between arteries and veins. They form vascular beds allowing efficient 

exchange of materials between the blood and tissues. Tissues with greater 

metabolic activity demand more oxygen and a rapid removal of metabolic 

waste products, therefore the capillary network is more extensive to maintain 

the blood supply [104].  

 Systemic veins return blood to the heart from capillaries, via venules, 

the smallest veins, which connect to increasingly larger veins until the blood 

enters the heart. This blood has a reduced oxygen content due to oxygen 

having been used for metabolic activities in cells throughout the body. On 

the other hand, pulmonary veins carry blood with a high oxygen content to 

the heart from the lungs, where it is pumped through systemic arteries to 

body tissues. Venular walls have the same layered structure as arteries, 

though blood is not transported at such a high pressure, hence they contain 

less smooth muscle and connective tissue, meaning the walls are ultimately 

thinner [105]. A prominent feature of veins is that they contain valves to help 

maintain blood flow in the direction of the heart, which is particularly 
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important in the arms and legs where venous valves prevent the backflow of 

blood in response to gravity [104]. 

 

1.2.3. Cells of the vasculature 

 

1.2.3.1. Endothelial cells 

ECs are a flattened cell type that line the lumen of all blood vessels on a 

basement lamina, therefore lining the entire vascular system. Their 

remodelling ability, whereby they adjust their number and arrangement in 

response to local requirements, allows them to supply every region of the 

body and adapt constantly as needed for growth and tissue repair [106]. 

During embryonic growth, the development of arteries and veins derives 

from small vessels consisting only of ECs and the basal lamina. Other blood 

vessel components are recruited by EC signals, where required, 

demonstrating the fundamental role of ECs in blood vessel formation.  

Upon vessel maturation, interactions between ECs and surrounding 

connective tissue and smooth muscle is integral in regulation of the blood 

vessel’s function and structure. One example of this is mechanoreceptors on 

ECs, which allow them to detect shear stress caused by blood flow over their 

cell surface, information that they communicate to surrounding cells to 

enable adjustment of blood vessel lumen diameter to accommodate blood 

flow. Another is that ECs release nitric oxide to initiate smooth muscle 

relaxation in vessel walls and cause blood vessel dilation, allowing increased 

blood flow where necessary.  

ECs are critical for tissue homeostasis and form a direct contact with 

the blood in vessel lumen. They regulate vascular tone, via interactions with 

the peripheral nervous system, and partake in both coagulation and 

thrombolysis processes [107, 108]. Furthermore, they are involved in 
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inflammatory and immunological pathways mediated by a layer of surface 

glycoproteins [109]. 

ECs can be characterised by a number of cell markers; for example, 

the transmembrane glycoprotein, CD31, is expressed by a number of 

vascular cells, including ECs, platelets and macrophages. It has been 

implicated in integrin activation, angiogenesis and leukocyte transmigration 

[110-112]. CD34 is another EC marker – it is a cell surface glycoprotein, 

with roles in cell-cell adhesion and cell proliferation and differentiation [111, 

112].  

EC markers can change during angiogenesis, as ECs differentiate 

during blood vessel formation. CD105, for instance, is a homodimeric 

transmembrane glycoprotein which is usually expressed at low levels in 

resting ECs. However, during neoangiogenesis, as ECs become more active 

in sites of vascular injury or inflammation, or in tumour vasculature, CD105 

is upregulated to fulfil its role as an auxiliary receptor for the TGF-β receptor 

complex, involved in cell proliferation and differentiation.  

The VEGF receptor (VEGFR) family is central to angiogenesis, with 

VEGFR1 and -2 expressed on ECs (more information on this is available in 

chapter 1.2.4). ECs are directly involved in physiological and pathological 

angiogenesis, as new blood vessels sprout and grow from existing 

vasculature and ECs line the entire vascular system. This is explained in full 

in chapter 1.2.5. and Fig. 1.5.  

 

1.2.3.2. Pericytes 

Pericytes are a type of mesenchymal cell, with the potential to differentiate 

into a multitude of different cell types, such as fibroblasts, osteoblasts, 

adipocytes and chondrocytes. [113-116]. Traditionally, pericyte cell markers 

are CD146, CDPG4 and PDGFRb, however they are not unique to pericytes 
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as they also expressed on other mesenchymal cell types, including smooth 

muscle cells and ECs [117-119].  

Therefore, pericytes are distinguishable from other vascular cells 

chiefly by their distinct morphology: an oval cell body and long cytoplasmic 

processes that surround neighbouring ECs [108, 117, 120]  

One of the main roles of pericytes is to provide ECs with a balanced 

microenvironment. They are embedded in the basement membrane alongside 

ECs, allowing them to communicate by means of direct cell-cell contact and 

paracrine signalling [108, 120, 121].  

 Microvascular pericytes, present in capillaries, communicate with 

ECs via gap junctions and aid ECs with proliferation and selective inhibition, 

as they differentiate as part of the angiogenic process (Fig. 1.5). Pericytes 

have also been shown to protect ECs from cell death by apoptosis or 

cytotoxic processes. They have been shown in vivo to release pericytic 

aminopeptidase hormone, which, when secreted in the presence of ECs and 

astrocytes, caused pericytes to group into structures resembling capillaries. 

In this experiment, when the pericytes were removed, ECs underwent 

apoptosis. This provides more evidence for pericyte involvement in both EC 

survival and angiogenesis [122].  Furthermore, pericytes have been found to 

contribute to EC survival through production of Bcl-w during cellular 

crosstalk, a protein that is instrumental in VEGFA expression and 

downregulating apoptosis [123].  

In diabetic retinopathy, patients’ retinas often exhibit loss of pericytes 

– this is a characteristic factor in early disease stages. As pericytes are 

essential for EC and retinal capillary protection, this loss contributes to 

microaneurysm formation in the capillaries and leads to an increase in 

vascular permeability, macular oedema, and formation of new blood vessels 

that ultimately can lead to reduced or complete loss of vision [124]. 
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1.2.3.3. Smooth muscle cells 

Vascular smooth muscle cells, specifically, are defined based on their 

anatomical localisation (in the vasculature) and functionality. They are 

located in the medical layer and are responsible for arterial contraction to aid 

blood flow, and production of many key ECM components, including 

proteoglycans, collagen and elastin, and numerous proteins responsible for 

ECM synthesis and degradation, such as lysyl oxidase and 

metalloproteinases [125, 126]. These cells are spindle-shaped (round in the 

centre and tapering at each end), with an elongated nucleus, and their 

membrane configuration changes during contraction and relaxation – such 

as in arterial wall remodelling, to enable the diameter of the vessel lumen to 

change in response to blood flow [125]. Their cytoplasm contains large 

amounts of actin (thin) and myosin (thick) filaments, which act as the main 

proteins involved in muscle contraction [125, 127].  

Smooth muscle cells are characterised by these contractile filaments, 

particularly the thin filaments as they fill most of the cytoplasm, connecting 

with “dense bodies”, electron-rich areas anchored to the plasma membranes, 

to link actin with the membranes to allow cell contractility [125]. Cell 

markers for smooth muscle cells include ACTA2 (an actin protein) and 

CNN1 (calponin 1, a protein with a role in contraction) [128].  

During angiogenesis, smooth muscle cells help to stabilise the new vessel 

following EC migration and proliferation. They also aid myogenesis 

(formation of new muscular tissue) around the newly formed blood vessel 

by inhibiting further EC migration and proliferation, and by stimulating 

ECM production [129].  
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1.2.4. Vascular endothelial growth factor 

Angiogenesis is initiated by pro-angiogenic factors, the most well 

documented of which is vascular endothelial growth factor (see Figs. 1.3 and 

1.4), which modulates a range of cellular processes (including angiogenesis 

and lymphangiogenesis), through binding homo- or heterodimeric 

transmembrane receptor tyrosine kinases (VEGFR1, -2 and -3, Fig. 1.4). 

Some isoforms also bind neuropilin co-receptors (NRP1 and NRP2, see 

section 1.2.6.1.) that contribute to modulation of cellular responses to the 

VEGFRs [130-132]. The VEGF subfamily makes up a supergene family, 

along with the PDGF subfamily [130, 131]. PDGF is a pro-inflammatory 

cytokine which induces the expression of the VEGF gene [133]. VEGFA is 

the most abundant member of the VEGF family; VEGFA-null mice die 

during embryonic development due to angiogenic defects, indicating the 

necessity of VEGFA production for complete vascular development [134, 

135]. 

 

1.2.4.1. Family and isoforms 

The VEGF family consists of five structurally related secreted glycoproteins: 

VEGFs A, B, C, D and placental growth factor (PlGF) [136]. The role of 

VEGFB is poorly understood, although it is known to be essential for blood 

vessel survival. It consists of two isoforms, VEGFB167 and VEGFB186, which 

bind only to VEGFR1 [137]. VEGFC and VEGFD, which have integral roles 

in lymphangiogenesis, have no known isoforms [138]. PlGF, predominantly 

expressed in placental tissues, has four isoforms in humans: PlGF1 

(PlGF131), PlGF2 (PlGF152), PlGF3 (PlGF203) and PlGF4 (PlGF224) [138]. 

PlGF has clear roles in angiogenesis: all isoforms recognise and bind to 

VEGFR1 [139, 140] and deletion of the human PlGF gene results in 

impairment of angiogenesis, inflammation and wound healing [139, 141]. 
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However, the consequence of PlGF upregulation is pathological 

angiogenesis [142].  

VEGFA is the most well characterised family member, with 

established roles in angiogenesis and lymphangiogenesis. It is the most 

potent pro-angiogenic growth factor compared to other VEGFs [136, 143]. 

It is usually found as a homodimer, although it can form heterodimers with 

VEGFB and PlGF [144]. VEGFA specifically binds to VEGFR1 and 

VEGFR2 (Figs. 1.3 and 1.4) on ECs, but can also bind with lower affinity to 

co-receptors NRP1 and NRP2, expressed on the vascular endothelium and 

neurons [145]. There are 16 known isoforms of VEGFA, with the two major 

isoforms being VEGFA121 and VEGFA165. VEGFA165 was the first isoform 

to be characterised and remains the most highly investigated isoform, with 

regard to its function, signalling, expression and pathological roles [146]. As 

a potent stimulator of angiogenesis, VEGFA165 is considered the original 

pro-angiogenic VEGFA isoform [136]. VEGFR tyrosine kinase activity is 

stimulated by all VEGFA isoforms, except for VEGFA165B, which appears 

to negatively regulate VEGFR activity [138, 147].  
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Figure 1.3. Binding of VEGFA with its receptor. Upon ligand binding, 

the VEGF receptor dimerises, initiating tyrosine kinase activity. This 

leads to the autophosphorylation of intracellular domains and activates 

signalling pathways. 
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1.2.4.2. Receptors 

There are three VEGF receptors: VEGFR1, VEGFR2 and VEGFR3 (Fig. 

1.4). As stated previously, they can form homodimers or heterodimers and 

are involved in both angiogenesis and lymphangiogenesis. In angiogenesis, 

VEGFR1 and VEGFR2 homodimers are both integral; however, VEGFR2 

forms a heterodimer with either VEGFR1 or VEGFR3 as well, both of which 

are also involved in angiogenesis. The VEGFR3 homodimer and VEGFR2/ 

VEGFR3 heterodimer both facilitate lymphangiogenesis [138].  

 All isoforms of VEGFA, VEGFB and PlGF are ligands for VEGFR1 

and although VEGFA binds with VEGFR2, it binds more strongly with 

VEGFR1 [148]. This receptor is crucial for blood vessel formation and for 

mediating EC proliferation [149]. Its expression is upregulated under 

hypoxic conditions with involvement from HIF1 (hypoxia inducible factor 

1): this is the central mediator of hypoxic response, with the ability to 

regulate numerous genes, including VEGF [150]. The VEGFR1 promoter 

contains a hypoxia-responsive element sequence, which enables HIF1 

binding and leads to stimulation of VEGFR1 locus transcription [151]. 

VEGFR1 also has an alternative spice variant, which produces a soluble form 

of the receptor that acts as a decoy receptor for VEGFA and, consequently, 

negatively regulates VEGFR2 [147, 152]. 

VEGFR2 is expressed on endothelial and lymphatic cells and binds 

with VEGFA, C and D. Although its binding affinity for VEGFA is less than 

that of VEGFR1 [148], the relative abundance of VEGFR2 is greater [153]. 

It does preferentially form heterodimers with VEGFR1 rather than 

homodimers, although VEGFR2 homodimers are functionally necessary 

[154-156]. Binding of VEGFA to VEGFR2 causes the autophosphorylation 

of specific tyrosine residues in VEGFR2’s cytoplasmic domain. 

Phosphorylated VEGFR2 promotes downstream pro-angiogenic signalling 

pathways and generates several EC responses, such as a strong mitogenic 
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signal and survival signal, necessary for angiogenesis. VEGFA-VEGFR1 

binding does not evoke this strong mitogenic signal [157, 158]. This, 

combined with the relative abundance of VEGR2 versus that of VEGFR1, 

supports the idea that VEGFR2 homodimers are the main signal transducers 

in the angiogenic process [153]. Although a soluble form of this VEGF 

receptor has been identified in mice and humans, its function has yet to be 

determined [138, 159]. 

The final VEGF receptor is VEGFR3, which binds VEGFC and D to 

induce signalling pathways promoting lymphangiogenesis. There are two 

splice variants, one long and one short, both expressed on lymphatic ECs 

[160]. There is also a soluble variant of VEGFR3, which has been identified 

in corneal ECs and has anti-lymphangiogenic properties, though it also binds 

VEGFC and D [161]. Based on this information, it has been proposed that 

soluble VEGFR3 functions as a decoy receptor for these VEGF ligands, thus 

preventing VEGFR3-induced pro-lymphangiogenesis signal transduction 

[161, 162]. VEGFR3 also forms heterodimers with VEGFR2, but not 

VEGFR1 [157], providing unique signalling outcomes in both 

lymphangiogenesis and angiogenesis [163]. 
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Figure 1.4. Schematic of the VEGF family. Shown are family members 

with their respective receptors and associated neuropilin co-receptors. In 

the VEGFRs: coloured circles in extracellular regions represent Ig-like 

domains; black rectangles represent intracellular tyrosine kinase domains. 

In neuropilin co-receptors: membrane-distal brown ovals represent two 

extracellular domain tandem complement binding factor domains; brown 

squares represent two tandem Factor V/ VIII homology domains; and 

membrane-proximal brown oval represents single MAM domain. Redrawn 

from: Cao, Y., Positive and Negative Modulation of Angiogenesis by 

VEGFR1 Ligands. 2009. 2(59): p. re1-re1. 
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1.2.5. Types of angiogenesis 

Angiogenesis is the sprouting of new blood vessels from those that are 

already present (angiogenesis overview shown in Fig. 1.5). This is a 

physiological response to injury in wound healing, as well as a feature of 

processes such as embryonic development, tissue development and organ 

regeneration [145]. During wound healing in adults, angiogenesis occurs in 

response to tissue demands for oxygen, which results in a cycle of hypoxia 

and re-oxygenation, promoting ROS formation and, in turn, stimulating 

angiogenesis. Therefore, the angiogenic process accelerates with increased 

ROS formation. 

There are two types of angiogenesis, which occur both in adults and 

in utero: sprouting and intussusceptive angiogenesis. Sprouting angiogenesis 

comprises several well-characterised stages, including enzymatic 

degradation of the capillary basement membrane, proliferation and migration 

of ECs, endothelial tube formation, vessel fusion and pruning, and pericyte 

stabilisation (Fig. 1.5) [164]. This type of angiogenesis originates in body 

tissues with poor perfusion; when hypoxia is detected, oxygen demands 

increase and new blood vessel formation is necessary to meet this 

requirement. Parenchymal cells in a hypoxic environment generally secrete 

VEGFA to initiate angiogenesis [164]. ECs that comprise an angiogenic 

sprout can be subdivided into tip cells and stalk cells. Tip cells are 

characterised by their localisation at the forefront of blood vessel branches 

and numerous filopodia that probe the environment during migration 

towards angiogenic stimuli. They are also characterised by the expression of 

VEGF receptors 2 and 3, platelet-derived growth factor, Delta-like ligand 4 

(Dll4) and NRP1, allowing tip cells to detect and respond to gradients of 

angiogenic stimuli, such as VEGFA [165-170]. Stalk cells follow tip cells 

and produce fewer filopodia, are highly proliferative and form tight junctions 

to ensure angiogenic sprout stability [165, 171-174].   
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An important component of sprout formation is cell-cell 

communication via the Delta-Notch signalling pathway. Notch is a cell 

surface receptor with a key role in vascular development [175] and a 

downstream target of VEGFA [176]. Its transmembrane ligand, Dll4, is 

expressed on arterial blood vessels and endothelial tip cells [175, 177-179]. 

The Notch pathway regulates cell proliferation and differentiation, cell fate 

and cell death [175]. Upon ligand interaction, the ligand-receptor complex 

undergoes endocytosis and causes unfolding of the juxtamembrane negative 

control region of the Notch protein. This allows cleavage of the intracellular 

domain, which can then travel to the cell nucleus to regulate transcription 

[175]. VEGFA induces tip cell production of Dll4, causing Notch receptor 

activation in stalk cells, and suppressing VEGFR2 production in these same 

cells by way of inhibiting transcription [175, 180]. This reduces their 

migratory behaviour compared to tip cells and as a result, ECs that are 

exposed to the highest VEGFA concentration are the most likely to develop 

into tip cells [170, 180, 181]. This way, the Delta-Notch pathway controls 

which cells become angiogenic [170, 175].  

Despite tip cell exposure to the highest VEGFA concentration, their 

rate of proliferation is less than the rate of stalk cell proliferation. Production 

of viable vasculature is dependent on VEGFA concentration. Evidence for 

this includes embryonic lethality following a 50% reduction of VEGFA, due 

to vascular defects [143, 182]. Also, in the presence of excess VEGFA, 

tumours overproduce tip cells, leading to disorganised vasculature [183].  
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Figure 1.5. Overview of the angiogenesis process. (1) Endothelial cells 

are exposed to a high concentration of VEGFA; those exposed to the 

highest concentration become tip cells. (2) Tip cells lead the developing 

blood vessel sprout by extending filopodia. (3) The sprout lengthens as 

endothelial stalk cells, following the tip cells, proliferate. (4) The tip cells 

from two different sprouts fuse to create a new lumen. (5) This fusion 

enables blood flow through the new capillary, oxygenating the tissues and 

reducing VEGFA secretion. (6) The newly developed capillary is 

stabilised. Redrawn from: Carmeliet, P., F. De Smet, and S.e.a. Loges, 

Branching morphogenesis and antiangiogenesis candidates: tip cells 

lead the way. Nat Rev Clin Oncol 2009. 6: p. 315-326. 
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Intussusceptive angiogenesis (also known as splitting angiogenesis) is 

the formation of a new blood vessel by splitting an existing blood vessel into 

two [184]. Compared with sprouting angiogenesis, this type of angiogenesis 

is more rapid and efficient, as it does not require EC proliferation and 

migration; rather it relies on the reorganising of already established ECs 

[164], therefore allowing a vast increase in the number of capillaries without 

a corresponding increase in the number of ECs [185]. In utero, resources are 

limited, rendering it impossible to create a rich microvasculature with new 

cells every time a new vessel develops [185-188]. For this reason, 

intussusceptive angiogenesis is especially important in embryonic 

development, although it does occur throughout life, mainly promoting new 

capillary growth where capillaries already exist. It has been established in 

human postnatal lungs, along with other tissues and organs in capillary 

networks that border an epithelial surface, including the choroid of the eye, 

kidney, ovary and uterus [184, 189]. It has also been found to occur in 

skeletal muscle, heart and the brain [164].  

In summary, the main phases of intussusceptive angiogenesis are as 

follows: the capillary walls make contact, EC junctions are reorganised and 

the vessel bilayer is perforated, allowing growth factors (such as VEGFA 

[184, 186]) and cells to enter the lumen. Following this, a core is formed 

between the two new blood vessels at the point of contact. This contains 

pericytes and myofibroblasts, which start to lay collagen fibres to provide 

ECM for the vessel lumen to develop. More cells accumulate to allow the 

new blood vessel to expand [184, 185].  

Neoangiogenesis refers to a newly made vasculature and is a hallmark 

of cancer. This new vascular supply allows the tumour cells to grow, as it 

provides a method by which their metabolic substrates can be removed, and 

to metastasise, encouraging the growth of the tumour and therefore aiding 

cancer progression.  
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1.2.5.1. Vascular permeability 

Vascular permeability results from acute exposure to vascular 

permeabilising factors, such as VEGFA, histamine and serotonin. Response 

to these factors results in a rapid influx of plasma into the tissues [190, 191]. 

A low level of vascular permeability for molecular exchange is essential for 

maintaining tissue homeostasis: this is referred to as basal vascular 

permeability, where the fluid transported from the circulation into body 

tissues is called plasma filtrate. Capillaries provide molecular exchange 

throughout the vascular system, including exchange of gases, water and 

small molecules (like salt and sugars) in major organs like the heart, lungs 

and kidneys. In basal vascular permeability, small volumes of plasma 

proteins may also be exchanged [192]. However, vascular permeability is 

also one of the cardinal features of pathological angiogenesis [193].  

VEGFA has two main functions in angiogenesis: as well as 

stimulating EC proliferation and migration, it causes the walls of blood 

vessels in microvasculature to become hyperpermeable, resulting in the 

leakage of fluid containing large amounts of plasma proteins. For this reason, 

VEGFA has historically been referred to as vascular permeability factor 

[194]. In cases of acute vascular hyperpermeability, seen in pathological 

angiogenesis where vascular permeability is increased as part of the 

angiogenic process, among the plasma proteins contained in the spilled fluid 

(referred to as an “exudate”) are fibrinogen and members of the blood 

clotting cascade. Tissue factor protein, expressed by interstitial cells, 

interacts with these plasma proteins and activates the clotting system, which 

in turn causes the exudate to clot to deposited fibrin [195, 196]. This is 

essential for formation of new vasculature, as extravascular fibrin provides 

an initial matrix to support the growth of new blood vessels and to help 

establish new stroma [194].  



43 

 

Despite the necessity of vascular permeability in angiogenesis, 

vascular permeability can become pathological. The interaction of tissue 

factor protein with plasma proteins forms a gel, trapping water and other 

solutes to prevent their clearance by either the circulatory or lymphatic 

system, which ultimately causes oedema [192]. In the absence of the 

permeability stimulus, fibrin deposits are degraded without consequence, 

however in cases of pathological angiogenesis, the permeability stimulus is 

consistently present. Some of the exudate in this case is derived from the 

new, developing vasculature, which is characterised by fragile vessels that 

are inevitably leaky [197]. Therefore, the accumulation of more permeable 

blood vessels results in more plasma protein leakage; as a result, tissues can 

become oedematous [193]. In the case of neovascular eye diseases, the 

accumulation of fluid in the eye compounds issues that are already suffered 

as a result of the disease, such as acceleration of retinal detachment. 

 

1.2.6. Other pro-angiogenic factors 

 

1.2.6.1. Neuropilins 

As well as stimulating VEGF receptors, VEGF molecules signal through 

neuropilins (NRPs), a family of transmembrane glycoproteins with short 

cytoplasmic domains [198]. There are two major family members, NRP1 and 

NRP2, and these are further subdivided into 8 sub-family members in 

humans [199]. They are expressed on a broad range of cell types, including 

neuronal cells, immune cells, epithelial cells and ECs [200, 201], on which 

they are differentially expressed: NRP1 is located on arterial endothelium, 

while NRP2 is expressed on venous and lymphatic endothelium [198].  

There is a multitude of evidence for NRP involvement in 

angiogenesis. NRP1 KO mouse models result in embryonic lethality, 
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associated with vascular dysfunction [202, 203], whereas NRP2 KO mice 

show normal vasculature but with defects in neuronal guidance and defective 

lymphangiogenesis [204, 205]. However, in dual KO models, where both 

neuropilins are knocked out, the vascular defects observed are severe, 

suggesting that NRP2 partially compensates for loss of NRP1 [206]. Further 

evidence for this is that when NRP2 is over-expressed in ECs, an increase in 

VEGFR2 phosphorylation is observed, as well as pro-migratory and pro-

survival effects of VEGFA [199, 207]. 

Both NRP1 and NRP2 have been implicated in vascular development, 

primarily as VEGFR co-receptors, thought to enhance the angiogenic and 

lymphangiogenic roles of VEGFR2 (NRP1/ NRP2) or VEGFR3 (NRP2) 

[199, 208, 209]. For the VEGFR2/ NRP1 interaction, VEGFA binds to both 

receptors forming a heterotrimeric complex [210]. When this complex is 

formed from receptors expressed on the same cell (in cis) the outcome is pro-

angiogenic; however, when the complex forms with NRP1 on adjacent cells 

(in trans), angiogenesis is inhibited, likely by retaining VEGFR2 at the cell 

surface [211]. NRP2 binds as a VEGFR2 co-receptor to VEGFA165 and 

VEGFC, promoting EC survival and migration [207]. Although it has not 

been proven, it is assumed that  NRP2 also forms a heterotrimeric complex 

with VEGFR2 and VEGFA165, in both cis and trans conformations [199]. 

 

1.2.6.2. Integrins 

The integrins are a family of homologous type I transmembrane cell 

adhesion molecules, integral in cell mobility and at cell-cell contacts in blood 

cells, aiding their binding to one another, and with the ECM [212].  

Integrins are comprised of two noncovalently-bound transmembrane 

glycoprotein subunits, alpha (α) and beta (β), arranged in different dimeric 

complexes, which have varying affinities to extracellular ligands [213]. 

Integrins bind their ligand with lower affinity and are present in higher 
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numbers at the cell surface than other cell-surface receptors. This is in order 

to prevent cells from adhering permanently to the ECM: if attachment of 

cells to matrix proteins depends upon large numbers of weaker binding 

points, this is less likely to occur (known as the “Velcro principle”) [214]. 

Integrins have also been found to activate intracellular signalling pathways 

to communicate to the cell which matrix protein it is bound to, allowing the 

cell to respond to the ECM [214].  

Despite finding the same integrin molecule across different cell types, 

the ligand-binding specificities can vary between them. This strongly implies 

that there are additional factors, specific to the cell type where the integrins 

are present, which can interact with integrins to modulate their activity [213]. 

 

Structure 

Both α and β integrin subunits consist of a large multi-domain extracellular 

region, a transmembrane helix and a short cytoplasmic domain. The 

extracellular portions, more than ten times larger than the cytoplasmic 

domain, interact with ligands in the ECM, while the cytoplasmic domains 

mediate integrin interactions with intracellular proteins, including those 

involved with the cytoskeleton and in signalling [213, 215].  

In their active state, integrins have a high affinity for ligand binding. 

However, in their inactive, low affinity state, integrins present in a closed 

conformation, where they appear “bent” or “folded” (Fig. 1.6). In this state, 

their affinity for ligand binding is low, thus they are inactive [213].  Integrin 

activation, in response to intra- or extracellular stimuli, initially occurs by 

ligand binding to its extracellular domains or by changes on cytoplasmic 

tails, causing the molecule to elongate and its legs to separate. This allows 

the integrin to mediate bi-directional signalling: inside-out signalling, where 

integrin ligand binding function is initiated by activators such as talin, and 

outside-in signalling, where the integrin interacts with signal transduction 
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and cytoskeletal molecules to produce cellular responses induced by ligand 

binding. These responses lead to cell spreading, retraction, migration and 

proliferation [212].  

 

 

 

 

 

  

Figure 1.6. Integrin conformation. Integrins exist on the cell surface in 

two distinct states: they appear straight in their active conformation, 

exposing their extracellular domain and so allowing them to bind 

extracellular matrix ligands. In their inactive conformation, they appear 

bent.  

Active Inactive 

α-subunit 

β-subunit 
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Integrin behaviour 

The presence of divalent-cation-binding domains in the extracellular parts of 

both integrin subunits is evident, as the binding between integrins and their 

ligands is dependent on extracellular divalent cations: either Ca2+ or Mg2+, 

depending on the integrin [214]. The type of cation can influence both the 

affinity of an integrin for its ligand and the binding specificity.  

 Multiple integrins can recognise a number of matrix proteins – for 

example, there are at least eight integrins known to bind fibronectin (a large 

matrix glycoprotein, which also binds other matrix proteins, like collagen, 

and heparan sulphate proteoglycans, including syndecans) [216]. At least 24 

human integrin heterodimers can be formed from 18 varieties of α subunit 

and eight types of β subunit and this diversity is further perpetuated by 

alternative splicing of some integrin RNA [213, 214]. These αβ pairings 

provide specificity of integrin to ligand, as well as modulating formation of 

intracellular adhesion complexes and regulating downstream signalling 

[217].   

The most promiscuous integrin heterodimer is β1 integrin, which can 

pair with at least 12 α subunits to create numerous distinct integrin 

heterodimers [214]. β1 integrins are present on most vertebrate cells and their 

importance has been demonstrated in multiple mouse models: a mutant 

mouse model where β1 integrins cannot be synthesised results in embryonic 

lethality.  

 It is known that β2 subunits form dimers with four different α subunits 

and are expressed exclusively on white blood cells, in order to fulfil their 

role in enabling cells to combat infection [214]. These integrins generally 

mediate cell-cell interactions, rather than participating in cell-matrix 

interaction, binding ligands on other cells, such as ECs at infection sites. 

Humans with leukocyte adhesion deficiency do not express β2 subunits; 

consequently, their immune cells lack these receptors and they are 
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susceptible to repeated bacterial infections [214]. β3 integrins are found on 

several different cell types, including platelets in the blood. They bind 

multiple matrix proteins, including fibrinogen: platelets interact with 

fibrinogen during blood clotting. Individuals who are genetically deficient in 

β3 integrins, a condition known as Glanzmann's disease, bleed excessively 

[213, 214].  

Examples of the best-studied integrins include α5β1, ubiquitously 

expressed and known to bind fibronectin and α7β1, present on muscle cells 

and found to bind laminin (a large ECM protein, which influences cell 

differentiation, migration and adhesion). Also, α2β3, which is expressed on 

platelets and binds fibrinogen, a glycoprotein complex that circulates in the 

blood and is enzymatically converted, by thrombin, to fibrin for clotting 

[214, 217]. 

 

Integrins in angiogenesis 

Integrins are a major driving force behind EC migration, a key component 

of angiogenesis. β1 and β3 work with receptor tyrosine kinases (RTKs) to 

regulate angiogenesis. Growth factors are, of course, also integral in 

angiogenesis: for example, VEGFA acts through the RTK, VEGFR2, 

expressed specifically on ECs, to drive angiogenesis [218, 219].  

The most common β subunit in integrin heterodimers is β1, whose key 

roles in angiogenesis are well established. In vivo models have shown 

embryonic lethality in mouse models where β1 is absent, due to their inability 

to form the more elaborate vasculature necessary for further development. 

This indicates the integral role for β1 integrins in EC function in vascular 

development β1 in utero [220]. 

An important angiogenesis integrin is αv integrin, which forms 

heterodimers with at least five β subunits, providing each with its own unique 

ligand-binding profile. Importantly, αvβ3 and αvβ5 have integral roles in 



49 

 

angiogenesis [217]. The endothelial integrin, αvβ5, is key in angiogenesis. It 

is highly upregulated at active angiogenesis sites, such as sites of tissue 

regeneration, inflammation and tumours: when αvβ5 is inhibited, tumour 

angiogenesis is potently inhibited in vivo [221, 222]. It is not highly 

expressed on vasculature in healthy human tissues, except in chronic disease 

states where angiogenesis is generally persistent and abnormal when 

compared with physiological angiogenesis (such as in wound healing), as the 

process is highly regulated and self-limiting. 

There is clear interplay between αvβ3 and VEGFR2, evidence for 

which includes an observed increase in VEGFA-induced mitogenesis during 

human umbilical vein endothelial cell (HUVEC) attachment to αvβ3-specific 

ligands and ECM ligands, including vitronectin and fibrinogen. Furthermore, 

there is evidence of interplay between common signalling pathways: ILK 

(integrin-linked kinase), an adhesion-complex protein, binds cytoplasmic 

domains of both β1 and β3 integrins and is associated with VEGF-induced 

capillary formation [219, 223]. ILK contributes to Akt activation and, as 

VEGF activation of protein kinase B/ Akt is integral in angiogenesis, there 

may also be downstream co-operation through this signal integrator [219, 

223, 224].  

Expression of αvβ3 integrin on ECs is stimulated by angiogenic growth 

factors, such as FGF2 (fibroblast growth factor 2), TNFα and IL-8. As 

previously mentioned, it is upregulated on the endothelium in tumours and 

at sites of inflammation and wound healing. It is required for vascular 

development, as shown by the lethality of β3-null mouse models [225], and 

plays a prominent role in EC survival and migration during angiogenesis 

[226-229].  

The αvβ5 integrin promotes a separate angiogenic pathway to that 

regulated by αvβ3 [230, 231]. The αvβ5-initiated pathway is dependent on Src 

kinase and protein kinase c. It is also required for TGFα- and VEGF-
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mediated angiogenesis, as evidenced by in vivo assays. The conclusion 

drawn from this is that different angiogenic pathologies may depend on 

different integrin-mediated pathways [217]. 

Numerous other cell surface receptors interact with ECM ligands to 

alter the activation state of integrins; one such example is the syndecan 

family. Syndecan-2 (SDC2)’s ectodomain core protein is shed from the cell 

surface under inflammatory conditions and ultimately deactivates β1 integrin 

[218].  

 

1.2.6.3. Tie-2 and angiopoietin-2 

The angiopoietins are a group of vascular growth factors with key roles in 

embryonic and postnatal angiogenesis. There are four family members, 

angiopoietin (Ang)-1 – 4, and roles for Ang-1 and Ang-2 have been 

identified in angiogenesis. Tie-1 and Tie-2 are RTKs, specifically expressed 

on the vascular endothelium [232]. Angiopoietins are Tie ligands and, along 

with VEGFs and their receptors, they form two signalling pathways with the 

Tie receptors. Upon binding with Tie-2, angiopoietins induce 

phosphorylation of specific tyrosine residues on the Tie-2 receptor to 

mediate cell signals. Under basal conditions, the Ang-1/ Tie-2 signalling axis 

is active, maintaining EC quiescence by stimulating β1-integrin and N-

cadherin, and promoting vessel maturation, cell adhesion and survival [233, 

234]. However, during angiogenesis, Ang-2 expression is increased and 

functions as an autocrine-acting ligand of vessel maturation, binding Tie-2 

to negatively regulate the Ang-1/ Tie-2 signalling. Working in conjunction 

with VEGFA, Ang-2 destabilises quiescent blood vessels and allows 

VEGFA to drive EC proliferation and chemotactic migration, ultimately 

stimulating angiogenesis [233, 234]. Crucially, the role of Ang-2 is context-

dependent; in the absence of Ang-1, it is in fact a weak agonist of Tie-2 [234, 

235]. It is thought that this agonistic effect relies on Tie-1, whose mode of 
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action is not well understood, although it has been shown to be integral in 

vascular structural integrity [236, 237]. In one study, following Tie-1 

cleavage from inflamed epithelium, Ang2 activity switched from agonistic 

to antagonistic [238, 239], while in another, Ang-2 antagonistic activity was 

absent in mice deficient in Tie-1 [239, 240].  

Currently, therapeutics to attenuate pathological angiogenesis target 

the VEGFA pathway (detailed in 1.4). Another approach currently being 

explored is to target the angiopoietin-Tie pathway. Ang-2 blockers have been 

explored as a treatment option for tumour angiogenesis, however these have 

limited efficacy beyond this (for example, in advanced metastasis), with no 

plans for their use in neovascular eye diseases [234]. A number of small-

molecule tyrosine kinase inhibitors that inhibit Tie-2 are currently used in 

the clinic. However, many have multiple targets, also inhibiting VEGFR2 

and other tyrosine kinase molecules, meaning it is not possible to determine 

the specific contribution of Tie-2 inhibition to the efficacy of these drugs 

[234, 241-243]. Moreover, studies comparing Ang-2 inhibitors with Tie-2 

inhibitors have reported similar efficacy in tumour models, determining that 

there is no superiority of Tie-2 inhibitors to Ang-2 inhibitors [234, 244, 245].  

 

1.2.6.4. Fibroblast growth factor 

The fibroblast growth factor family comprises at least 20 cell signalling 

molecules [246] involved in a number of physiological processes, including 

angiogenesis [247]. FGF1 and FGF2, have been shown to induce 

angiogenesis in a number of tissues, including retinal, corneal and choroidal 

in the eye [248], and in different diseases (such as colon cancer) [249] and 

endometriosis [250]. One of their defining properties is that they bind with 

high affinity to heparin and to heparan sulphate proteoglycans (HSPGs), 

such as syndecans, located on the surface of most cells and within the ECM 

[246, 251]. This creates a reservoir of FGFs secreted by ECs, macrophages 
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and fibroblasts that can be released locally in a regulated manner – such as 

by the action of heparanases [246]. HSPGs serve as co-receptors for FGF, 

shown to modulate the effects of FGF in vitro and in vivo [252], and several 

studies have shown that heparin is required for high affinity binding of FGF 

to FGF receptors (FGFRs) in cells without HSPGs [246, 253, 254].  

 FGFRs are four structurally related RTKs (FGFR1, FGFR2, FGFR3 

and FGFR4). FGF1 binds to all FGFRs, while FGF2 binds only to FGFR1, 

FGFR2 and FGFR4. FGF activation of these transmembrane tyrosine 

kinases and their coupled intracellular signalling pathways stimulates 

downstream signalling through phospholipase C-γ1 (PLC-γ1), Ras-mitogen-

activated protein kinase (MAPK) and phosphoinositide 3-kinase-Akt (PI3K-

Akt) pathways [255-257]. To initiate signalling, FGF2 interacts with cell 

surface HSPGs and FGFRs in a ternary complex, causing FGFRs to dimerise 

and changing the receptor’s structural conformation. This will then allow 

transphosphorylation of multiple cytoplasmic tyrosine residues, leading to 

activation of downstream signalling pathways that lead to cell proliferation, 

survival and differentiation [257, 258]. FGFRs mediate the stimulation of 

cellular metabolism by FGFs, and so many FGFR isoforms bind several 

FGFs, with HSPG receptors providing further specificity [255]. FGF1 is less 

well characterised than FGF2, though it has been implicated in cell survival 

[246]. FGF2 possesses mitogenic and cell survival actions and elevated 

levels have been detected in serum from cancer patients, indicating its 

involvement in angiogenesis in tumour development [246, 259]. 
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1.3. Angiogenesis in disease 

Angiogenesis is a characteristic of a number of pathologies: as well as 

macular degeneration and diabetic retinopathy, excessive angiogenesis can 

contribute to cancer, rheumatoid arthritis and idiopathic lung fibrosis. 

Insufficient angiogenesis can lead to impaired tissue repair, for example in 

ischaemic tissues [260, 261]. 

 

1.3.1. Cancer 

Neovascularisation is a key feature in solid tumour formation, as tumours 

require a blood supply to grow and metastasise. Solid tumours can produce 

VEGFA, among other pro-angiogenic growth factors, to initiate 

angiogenesis and they can stimulate other neighbouring cells to produce their 

own pro-angiogenic factors [262]. Lymphangiogenesis is also a feature of 

cancer, to enable solid tumour growth and metastasis [263]. When a 

cancerous tumour reaches 1-2mm in diameter, it requires its own vascular 

supply to continue its growth. Anti-angiogenesis therapies are used to slow 

cancer growth and shrink tumours [264], in conjunction with 

chemotherapies.  

Commonly used anti-angiogenesis therapies in cancer treatment 

include anti-VEGF antibody therapies and tyrosine kinase inhibitors. 

Bevacizumab is the most widely used anti-VEGF drug, administered by 

intravenous injection and targeting VEGFA directly [265]. This is used in 

combination with chemotherapy treatments for many types of cancer, 

including metastatic colon cancer, non-squamous, non-small cell lung cancer 

and breast cancer [266].  

 Protein tyrosine kinase (PTK) inhibitors are a form of targeted 

therapy, used to block downstream signalling of VEGFR, preventing 

angiogenesis initiation. A commonly used inhibitor is sunitinib, a treatment 

for kidney cancer, neuroendocrine tumour of the pancreas and 
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gastrointestinal stromal tumour, a rare form of stomach cancer [267]. Other 

anti-angiogenesis drugs include thalidomide and its derivative, lenalidomide 

(brand name Revlimid), which interfere with cell-cell signalling to prevent 

neovascularisation. These drugs are used in multiple myeloma and 

lymphoma: “blood cancers” [268]. 

 

1.3.2. Rheumatoid arthritis 

Rheumatoid arthritis is an inflammatory autoimmune disease affecting the 

joints. This disease also requires a vascular supply, to allow for the excessive 

migration of circulating leukocytes to patients’ joints [269]. Synovial tissue 

fibroblasts in rheumatoid arthritis that become exposed to toll-like receptor 

endogenous ligands and pro-inflammatory cytokines, produced by 

neighbouring macrophages, transform into “tumour like” cells [270]. Thus, 

in the active state of the disease, these fibroblasts are activated by 

inflammatory mediators to secrete a range of pro-angiogenic factors [271]. 

This includes chemokines and cytokines, as well as adhesion molecules and 

matrix metalloproteinase, plus growth factors, with VEGFA being a key one 

[272].  

VEGFA-mediated angiogenesis plays a crucial role in the early stage 

of arthritis disease development [273], while the combination of all of these 

factors results in angiogenesis in the joints, exacerbating disease severity. 

Although anti-VEGF biologicals are not commonly used in rheumatoid 

arthritis treatment, anti-TNF-α biologicals (such as infliximab) are routinely 

used immunosuppressants, which help to prevent further damage to joints 

caused by the immune system. TNF-α is a promoter of angiogenesis and cell 

proliferation [274], thus the use of anti-TNF-α therapies could also suppress 

angiogenesis [275].  
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1.3.3. Idiopathic pulmonary fibrosis (IPF) 

Idiopathic pulmonary or lung fibrosis is an interstitial lung disease, 

characterised by progressive scarring of the lung tissue and associated loss 

of pulmonary function, resulting in respiratory failure due to reduced gas 

exchange capacity [276-278] and, ultimately, death [279, 280]. Repetitive 

epithelial microinjury leads to myofibroblast activation and the underlying 

pathology is known to involve numerous cells of the vasculature, whose 

interaction is regulated by angiogenic promoters and inhibitors, along with 

growth factors [279]. Pulmonary hypertension is an established factor for 

overall prognosis in patients with lung fibrosis [279].  

 Angiogenesis and vasculogenesis both feature in this disease and 

VEGFA is involved in both processes [281-283]. VEGFA promotes fibrosis 

through angiogenesis and works in collaboration with TGF-β to increase 

ECM production by fibroblasts [284]. Although the bleomycin model of 

pulmonary fibrosis differs from human idiopathic lung fibrosis, in that the 

epithelial injury in rodents results in differing vascular changes 

(neovascularisation rather than angiogenesis), it has been used to show that 

inhibition of VEGFA reduces fibrosis [276, 284].  

 The two main drug treatment options for idiopathic pulmonary fibrosis 

are PTK inhibitors, nintedanib (a multiple tyrosine kinase inhibitor) and 

pirfenidone, both of which have antifibrotic and antiangiogenic properties, 

downstream of VEGFA and other growth factors [285]. Although these 

therapies slow disease progression [280, 285], they are not a cure and lung 

transplant is recommended for all patients [286]. 
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1.4. Current anti-angiogenic therapies 

 

1.4.1. Targeting VEGFA 

Anti-VEGF therapies are commonly used in treating wet-AMD and diabetic 

retinopathy (outlined in Table 1.3). This type of therapy overcomes adverse 

effects like irreparable retinal tissue damage from laser treatments and 

glaucoma or cataract occurrence as a result of corticosteroid intravitreal 

injections. The most commonly used anti-VEGF drugs are ranibizumab 

(trade name: Lucentis), aflibercept (also known as Eylea) and bevacizumab 

(or Avastin). Ranibizumab is a monoclonal antibody fragment (Fab, 

fragment antigen-binding) which directly inhibits human VEGFA by 

binding to the receptor binding sites on biologically active forms of VEGFA. 

This prevents interaction of VEGFA with VEGFRs on ECs, inhibiting 

VEGFA activity and reducing angiogenesis, cell proliferation and vascular 

permeability. Bevacizumab is a recombinant humanised monoclonal 

antibody (full length) which is effective against all isoforms of VEGFA. This 

antibody also binds directly to the VEGFA molecule, preventing receptor 

binding and therefore VEGFA-driven pro-angiogenic effects. Aflibercept is 

a recombinant protein, comprising of two VEGFRs and a human Fc region. 

It acts as a decoy receptor for VEGFA, preventing it from binding with 

VEGFR1 or VEGFR2 on EC surfaces, therefore suppressing vascular 

permeability and angiogenesis. 

In the case of each therapy, VEGFA binding with its receptors is 

prevented and the pro-angiogenic effects of VEGFA are suppressed. As the 

main pathway responsible for angiogenesis in diabetic retinopathy and wet 

AMD, down-regulation of the VEGFA pathway can be very effective in 

preventing disease progression and help to delay vision loss in patients with 

either of these diseases. 
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Table 1.3. Summary of most commonly used anti-VEGF medications in the 

UK and USA. 

Drug/ trade name Type of drug Indication(s) Cost per injection 

(GBP) 

Ranzibizumab/ 

Lucentis 
Humanised 

antibody Fab 

fragment 

Wet AMD, 

Diabetic 

retinopathy 

551 

Aflibercept/ 

Eyelea 
Soluble decoy 

receptor  
Wet AMD, 

Diabetic 

retinopathy 

816 

Bevacizumab/ 

Avastin 
Human 

monoclonal IgG1 

antibody 

Colorectal cancer, 

Wet AMD (off-

label), Diabetic 

retinopathy (off-

label) 

20 

Brolucizumab/ 

Beovu 
Humanised single-

chain antibody 

fragment 

Wet AMD 816 
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1.4.2. Limitations of current therapies 

There is no universal definition for non-responsiveness to anti-VEGF 

medications – however, if successful, they should prevent further vision loss 

in patients since eyesight generally cannot be restored at this point in disease 

progression. A major drawback of anti-VEGF therapies is the lack of patient 

response; the response rate is approximately 50%, meaning that at least half 

of treated patients see no improvement in their condition.  

Furthermore, because anti-VEGF treatments do not modify the 

underlying disease, neovascularisation that has been initiated in response to 

this underlying disease is still upregulated by the immune system. This 

means that during the time between anti-VEGF treatments, angiogenesis is 

promoted and although most anti-VEGF therapies block VEGFA binding 

with VEGFR2, there is an upregulation of other pro-angiogenic factors, 

resulting in new blood vessel formation [287, 288].  

These other pro-angiogenic factors can be other VEGF family 

members, though it has also been found that despite the VEGFA-induced 

signalling cascade being the primary mechanism of angiogenesis in diabetic 

retinopathy, other VEGFA-independent pathways have been identified. For 

example, the pathway involving synthesis of lipid oxidation products [56]. 

Consequently, blocking VEGFA-induced angiogenesis may lead to the up-

regulation of other pro-angiogenic pathways and therefore therapies will not 

attenuate the disease in patients.  

Tolerance also becomes a problem for many patients, as these drugs 

must be administered long-term. The result is that the effects of the drugs are 

reduced in patients, meaning they require a higher dosage over time, which 

increases the risk of adverse effects associated with these therapies. 

Patient perception and compliance is also a factor in why anti-VEGF 

therapies fail. If patients deem that there is no improvement in their 

condition, this can affect them returning for further treatment. Although this 
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is not a direct failure of the therapy, it perhaps does suggest that patients 

would be more likely to adhere to a treatment regime if there was a treatment 

that was more efficacious and resulted in improvements to vision more 

quickly [289].  

The high cost of these drugs presents another problem. On average, 

each dose of anti-VEGFA drug costs approximately 750 GBP and patients 

generally require 12 doses to complete a treatment course. Furthermore, 

specialist ophthalmologists must administer the treatments to patients, rather 

than a general practitioner, which is an additional cost. Therefore, this is not 

a widely-available treatment due to its inaccessibility to some patients [290].  

The significant problems associated with anti-VEGF therapies clearly 

demonstrate a niche in the market for a novel therapeutic, with an alternative 

target, which will be effective against numerous pro-angiogenic factors and 

not only against VEGFA.  
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1.4.2.1. Cilengitide 

It is worth mentioning a failed therapeutic intended to treat glioblastoma by 

inhibiting αvβ3 and αvβ5 integrins (discussed in 1.2.6.2), cilengitide. Integrins 

are a family of molecules implicated in a number of processes, including 

tumour angiogenesis and invasion [291, 292]. Many integrin receptors are 

active in both normal and cancerous cells, making integrins difficult to 

target. The αvβ3 integrin is involved in angiogenesis and cell migration and 

proliferation. It is expressed at low levels in normal cells and overexpressed 

in various cancer cells, including glioblastoma. Preclinical in vitro and in 

vivo studies showed cilengitide to be a potent inhibitor of angiogenesis and 

an inducer of EC apoptosis, by inhibiting interaction between αvβ3 and its 

ECM ligands [293], although its value of adding cilengitide to radiotherapy 

and temozolomide was inconsistent [294, 295]. In its phase 3 clinical trial, 

cilengitide was found to not improve survival in patients compared to the 

control group, leading the drug manufacturer to stop further development of 

it as a cancer treatment [293].  

 There are very few integrin antagonists available clinically, due to the 

aforementioned difficulties with targeting integrins. In this case, targeting of 

αvβ3 integrin is complex due to opposing effects of cilengitide according to 

its dose; it was been reported that low doses stimulate blood vessel growth 

and tumour angiogenesis, whereas higher doses have an inhibitory effect 

[291, 296]. Only two different dosages were offered in the phase 3 trial, 

which may not fully display the duality effect of the compound [291]. 

Furthermore, although it has been determined (by way of metabolic imaging 

and tissue analysis), that cilengitide reaches its target, analysis of patients 

with glioblastoma treated with radiotherapy, temozolomide and cilengitide 

did not see a change in progression pattern compared with historical controls, 

suggesting the drug lacks anti-invasive properties [297]. Cilengitide also 

produces unfavourable pharmacokinetics: its short half-life (2-4 hours) and 
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twice-weekly administration make it unsuitable for long-term administration 

to patients, especially as a first-line treatment.  
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1.5. Other forms of neovascularisation 

 

1.5.1. Vasculogenesis 

Vasculogenesis is a form of neovascularisation, defined as the de novo 

formation of ECs from progenitor cells [298]. The angiogenic process 

generally follows this, though can sometimes can take place alongside 

vasculogenesis [299]. The key feature of vasculogenesis is that, unlike in 

angiogenesis, blood vessels do not form from pre-existing vasculature. They 

form when endothelial precursor cells (angioblasts) migrate and differentiate 

into ECs in response to growth factor secretion, establishing new vessels in 

blood islands during embryonic development [300, 301].  These islands 

extend into vascular trees and are then modified by angiogenesis [299]. 

Vasculogenesis can also occur in adults, for example during tumour growth, 

neovascularisation after trauma (such as cardiac or retinal ischaemia) and, 

determined more recently, in endometriosis [301, 302].  

Genetic studies demonstrate the necessity of VEGF and VEGF 

receptors in vasculogenesis: embryos that lack VEGFR2 die early in 

development due to an inability to form vessels and blood cells and therefore 

to initiate vasculogenesis and haematopoiesis [303, 304]. Embryos that are 

deficient in VEGF also suffer severe vascular defects and so do not survive; 

even deletion of one VEGF allele results in embryonic lethality [143, 182]. 

In embryos lacking VEGFR1, vascular defects are also evident, resulting in 

lethality. In this model, instead of angioblasts localising to the periphery, 

they congregate in central regions of the blood islands [305], suggesting 

there is EC overgrowth rather than inhibition.  

 

1.5.2. Lymphangiogenesis 

The lymphatic system is involved in physiological processes such as 

homeostasis, metabolism and immunity. Issues with lymphatic vessel 
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formation, by way of impaired or excessive formation, is associated with 

oedema, rheumatoid arthritis, psoriasis and impaired wound healing [306]. 

Lymphangiogenesis is the formation of new lymphatic vessels from 

pre-existing ones. The establishment of lymphatic vasculature arises after the 

cardiovascular system has developed, approximately at embryonic weeks 6-

7 [307, 308]. Similarly to angiogenesis, it occurs physiologically in 

embryonic development and wound healing, and also appears in certain 

pathologies, including cancer [309]. Like angiogenesis it involves cell 

proliferation, sprouting, migration and tube formation. VEGFC is 

predominantly responsible for lymphangiogenesis, with its closest relative 

(structurally and functionally) being VEGFD, also implicated in 

lymphangiogenesis [310]. Lymphatic ECs, upon which lymphangiogenesis 

relies, depend on VEGFR2 and VEGFR3 signalling, driven by pro-

lymphangiogenic factors VEGFC [311] and VEGFD [310]. Upon 

stimulation by mature VEGFC, VEGFR3 can form a homodimer to activate 

ERK1 and ERK2 pathways [306]. Alternatively, VEGFR3 can form a 

heterodimer complex with VEGFR2, which activates AKT signalling [144, 

306]. The role of NRP2 in lymphangiogenesis has been linked specifically 

to the growth of small lymphatic vessels during development, where it 

regulates vessel sprouting following generation of large lymphatic vessels 

from veins [199, 209, 312]. Here, NRP2 acts as a co-receptor for VEGFR3 

binding [209], either with VEGFC in a heparin-independent manner, or with 

VEGFD in a heparin-dependent manner [146]. 

VEGFR3 is expressed on all endothelia during the early 

developmental stages and is necessary for the formation of the 

cardiovascular system [307, 313]. After this, when the lymphatic system 

begins to develop, VEGFR3 is exclusively expressed on lymphatic ECs and 

fenestrated blood vessels present in endocrine organs (the thyroid, adrenal 

glands and pancreas) [314]. The lymphangiogenic process is comparable to 
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that of angiogenesis, regulated by VEGFA through its activation of VEGFR2 

and NRP1 [260], as are the cellular events that are characteristic of 

angiogenesis, including differentiation of ECs into tip and stalk cells [315]. 

However, the molecular mechanisms involved in lymphangiogenesis are less 

well-characterised [209] and there are clear differences between vascular 

ECs and lymphatic ECs, illustrated by their distinct gene expression and 

functional characteristics [316], plus their independent specification and 

development during embryonic growth [317]. 
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1.6. Syndecans 

Heparan sulphate proteoglycans are a class of glycoproteins comprising a 

core protein with linear glycosaminoglycan (GAG) chains attached. They are 

ubiquitously expressed across all tissue types in animals that display true 

tissues (eumetazoa) [318]. The syndecan family are type-I transmembrane 

HSPGs: cell surface proteins covalently coupled via serine residues to GAG 

chains, HS or chondroitin-sulphate, and linked to a short cytoplasmic domain 

by a single transmembrane domain (Fig. 1.7) [319]. GAG chains comprise 

repetitions of disaccharides (anywhere between 50 and 200 repetitions), the 

composition of which differ between HS and chondroitin-sulphate chains. 

An important characteristic of GAG chains is that they can be sulphated, 

providing them with a negative charge, which is key to syndecan functions 

and structure. The extent and type of sulphation depends on the identity of 

the core protein and the cell type expressing it. The negative charge of the 

chains means that they repulse each other and so can extend into space, 

increasing their area of action. They can also interact and bind a large range 

of positively charged molecules, including matrix proteins, growth factors, 

chemokines and cytokines [320]. Syndecan cytoplasmic domains also 

interact with a number of cytoskeletal proteins [321-323]. Syndecan 

transmembrane domains are necessary for some syndecan functions, which 

depend on syndecan transmembrane self-association [324]. The single-pass 

transmembrane domain of all syndecans contains a conserved motif, GxxxG, 

implicated in syndecan homodimerisation at the cell surface, and in retaining 

cholesterol in lipid rafts [321, 325].  

The short cytoplasmic domains of the syndecan family members are 

divided into three identifiable regions: the membrane-proximal C1 and 

membrane-distal C2 regions are highly conserved across the family members 

and flank a central variable region (V), which lacks the homology seen in the 

C regions [326, 327]. This homology across both family members and 
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species makes invertebrate syndecan molecules recognisable by these two 

regions alone [326].  

Although the syndecan cytoplasmic domains lack fundamental 

enzymatic activity, the C regions have been implicated in cell trafficking: 

syndecans can both interact with the actin cytoskeleton and signal through 

binding of specific proteins [326]. Their C2 regions allow binding with PDZ-

containing proteins (like synbindin, synectin, syntenin) [328-330], while 

their C1 region interacts particularly with actin-binding proteins (such as 

ezrin and moesin) [331]. Less is known about the V region, although its 

diversity between family members is clear across species.  
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Figure 1.7: The syndecan family. (A) Shown in orange are the syndecan 

ectodomains, projecting outside the cellular space. These molecules are 

composed of a core protein bound to HS chains (shown in red) and, in the 

case of syndecan-1 and -3, chondroitin-sulphate chains (shown in blue). 

In light blue are shown the transmembrane domains and in green, the 

cytoplasmic domains. (B) Amino acid sequences of the human syndecan 

cytoplasmic domains. The C1 and C2 regions are highly conserved across 

all syndecans; the variable (V) regions are specific to each different 

syndecan molecule. Taken from: Gopal, S., et al., Syndecan receptors: 

pericellular regulators in development and inflammatory disease. Open 

biology, 2021. 11(2): p. 200377-200377.  
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Each member of the syndecan family has a distinctive expression 

pattern. SDC1 is primarily expressed on epithelial and plasma cells; SDC2 

is expressed on ECs, fibroblasts, neurons and smooth muscle cells; SDC3 is 

expressed mainly on cells of the nervous system and chondrocytes; SDC4 is 

ubiquitously expressed. Family members can be grouped based on their 

primary structure into syndecan-1 and -3, or -2 and -4, wherein each pair 

shares a large amount of homology [332]. SDC2 and -4 have a shorter 

polypeptide chain compared to -1 and -3, and are substituted by HS chains 

only, while SDC1 and -3 can possess chondroitin-sulphate chains in addition 

to HS chains. Syndecans are involved in various physiological processes, 

including tumour development, cell migration and wound healing (SDC1); 

cell adhesion (SDC2); angiogenesis and feeding behaviour (SDC3); wound 

healing, directional cell migration and cytoskeleton assembly (SDC4).  

 

1.6.1.1. Syndecan shedding 

As with other proteoglycans, syndecan core proteins are thought to have 

distinct binding abilities and engage in specific protein–protein interactions, 

thus determining functional specificity of various syndecan-dependent 

biological processes [333, 334]. At the cell surface, syndecans can undergo 

proteolytic cleavage, or “shedding”, where they are enzymatically cleaved 

from the cell surface at a juxtamembrane region by enzymes known as 

sheddases [335]. In the case of syndecans, this cleavage is matrix 

metalloproteinase-dependent [336, 337]. A number of intracellular 

signalling pathways are involved in syndecan shedding, including the protein 

kinase C (PKC), PTK and MAPK pathways [336]. Activation of epidermal 

growth factor (EGF)- and thrombin receptor-mediated shedding aligns with 

the MAPK signalling cascade; on the other hand, PMA- and cellular stress-

inducing shedding initiate the PKC pathway [338]. PTK contribution has 

been determined through both chemical inhibitor studies, where tyrosine 
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kinase inhibition prevents syndecan shedding, and through bacterial 

virulence studies. A number of pathogens have been found to stimulate their 

own pathogenesis by causing excessive syndecan shedding, through 

virulence factors such as α- and β-toxins that cause the activation of 

syndecan shedding through PTK-dependent intracellular signalling 

pathways [338, 339]. 

 

1.6.1.2. Syndecans in angiogenesis 

Roles for all members of the SDC family have been identified in 

angiogenesis, particularly SDC1, -2 and -4. SDC1 has been shown in a 

variety of cell types to associate directly via its ectodomain with αVβ3 and 

αVβ5 integrins, leading to their activation [340-342]. In human microvascular 

ECs, immunoprecipitation experiments showed co-precipitation of β3 and β5 

integrins with SDC1, and that by silencing SDC1 expression, these cells 

were unable to spread on vitronectin (a ligand of αVβ3) [343].  Previously, 

the same group showed that fibroblasts seeded on SDC1 antibody would 

spread and activate αVβ3 and αVβ5, even in the absence of integrin ligands 

[341]. Subsequently, this group determined the mechanism through which 

SDC1 activates αVβ3 and αVβ5 integrins. SDC1 was co-precipitated with αVβ3 

and IGF1R (insulin like growth factor receptor 1) from ECs in a way that 

suggested the integrin and SDC1 were acting as a docking site for IGFR1. 

Furthermore, they showed this ternary complex was present on focal contacts 

when cells were plated on vitronectin [344]. The proposed model to explain 

this is that during the early phase of angiogenesis, SDC1 is necessary for 

VEGF-induced integrin activation, in its ternary complex with αVβ3 and 

IGFR1 [345]. 

SDC2 is essential for developmental angiogenesis, demonstrated by 

Chen et al. in 2004, wherein SDC2 knockdown (KD) resulted in significant 

impairment of developmental angiogenesis. Angiogenic sprouting could be 
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restored following injection of exogenous SDC2 cDNA, either zebrafish or 

human, demonstrating functional conservation across species [346]. 

Although the exact mechanism behind SDC2’s pro-angiogenic function is 

not clear, the cytoplasmic domain was clearly shown in this study to be 

important. Following this, Whiteford et al. have provided compelling 

evidence that the SDC2 ectodomain is shed from the cell surface and 

interacts with the PTPR, CD148, to regulate angiogenesis [218, 347]. SDC2 

may also play a role in pathological angiogenesis, as it was found to be 

upregulated on blood vessels in gliomas and from normal brain, despite not 

being present in the surrounding parenchyma [348]. While this study showed 

that SDC2 KD in murine vein ECs caused a decrease in cell migration on 

fibronectin and in tube formation on matrigel, indicative of SDC2 

involvement in angiogenesis, pro-angiogenic factors known to be 

upregulated in gliomas (EGF, bFGF and VEGF) were shown to promote 

SDC2 shedding from these cells [348]. Further studies have shown shed 

SDC2 to promote angiogenesis in murine vein ECs [348]. Approximately 

80% of all HSPGs expressed on the cell surface of human microvascular ECs 

are SDC2, and this expression increases in response to angiogenic stimuli 

and is dependent on the type of matrix on which cells are seeded. In another 

study, downregulation of SDC2 resulted in increased cell migration, while 

also impairing the ECs’ ability to form capillary structures on matrigel [349], 

suggesting an integral role for SDC2 in angiogenesis. Together, the evidence 

suggests that the vascular function of SDC2 results from a complicated 

balance of its functions on the cell surface, the regulation of its shedding and 

a possible autocrine or paracrine role as a shed molecule [320, 348, 349].  

Most investigations into SDC3 focus on its effect on behaviour, due 

to its presence in the nervous system. However, it is also expressed on the 

endothelium of various vascular beds, including joints, dermis and the 

cremaster muscle [350]. Regarding its role in angiogenesis, SDC3 knockout 
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(KO) mice are viable and develop normally, and the Whiteford group 

completed a study wherein SDC3’s extracellular core protein (lacking GAG 

chains) can produce potentially therapeutic effects in pathologies where 

angiogenesis is increased. Recombinant bacterially-derived SDC3 

extracellular domain protein was shown to significantly inhibit angiogenesis 

in the ex vivo aortic ring assay, and to inhibit skin and brain EC tube 

formation and cell migration through collagen in 2D and 3D [351]. These 

data support the idea that shed syndecan core proteins can act as important 

effectors of cell behaviour. 

The first clear evidence of a functional role of SDC4 in angiogenesis 

came from the work of Echtermeyer et al. in 2001. They generated a SDC4 

KO mouse that showed significant delays in wound healing in a model of 

skin injury. Although the number of newly generated vessels populating the 

healing tissue was unaffected by the lack of SDC4, the vessels were smaller 

compared to wild-type mice [352]. SDC4 is essential in mediating the pro-

angiogenic effects of thrombospondin-1; a 2008 study proposed a model 

whereby two heparin-binding sequences contained within thrombospondin-

1 can compete with fibronectin for interaction with SDC4, resulting in 

interference with SDC4-mediated EC adhesion [353]. In vitro experiments 

have also implicated SDC4 in signalling of pro-angiogenic molecules [354-

356], such as FGF. As well as facilitating the FGF2/ FGFR1 interaction, the 

SDC4 ectodomain seems to have a key role, as deletion mutants of this 

portion (lacking the V or the C2 regions) fail to promote an effective 

intracellular response to FGF2 [356-359].  

Together, the evidence suggests pro-angiogenic roles for full-length 

extracellular domains of SDC1, -2 and -4, while the core proteins of SDC2 

and SDC3 demonstrate inhibitory effects.   
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1.7. Receptor-type protein tyrosine phosphatases 

Reversible protein tyrosine phosphorylation is a key regulatory mechanism 

controlling a range of processes, including cell proliferation, differentiation, 

communication and adhesion [360]. Two major families control tyrosine 

phosphorylation: PTKs and protein tyrosine phosphatases (PTPs), and these 

families can each be sub-divided into receptor and non-receptor subtypes. 

The PTK family is made up of cell surface proteins that bind extracellular 

ligands (such as growth factors and cytokines) to initiate intracellular 

tyrosine phosphorylation-dependent signal transduction. Similarly, PTPRs 

possess intracellular domains with phosphatase activity that facilitates 

downstream signalling. Of the 37 classical human PTPs, 21 are receptor-like 

transmembrane proteins and 16 are intracellular non-transmembrane 

proteins [361-363]. PTPRs have a single transmembrane spanning domain, 

variable N-terminal extracellular regions (which display sequence homology 

to cell adhesion molecules [364]), and either a single or tandem intracellular 

phosphatase domain. They are grouped into eight sub-families (R1-8) as 

shown in Fig. 1.8. 
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Figure 1.8. Schematic diagram of the eight PTPR subfamilies. 

Redrawn from: Johnson, K. and D. Vactor, Receptor Protein Tyrosine 

Phosphatases in Nervous System Development. Physiological reviews, 

2003. 83: p. 1-24.  
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The structural features determining this grouping include presence of 

a fibronectin type-III (FNIII) domain and an Ig domain, and number of PTP 

domains [364], among others. R3 subfamily members, specifically, exhibit 

various numbers of FNIII domains and contain a single intracellular 

phosphatase domain. Briefly, type I PTPRs contain a single extracellular 

FNIII domain and two cytoplasmic phosphatase domains. Type IIa 

subfamily members have large extracellular domains made up of three NH2-

terminal Ig domains and eight FNIII domains, while type IIb members have 

an extracellular meprin-A5-PTP (MAM) domain, a single Ig domain, and 

multiple FNIII domains. Members of the type III subfamily have multiple 

extracellular FNIII domains but with only one cytoplasmic phosphatase 

domain. Type IV PTPRs have the shortest, often highly glycosylated, 

extracellular domains. Type V extracellular domains have a carbonic 

anhydrase domain, linked to one FNIII domain. Type VII PTPRs have a 

single cytoplasmic domain and a short extracellular domain. PTPRs in the 

type VIII subfamily contain a RDGS adhesion recognition motif, and are 

thought to be catalytically inactive [365].  

 

1.7.1. CD148 

The PTPR, CD148 (PTPRJ; density enhanced phosphatase-1, DEP1 [366]) 

is a member of the R3 subfamily of PTPRs, expressed across a broad range 

of vascular cells, including ECs, fibroblasts and platelets (on which it is the 

only RPTP expressed). It is made up of 3 distinct domains (as shown in Fig. 

1.9); its extracellular domain consists of 9 FNIII repeats and within the first 

5 repeats resides the binding domain for CD148 ligands, such as shed SDC2 

and thrombospondin, suggestive of roles for CD148 in angiogenesis, platelet 

activation and thrombosis [367]. The cytoplasmic domain contains the single 

catalytic phosphatase domain, giving CD148 its phosphatase activity.  
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With regard to its function, CD148 is associated with contact 

inhibition of VEGF-induced EC growth [368] and has been implicated in 

angiogenesis, as disruption of the PTPRJ gene in transgenic mice results in 

embryonic lethality with severe defects in vascular organisation and 

increased EC proliferation leading to enlarged vessels [369]. Expression of 

wild-type CD148 inhibits cell proliferation in HeLa cell lines, while 

mutations in its extracellular domain impair its dimerisation in the plasma 

membrane and prevent its inhibition of cell proliferation, despite its catalytic 

activity remaining intact [370]. CD148 regulates density-dependent 

inhibition of cell growth, demonstrated by its increased expression with 

increasing cell density observed in WI-38 human embryonic lung fibroblasts 

[366]. There is mounting evidence that CD148 functions as a tumour 

suppressor: deletions and mutations in PTPRJ have been identified in a 

number of human cancers [371, 372] and its expression is down-regulated in 

many cancer cells, while its forced expression inhibits their malignant 

phenotype [373-375]. This anti-proliferative activity is likely due to 

CD148’s direct negative regulation of kinases such as platelet-derived 

growth factor receptor (PDGFR) [376], Src [377], VEGFR2 [378] and the 

p85 subunit of PI3 kinase [379]. 

cDNA encoding CD148 was isolated from a HeLa cell library. It was 

found to have two splice variants; one encoding the full length molecule and 

a shorter variant comprising the first five fibronectin repeats from the 

extracellular domain (Fig. 1.9), discussed at length in Chapter 5, Fig. 5.1 

[380]. The shorter variant (termed CD148 short form, CD148SF) is 

expressed by WI-38 human embryonic lung fibroblasts and is an inhibitor of 

angiogenesis [347, 366]. 
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Figure 1.9. Schematic diagram of CD148, showing its overall 

structure. (A) Full-length CD148 is made up of three distinct parts: the 

intracellular, transmembrane and extracellular domains. (B) The two 

mRNA variants of CD148 produced by alternative exons (9a/ b). 9a 

encodes the spliced variant (3193bp), 9b encodes full-length CD148 

(7854bp). Redrawn from: Bilotta, A., et al., A novel splice variant of the 

protein tyrosine phosphatase PTPRJ that encodes for a soluble protein 

involved in angiogenesis. Oncotarget, 2017. 8(6): p. 10091-10102. (C) 

Splice variants give rise to the full-length molecule and the first five 

fibronectin type-III repeats from the extracellular domain, termed the 

“short form” (SF).  

A 

B 

C 
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1.8. Interaction between CD148 and Syndecan 2 

 

The PI3K cascade is integral in the regulation of numerous essential cellular 

functions, including cell growth and survival [381], cell proliferation, 

motility, apoptosis and in vesicular trafficking [382, 383]. Abnormal 

activation of this pathway has been implicated in increased cell growth and 

tumour malignancy [381, 384]. The best-characterised PI3Ks are those in 

class I – heterodimers composed of separate regulatory and catalytic 

subunits. RTKs and Rho family GTPases activate class IA PI3Ks [383, 385, 

386]. Multiple isoforms have been described for class IA regulatory and 

catalytic subunits and these are ubiquitous [382, 383].  

A well-characterised heterodimeric PI3K is made up of a 110 kDa 

catalytic and 85 kDa regulatory subunit: p110 and p85, respectively [379]. 

The p85 regulatory subunit contains distinct modular domains that mediate 

signalling protein interactions. These domains comprise a single SH3 (Src 

homology 3) domain and 2 proline-rich domains, supporting the SH3 domain 

binding with other proteins, demonstrated in vitro [387]. The BCR 

(breakpoint cluster region) homology domain is homologous with a domain 

of the BCR gene product [388], binding to the Rho GTP, Rac and Cdc42 

(cell division cycle 42) [386]. Finally, p85 contains two SH2 domains that 

bind with high affinity to tyrosine-phosphorylated receptor YXXM motifs 

(where X is any amino acid) [379, 389], and the region between these 

domains (the inter-SH2 domain) binds to the N-terminus of the 

corresponding catalytic domain (such as p110) [379]. At rest, the p85-p110 

complex is stabilised by the p85 SH2 domains, and so PI3K activation is 

inhibited [383]. Further studies have shown that tyrosine phosphorylation of 

p85 can alter PI3K activity [383, 389, 390].  

 A 2008 study provided evidence for the first time that CD148 may 

interact with the p85 regulatory subunit of PI3K, modulating its level of 
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activity [379]. This was exhibited through a series of assays comparing the 

ability of wild-type CD148 with a mutated “substrate-trapping” CD148, 

wherein D1205 was substituted with A, “trapping” the substrate. In this study, 

CD148 was found to interact with the PI3K p85 subunit and to attenuate 

PI3K activity by dephosphorylating p85 [379]. Further studies have provided 

supporting evidence for this, including our group [218].  

Previous research from our group into the syndecan family provides 

the foundations for this PhD project, specifically work regarding the SDC2 

protein. SDC2 plays a significant role in angiogenesis and matrix deposition, 

demonstrated in vitro [391-393]. Under inflammatory conditions, the 

extracellular domain of SDC2 can be cleaved from the full-length molecule 

expressed on the cell surface. From here, shed SDC2 can have auto- or 

paracrine effects, one of which seems to be through binding with CD148. 

This interaction has been shown to stimulate cell adhesion and focal 

adhesion formation, potentially leading to angiogenesis inhibition by 

downregulation of cell proliferation and growth [218, 347]. It has been 

proposed that activation of CD148 by shed SDC2 leads to CD148 

dephosphorylation of the p85 subunit of PI3K, a process requiring the action 

of Src kinase [218]. Furthermore, it was found that activation of CD148 by 

shed SDC2 leads to deactivation of β1 integrins [218, 347] (Fig. 1.10).  
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Figure 1.10. Schematic model of syndecan-2 extracellular core protein 

interaction with CD148. Shed SDC2 interacts with CD148, leading to 

dephosphorylation of the p85 subunit of PI3K and promoting cell 

adhesion via β1 integrin. Taken from: De Rossi, G., et al., Shed syndecan-

2 inhibits angiogenesis. 
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1.9. Summary 

Current therapeutic approaches for treating angiogenesis in diseases such as 

diabetic retinopathy involve intravitreal injections of anti-VEGF drugs. 

While these are effective for some patients, approximately half of patients 

who receive this treatment do not experience any benefit to their vision.  

The ectodomain of SDC2 has been shown to reduce angiogenesis 

through its interaction with CD148. Our group has miniaturised the core 

protein from the SDC2 ectodomain, producing a peptide called QM107. Our 

proposal is that QM107 may have anti-angiogenic properties and, if this is 

indeed the case, these properties could be harnessed for therapeutic uses, 

such as treating pathological angiogenesis, therefore fulfilling a clinical 

niche. Furthermore, if QM107 were to be developed for clinical use, it will 

need to be characterised in order to determine its safety and efficacy for use 

in humans.  
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1.10. Project aims and hypothesis 

Angiogenesis is the formation of new blood vessels from pre-existing 

vasculature and is a feature in a number of disease settings, including in 

neovascular eye diseases such as diabetic retinopathy and wet AMD. Current 

therapies to treat pathological angiogenesis target the VEGFA pathway, 

disrupting its pro-angiogenic signalling. However, these costly treatments 

are not 100% effective, meaning there remains a niche to fill in the market 

of anti-angiogenic therapies. 

Based on the discoveries regarding SDC2 and its role in inhibiting 

angiogenesis via interaction with CD148, our group isolated and developed 

a small molecule inhibitor (developmental name: QM107), from the core 

protein of the SDC2 molecule. This peptide, made up of 18 amino acid 

residues, has been implicated in inhibition of vessel formation and vascular 

permeability. As a result, we are researching its therapeutic potential, with 

the intention of developing it as a small therapeutic peptide for treatment of 

neovascular eye diseases, including diabetic retinopathy and wet AMD. 

While current therapies aim to block the activity of VEGFA to prevent 

angiogenesis, QM107 seems to activate a physiological “off-switch” for 

angiogenesis and could be used to treat neovascular diseases, including 

diabetic retinopathy and wet AMD. Furthermore, the anti-angiogenic effects 

of the CD148SF protein determined in the aforementioned 2014 study [347] 

present a case for another potential alternative pathway to inhibit 

pathological angiogenesis.  

 To this end, this PhD project focuses on two main research areas: 

firstly, to develop methodologies to characterise QM107 and determine its 

mode of action in inhibition of angiogenesis; secondly, in order to further 

characterise CD148, the anti-angiogenic effect of CD148SF are also 

explored. The specific project aims are as follows: 
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1. Can we develop a methodology to determine QM107 stability in vitro? 

- Measure anti-angiogenic properties of QM107 against the SDC2 

core protein using a number of angiogenesis assays 

- Raise an antibody to QM107 and determine whether this can be 

used to detect QM107 in in vitro stability assays 

 

2. Does QM107 interact with the CD148 extracellular domain and can 

we map this interaction site on CD148? 

- Use ELISA techniques to measure interaction of QM107 with a 

variety of peptides derived from the CD148 extracellular domain 

sequence 

- Determine which section of the CD148 extracellular domain is the 

site of interaction for QM107 

 

3. Does the CD148 short form protein, CD148SF, possess anti-

angiogenic ability and can we map this inhibitory domain on the 

CD148SF sequence? 

- Test the ability of CD148SF to inhibit angiogenesis in a variety of 

in vitro and ex vivo angiogenesis assays 

- Develop a novel cell-based assay to measure angiogenesis 

inhibition by CD148SF 
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Chapter 2 

2. Materials and methods 

 

2.1. List of antibodies used 

 

Table 2.1. List of antibodies used. 

Antibody 

name 
Epitope Host Dilution in 

PBS 
Source 

IgG poly-HRP  Rabbit Goat 1:5000 Dako, 

Glostrup, 

Denmark 

Anti-QM107 QM107 Rabbit Various CovaLab UK 

Pierce™ 

Streptavidin 

Poly-HRP 

Streptavidin N/A 1:10000 Thermo 

Scientific™ 

 

 

2.2. Generation of polyclonal antibodies to QM107 

Covalab UK performed immunisation of two New Zealand white rabbits 

(Table 2.2). Briefly, QM107 was covalently linked to carrier protein, keyhole 

limpet hemocyanin. This was injected in combination with Complete 

Freund’s Adjuvant. Injections were performed on days 0, 21, 42 and 63. A 

pre-immune bleed was taken on day 0, to be used as a negative control for 

each animal, followed by subsequent test bleeds on days 53 and 74 and a 

final bleed on day 88. Upon receiving serum samples, purification of anti-

QM107 was performed using Amicon® Pro Affinity Concentration Kit 

Protein G, according to manufacturer’s instructions. 

  



84 

 

Table 2.2. Overview of the protocol used by CovaLabs UK to raise an 

antibody to QM107. Keyhole limpet hemocyanin and Freund’s Adjuvant 

served to boost the immune responses of the rabbits to QM107, to initiate a 

stronger response resulting in increased antibody production. 

Immunopurification took place on 1 sepharose (agarose) column 

conjugated to the 1 peptide. 

  

Day Procedure 

0 Pre-immune bleed 

0 Injection (0.5ml antigen + 0.5ml complete Freud’s Adjuvant) 

21 Injection (0.5ml antigen + 0.5ml complete Freud’s Adjuvant) 

42 Injection (0.5ml antigen + 0.5ml complete Freud’s Adjuvant) 

53 Test bleed 

63 Injection (0.5ml antigen + 0.5ml complete Freud’s Adjuvant) 

88 Test bleed 

102 Final bleed 
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2.3. Cloning strategy of pET24 plasmid to generate CD148 variants 

The coding sequences were amplified by PCR with the following reaction 

conditions: 5X Green GoTaq Flexi Buffer (Promega), 5mM MgCl2, 0.2mM 

of each DNTP, 0.2µM forward and reverse primers (Table 2.3) and 5U of 

Taq DNA polymerase (Promega). Reactions were run on a thermocycler (30 

seconds at 94°C, 30 seconds at 60°C, 60 seconds at 74°C). PCR products 

were precipitated using 1/10th volume 3M sodium acetate plus 1/3rd volume 

of 100% ethanol and run on a 1% agarose gel. Bands were excised and DNA 

extracted from the gel fragments using the QIAquick PCR Purification Kit 

(Qiagen), according to the manufacturer’s instructions. PCR products were 

then digested with BamHI and HindIII (Promega). Following a second PCR 

clean-up, the digested PCR fragments were ligated into pET24 (Fig. 2.1.) 

using T4 DNA Ligase (Promega) and ligase buffer. Prior to ligation, pET24 

vector was digested using BamHI and HindIII to generate sticky ends for 

ligation. 

Ligations were transformed into NEB DH5-alpha Competent E. Coli 

cells, according to the New England BioLabs C2987I protocol. In brief, 

competent cells (25µl) were mixed with 1pg-100ng of plasmid DNA and 

incubated on ice for 30 minutes, followed by 30 seconds at 42°C and another 

5 minutes on ice. SOC media (950µl) was added to each transformation and 

the cultures incubated for 1 hour at 37°C. Finally, cells were plated onto LB 

Agar plates containing the relevant antibiotic and, after drying, placed 

overnight in a 37°C incubator. 

Single colonies were picked from the agar plate and cultured in LB 

medium containing appropriate antibiotic overnight at 37°C on an orbital 

shaker at 200RPM. Plasmid DNA was then isolated from cells using 

PureLink™ Quick Plasmid Miniprep Kit (Invitrogen) for transformation. 



86 

 

  

Figure 2.1. pET24 vector map. Vector DNA was cut at EcoR1 and 

BamH1 restriction sites (indicated) and plasmid DNA derived from 

CD148 was inserted at this site before ligation. 
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Table 2.3. Primer sequences used to produce DNA plasmids for all CD148-

derived proteins. 

Plasmid Primer sequence 

CD148 short form (CD148SF) Forward: 

tatataggatccgcaggtggcacccctagt 
Reverse: 

tatataaagctttccagttctattgcaaactgtc 

CD148 C-terminus (CD148CT) Forward: 

ttaattaagcttttacaagccaccttctgtgccc 

Reverse: 

tatataaagctttccagttctattgcaaactgtc 

CD148 N-terminus (CD148NT) Forward: 

tatataggatccgcaggtggcacccctagt  

Reverse: 

tatataggatcgatgccagcaatacagagaga 

Fibronectin type-III repeat 3 (FNIII3) Forward: 

ttaattggatccgatgccagcaatacagagaga 
Reverse: 

tttaaaaagcttaatagcatttgtcctgaactctat 

Fibronectin type-III repeat 4 (FNIII4) Forward: ttaattggatcccaggtttttgacgtcaccg 
Reverse:  
ttaattaagctttggaacaggaggggtgtg 

Fibronectin type-III repeat 5 (FNIII5) Forward: 

ttaattggatccgtttctgacttccgagtgaca 
Reverse: 

tttaaaaagctttccagttctattgcaaactgt  
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2.4. DNA gel electrophoresis 

Plasmids and PCR products were analysed on 1%-2% w/v agarose gels in 

1X TAE buffer (40mM Tris pH 7.6, 20mM acetic acid, 1mM EDTA) in 

dH2O, made from 50x TAE stock (Thermo Fisher Scientific). 5x DNA 

loading buffer (Promega) was added to each sample prior to electrophoresis 

at typically around 135V. Size markers used included SmartLadder Small 

Fragment (Eurogentec) and 1kb DNA ladder (Promega). StainIN RED 

(Clent Life Science) was added to gels for staining and visualisation, as per 

the manufacturer’s instructions. Gels were imaged using the UV 

transilluminator on the Azure biosystems’ c600 imaging system. 

 

2.5. BL21 transformation and induction 

BL21 Competent E. Coli cells were used for production of all recombinant 

proteins. Competent BL21 cells were made using the TSS method [394] and 

transformed using the heat shock method. 

Briefly, competent cells (50µl) were mixed with 200-500ng of 

plasmid DNA and incubated on ice for 20 minutes, followed by 1 minute at 

42°C and another 5 minutes on ice. LB media (600µl) was added to each 

transformation and cultures were incubated for 1 hour at 37°C. Finally, cells 

were plated onto LB Agar plates containing the relevant antibiotic and, after 

drying, placed overnight in a 37°C incubator. 

Liquid cultures (5ml LB) were inoculated from single colonies of the 

required BL21 strain and grown overnight at 37°C on an orbital shaker 

(200RPM). Overnight cultures were added to inoculate fresh LB medium 

(same composition as previously used) in conical flasks and incubated at 

37°C on an orbital shaker (overnight cultures were used at a dilution of 1 in 

100). After 2 hours (OD600 of 0.4), 100µl samples were taken for later 

analysis and protein production was induced by the addition of 100mM IPTG 

to the remaining liquid cultures. These were incubated at 30°C with shaking 
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for a further 4 hours. After this, 100µl samples were stored for later analysis. 

Bacterial pellets were harvested by centrifugation at 4000xg and stored at -

20°C. 

 

2.6. Purification of CD148 recombinant proteins from BL21 cell pellets 

Frozen bacterial pellets were lysed using B-PER Complete Bacterial 

Extraction Reagent (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. After 20 minutes of incubation at room 

temperature on a tube rotator, cellular debris was extracted from bacterial 

lysates by centrifugation at 4000xg for 15 minutes. His-tagged proteins were 

purified from bacterial lysates using HIS-Select® Cobalt Affinity Gel 

(Sigma-Aldrich), as per the manufacturer’s directions. In short, resin was 

equilibrated in 20mM imidazole in PBS, prior to addition to bacterial lysates 

and incubation at room temperature on a tube rotator for 1 hour. After 

incubation, the resin was collected by centrifugation and washed 3x with 

20mM imidazole. Proteins were eluted in 250mM imidazole in PBS. 

Samples were analysed using SDS-PAGE, as described in section 2.7.2. 

 

2.6. Dialysis of protein samples 

Slide-A-Lyzer™ MINI Dialysis Device from Thermo Fisher Scientific™ 

(pore size 10kDa cut off), was used to perform dialysis of protein samples 

purified from BL21 cells, in order to remove residual imidazole present in 

protein solutions. This was carried out using PBS, as per the manufacturer’s 

instructions. Subsequently, a final SDS-PAGE was performed to determine 

the presence of recombinant proteins in the solutions after dialysis. 
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2.7. Protein analysis 

 

2.7.1. BCA assay 

To estimate the total protein concentration of each recombinant protein 

sample, bicinchoninic acid assays (BCA) were performed using the 96 well 

plate format from Thermo Scientific™ Pierce® BCA Protein Assay kit. This 

is based on colorimetric detection and quantitation of total protein and was 

carried out as per the manufacturer’s instructions. Protein samples were 

added in triplicates of 25µl each. Bovine serum albumin (BSA) was used a 

standard protein (25-2000 ug/ ml range). After addition of BCA reagent, the 

plate was incubated at 37˚C for 30 minutes and then the absorbance was 

measured at 562nm using the Spectra MR microplate spectrophotometer 

(Dynex, Magellan Biosciences). Based on the BSA absorbance values, a 

standard curve was plotted and the protein concentrations of the test samples 

were determined from the equation of the line fitted to the standard values. 

 

2.7.2. SDS-PAGE 

Proteins were analysed by gel electrophoresis using standard procedures 

based on Laemmli [395]. Briefly, proteins were boiled in SDS loading buffer 

with 5µM β-mercaptoethanol (Invitrogen) and analysed on Mini-Protean 

TGX Stain-Free agarose gels, 4-20% (Bio-Rad), in 1X TGS buffer (192mM 

glycine, 25mM Tris, 0.1% w/v SDS) in dH2O, made from 10x TGS stock 

from Thermo Fisher Scientific. Visualisation of proteins was performed 

using Coomassie brilliant blue 250, using standard procedures, on Azure 

biosystems’ c600 imaging system. Size marker used was SeeBlue™ Plus2 

Pre-stained Protein Standard (Invitrogen). 
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2.7.3. Western blot 

Following electrophoresis, SDC2 proteins were transferred onto 45µm 

PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad), 

as per the manufacturer’s instructions. Next, the membranes were incubated 

in blocking buffer (5% milk in TBST) for 1 hour at room temperature on an 

orbital rocker, to prevent nonspecific binding. Membranes were then 

incubated overnight at 4°C with primary antibody diluted 1:100 in 5% milk 

in TBST. Membranes were washed with TBST three times, each for 10 

minutes, and incubated for 1 hour at room temperature on an orbital rocker 

in species-specific secondary antibody conjugated to horseradish peroxidase 

(HRP) at 1µg/ ml in 5% milk in TBST. After washing three times for 10 

minutes with TBST, blots were developed by incubating briefly with BCL 

substrate to for chemiluminescence reaction. Bound antibodies were 

visualised using Azure biosystems’ c600 imaging system. 

 

2.8. Protein interaction assays 

 

2.8.1. ELISA 

ELISA detection of QM107 or SDC2 was performed using standard 

procedures. Calibrants and samples were coated onto 96 well plates 

overnight at 4oC (for QM107 ELISA with paraformaldehyde, 4% w/v 

paraformaldehyde in PBS was added with QM107 calibrants). Wells were 

washed three times with PBS, prior to the addition of 100µl of 1% w/v BSA 

(Thermo Fisher Scientific) in PBS and incubation at room temperature for 

30 minutes. Wells were washed as described previously and primary 

antibody diluted in PBS (100µl) was added and incubated for 1 hour at room 

temperature. Following washes, secondary antibody conjugated to HRP was 

applied (100µl) and plates were incubated at room temperature for 1 hour. 

After a final set of washes, signal detection was performed using TMB1 
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(Promega) as per the manufacturer’s instructions, using 0.1M HCl to stop 

the reaction after 5 minutes. Optical density was measured at 450nm with 

the Spectra MR microplate spectrophotometer (Dynex, Magellan 

Biosciences).   

 

2.8.2. Serum preparation for QM107 stability assays 

Serum was prepared from human whole blood samples. 10ml of whole blood 

was obtained from each donor and incubated at room temperature for 45 

minutes, followed by 5 minutes of centrifugation at 4000RPM. Serum was 

isolated from this and stored at -20°C. For experimental assays, it was 

thawed at room temperature before use.  

 

2.8.2. Stability assays 

To test whether trypsin degradation affects the ability to detect QM107 using 

our in-house developed polyclonal antibody, QM107 was incubated with 

Trypsin-EDTA (0.25%), phenol red (Thermo Fisher Scientific) at 37°C, 

before the reaction was stopped by the addition of 50µl of 4% w/v 

paraformaldehyde in PBS at various time points. Samples were then applied 

to 96 well plates and QM107 detection was carried out using ELISA. 

Stability was also assayed in vitreous humour extracted from enucleated pig 

eyes, which was diluted in an equal volume of PBS. Peptide samples diluted 

in PBS were added to an equal volume of vitreous humour and incubated at 

37oC for the times indicated. Reactions were stopped by the addition of 

100µl of 4% w/v paraformaldehyde in PBS. Samples were then applied to 

96 well plates and the peptides detected by ELISA.  

 

2.8.3. Solid phase binding assays 

All solid phase binding assays were performed using 96 well microtitre 

plates from Thermo ScientificTM. Briefly, equimolar amounts of CD148-
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derived recombinant proteins and fibronectin (200µl protein solution in PBS 

per well) were coated onto a 96 well plate overnight at 4°C. The following 

day, the plate was washed 3 times with PBS and 5µM biotinylated QM107 

added (100µl per well). Following incubation for 1 hour at room 

temperature, the plate was washed as previously and streptavidin-HRP 

diluted in PBS was added (50µl), followed by a 30 minute incubation at room 

temperature. The plate was washed for a final time and TMB1 signal 

detection method was used as per manufacturer’s instructions, using 0.1M 

HCl to stop the reaction after 5 minutes. Optical density was measured at 

450nm using the Spectra MR microplate spectrophotometer (Dynex, 

Magellan Biosciences). 

 

2.9. Cell culture 

Brain endothelial (bEND) and skin endothelial (sEND) cell lines were 

obtained from HPA laboratories UK and maintained at 37°C under 10% CO2 

in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS, 1% non-

essential amino acids, 1% penicillin (10, 000µg/ml)/ streptomycin 

(10mg/ml), 5µM β-mercaptoethanol and 5µg/ml Plasmocin (Invivogen). 

 

2.10. Angiogenesis assays 

 

2.10.1. Scratch wound migration assay 

Scratch wound migration assays were performed on confluent monolayers 

of ECs in 6 well tissue culture plates. Wounds were made using a pipette tip 

to scratch a line along one direction in the centre of the well. Medium was 

removed and, following a single wash with PBS, CD148-derived proteins 

were added to cells in fresh medium. Images were captured every 2 hours 

for up to 24 hours using the Olympus IX81 microscope connected to the 

computer and analysed using ImageJ software. The wound area between the 
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two cell fronts at time points 0 and 16 hours was selected and measured in 

pixels. Percentage wound closure was calculated.  

 

2.10.2. Murine aortic ring assay 

Angiogenic sprouts were induced from mouse or rat thoracic aortas, 

according to the method of Nicosia and Ottinetti [396]. 180 – 200g male 

Wistar rats (Harlan Laboratories) were sacrificed. Fur was sprayed with 70% 

ethanol and a longitudinal incision was made along the chest area using a 

scalpel. Skin was peeled back and pinned down with scissors and forceps to 

reveal the rib cage. Aortas were then dissected using forceps and micro-

scissors, then placed into a 50ml pot with ice-cold PBS on ice. After an initial 

wash in PBS to remove the blood, the aorta was transferred into a petri dish 

containing fresh PBS, and fat was carefully removed using forceps, avoiding 

stretching the aorta, and long branches protruding from the aorta were 

removed using a scalpel. The aorta was then transferred to a new petri dish 

containing ice-cold serum-free OptiMEM (containing P/S) and cut into rings 

of 1mm in diameter using a scalpel. Under a tissue culture hood, rings were 

moved into a fresh petri dish and incubated overnight in serum-free 

OptiMEM (containing P/S) at 37°C. The following day, a coating gel was 

made by mixing type I collagen (1 mg/ml) and 10% v/v E4 media 

(Invitrogen) in water. 150μl of the gel was pipetted into each well of a 48 

well plate (Corning) and rings were rapidly dried on the lid of the petri dish 

and carefully positioned in the middle of the well containing collagen. The 

plate was incubated at 37°C for 30 minutes to allow the collagen to 

polymerise, after which time wells were supplemented with OptiMEM with 

1% FBS and VEGF (30 ng/ml for mouse rings, 10 ng/ml for rat rings) and 

incubated at 37°C, 10% CO2. Media was changed every third day and after 

1 week, angiogenic sprouts from aortic rings were counted by visualisation 
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under the Olympus IX81 microscope at 10x magnification, and results were 

expressed as the number of sprouts per ring. 

 

2.10.3. Endothelial cell spheroid formation 

To form spheroids, the “hanging drops” method was used (modified from 

Tetzlaff and Fischer, 2018), wherein 100,000 cells were suspended in 

DMEM with methylcellulose solution (1.2% w/v). A multichannel pipette 

was used to create 25µl droplets of cell-methylcellulose solution in a cell 

culture dish, which was subsequently turned upside down and incubated at 

37°C under 5% CO2 for 24 hours. 

 Hanging drops were washed off the plate with 10ml PBS and 

centrifuged for 5 minutes at 200xg, after which the pellet was re-suspended 

in methylcellulose solution containing 20% FBS. Spheroids were embedded 

in type I collagen (1mg/ ml) in E4 medium (Invitrogen) in 48 well plates, 

with CD148-derived proteins or QM107 incorporated into collagen matrices. 

Wells were further supplemented with DMEM containing CD148-derived 

proteins or QM107 and incubated at 37°C under 10% CO2 to allow collagen 

to polymerise. Spheroids were imaged using Olympus IX81 microscope at 

10x magnification and sprouting was determined by quantification of both 

the number of sprouts per spheroid and change in area per spheroid. 

 

2.11. Statistical analysis 

 

Statistical analysis was performed for stability assays, binding assays and 

angiogenesis assays using Dunnett’s multiple comparisons test followed by 

one-way analysis of variance (ANOVA) using GraphPad prism software 

(La Jolla, CA, USA). P values of <0.05 were considered significant. For 

stability and binding assays, significant differences between the control and 

test groups were evaluated with p values less than 0.0001 (****). For the 
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scratch wound assay, significant differences between the control and test 

groups were evaluated with p values less than 0.0001 (***), indicated on 

the graph. For the EC spheroid assay, significant differences between the 

control and test groups were evaluated with p values less than 0.01 (**) and 

0.5 (*), indicated on the graph. For the angiogenic sprout formation assay, 

significant differences between the control and test groups were evaluated 

with p values less than 0.0001 (****), 0.001 (***) and 0.001 (**), 

indicated on the graph. Error bars in graphs denote ± SEM (standard error 

of mean). 
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Chapter 3 

3. QM107 stability in biological samples 

 

3.1. Introduction 

An emerging area of research relating to the syndecan family is the fact that 

contained within all 4 family members’ extracellular core proteins are 

sequences that can modulate cell behaviour – in particular, angiogenesis 

[397]. Previous studies have shown that the extracellular core protein of 

SDC2 inhibits angiogenesis via an interaction with CD148 [218, 347]. In this 

work, it was shown that when SDC2 is shed from the cell surface, the 

resultant entity can block angiogenic sprout formation and inhibit EC 

migration. HEK293T cells constitutively expressing a shed form of SDC2 

formed significantly smaller tumours when injected into the flanks of SCID 

mice, due to a profound lack of tumour angiogenesis. These anti-angiogenic 

properties of shed SDC2 are not driven by interactions with its heparan 

sulphate chains, since a bacterially expressed fusion protein consisting of the 

entire extracellular core protein of SDC2 fused at the N-terminus also 

exhibited strong anti-angiogenic properties. Bacteria lack the transferases 

necessary to synthesise heparan sulphate. Subsequent mapping via 

mutagenesis experiments revealed that an 18 amino acid sequence residing 

between P124 and F141 of murine SDC2 was required for this anti-angiogenic 

activity (Fig. 3.1). Following the identification of this murine sequence, we 

went on to map the corresponding 18 amino acid region of human SDC2 by 

sequence alignment to murine SDC2. Using the ‘Stretcher’ tool (available 

at https://www.ebi.ac.uk/) we found that the murine SDC2 sequence had 

68% identity and 89.5% similarity to the corresponding human region (P123 

– F140, Fig. 3.2). Our group now want to determine whether the 18 amino 

acid peptide corresponding to the human sequence exhibits similar anti-

https://www.ebi.ac.uk/
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angiogenic properties to the murine model, which will aid us in developing 

a potential therapeutic peptide for neovascular eye diseases. We synthesised 

the human peptide sequence (QM107), which is now protected by a patent. 

The aim is to test QM107’s efficacy in in vitro and in vivo models of 

angiogenesis and neovascular eye disease. Ultimately, it is envisaged that a 

formulation of QM107 administered via intra-vitreal injection would be used 

in a clinical trial, similar to anti-VEGF therapies. Choosing the human form 

of SDC2 (rather than murine) could potentially offset any adverse immune 

reactions the therapy might have, since it is expressed extensively throughout 

human tissues. 
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PAEEDTNVYTEKHSDSL 

A 

B 

Figure 3.1. QM107 is derived from human syndecan-2. (A) Human 

syndecan-2 (SDC2) schematic, indicating QM107’s derivation from the 

SDC2 core protein. (B) Amino acid sequence of syndecan-2. Blue text 

indicates the extracellular portion of SDC2, with bold text highlighting 

heparan sulphate chain binding sites; orange text represents the 

transmembrane domain; green text shows the cytoplasmic domain, with 

the V region represented in bold text and the PDZ domain indicated by 

underlined text. The cleavage site for SDC2 is between the 

transmembrane and cytoplasmic domains (between thymine and 

glutamate amino acids). The yellow highlighted sequence shows the 

QM107 sequence in human SDC2 and how this region is conserved 

across species.  
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To achieve our objective of taking QM107 forward as a therapeutic 

peptide, we will need to perform pharmacokinetic studies. Pharmacokinetics 

is defined as “the study of the time course of drug absorption, distribution, 

metabolism, and excretion” [398]. This information is crucial to 

development of all therapeutics, as the major aim of drug development is to 

maximise drug efficacy while minimising toxicity. Therapeutic action sites 

are largely inaccessible and generally a drug’s activity correlates with its 

concentration at sites of action [398]. To perform these studies, a robust 

methodology for detecting QM107 must be optimised. The ability to detect 

QM107 would allow us to determine the relationship between its 

concentration in easily obtainable biological samples, such as blood, and its 

therapeutic effect (termed “kinetic homogeneity”) [398]. One option for this 

is to use mass spectrometry, but the costs of this are prohibitive. Although 

this would represent the ‘gold standard’, the purpose of this chapter is to 

explore an alternative methodology, in which we raise an antibody to QM107 

and test whether it could be used as a tool to detect QM107 in biological 

samples. The use of antibodies in various research settings for detection of 

specific antigens has been well established, from their use in ELISAs to 

western blotting. They have many advantages, including their ease of 

production (particularly in the case of polyclonal antibodies, which are 

suitable for use in detection assays) and low cost, relative to mass 

spectrometry. The specificity of an antibody is also advantageous, 

particularly for use in biological samples where many proteins are present. 

Developing an antibody against QM107 could potentially offer a means of 

detecting QM107 in biological samples for pharmacokinetic studies, 

allowing us to continue our pursuit of developing it as a therapeutic peptide. 

To this end, the following aims will be addressed in this chapter: 

 



101 

 

1. Determine whether  the QM107 peptide retains the same anti-

angiogenic properties as the full-length extracellular SDC2 core 

protein 

 

2. Generation and characterisation of an anti-QM107 antibody 

 

3. Develop a methodology to detect QM107 in porcine vitreous humour 

and human serum, and use this methodology to assess QM107 stability 

in biological samples 
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3.2. Results 

3.2.1. Peptide synthesis and proof of efficacy  

It has been shown that a fusion protein (S2ED), consisting of Glutathione-S- 

transferase fused to the N-terminus of the full length murine SDC2 

extracellular core protein (E19 – F141), potently inhibited angiogenesis in a 

number of models [218, 347]. We set out to determine whether QM107 also 

exhibits inhibition of angiogenesis. Firstly, the QM107 peptide was 

synthesised by Bachem peptides, using a solid phase synthesis protocol (Fig. 

3.2.). This was a large-scale synthesis (approximately 2g) and was assayed 

to have 97.7% purity by mass spectrometry. Additionally, this was an 

iterative step towards a GMP protocol for QM107 production. 
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PeptideB #7828-8063 RT: 46.49-47.60 AV: 169 NL: 3.19E7
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Figure 3.2. Synthesis of QM107 peptide. (A) Sequence comparison and 

homology between murine and human syndecan-2 (SDC2), that exhibit 

anti-angiogenic properties. In murine syndecan-2, the 18aa from P
124

 to 

F
141

 is shown, and the corresponding sequence in human SDC2 is from 

P
123

 to F
140

 (developmental name: QM107). (B) Mass spectrometry shows 

the QM107 peptide supplied by Bachem has 97.7% purity. 
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We compared the anti-angiogenic activity of QM107 and bacterially-

expressed S2ED using aortic rings derived from rats. The results showed that 

sprout formation from the aortic explants was significantly inhibited by both 

S2ED and QM107 (0.5µM), as compared to either PBS- or GST-treated rings 

after 5 days. This shows that both S2ED and QM107 have anti-angiogenic 

activity, as they inhibited angiogenic sprout formation compared to the 

negative controls, indicating that the QM107 sequence was equally as 

effective at blocking neovascularisation as S2ED (Fig. 3.3A and B).  

Inhibition of angiogenesis by S2ED occurs via inhibition of EC 

migration [347], so we next tested whether this was the case for QM107 

using scratch wound migration assays on confluent HUVEC monolayers. 

We saw significant inhibition of EC migration following treatment with 

0.5µM as compared to the PBS control (Fig. 3.3C). Based on this data, we 

determined that QM107 retains the anti-angiogenic properties of full-length 

shed SDC2. 
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Figure 3.3. QM107, a peptide derived from syndecan-2 ectodomain, 

retains the same anti-angiogenic properties. (A) Comparable inhibition 

of angiogenic sprout formation is observed in response to treatment with 

either full length SDC2 ectodomain (S2ED) or QM107. Rings were 

embedded in a collagen I matrix into which 0.5µM of each treatment was 

added. Sprouts were counted after 5 days in culture. (n=4 rats, 10 rings/ 

condition *p<0.05 **p<0.01) (B) Representative micrographs of rings 

from each of the conditions described in (A). Images were captured on an 

Olympus IX81 inverted microscope using a 4x objective, scale bar = 

100µm. (C) QM107 inhibits HUVEC migration. Cell migration after 6 

hours was quantified and expressed as migrated cell area. (n=8 

experiments/ condition ****p<0.0001) (D) Representative micrographs 

of scratch wound assays performed on confluent HUVEC cultures. The 

initial scratch is highlighted in white and the closed area in red. Images 

were taken at 0 and 6 hours using an Olympus IX81 inverted microscope 

with a 10x objective. Cells were treated with 0.5µM QM107 (scale bar 

=100µm). 
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3.2.2. Antibody development for QM107 

The next objective was to develop an antibody for QM107 detection in 

various applications. Rabbits were immunised with QM107 covalently 

linked to carrier protein keyhole limpet haemocyanin by CovalLabs UK. 

This was injected in combination with Complete Freund’s Adjuvant to illicit 

an immune response in the rabbits. Injections were performed 4 times 

throughout the process (Table 2.2 in Materials and Methods), with a pre-

immune bleed taken on day 0, to be used as a negative control for each 

animal, followed by 4 subsequent test bleeds throughout the process.  

Following receipt of the samples and subsequent purification (section 

2.2, Materials and Methods), an ELISA was carried out to determine the 

presence of any anti-QM107 antibody in the serum samples by coating 

QM107 peptide onto the plates as an antigen, followed by incubation with 

rabbit serum (Fig. 3.4), then probed with anti-rabbit HRP. The ELISA 

showed an antibody produced against QM107 in both the serum samples 

acquired after QM107 injection, but not in samples taken prior to QM107 

injection. This is evident from the optical density presented in Fig. 3.4, where 

post-injection samples presented a much higher readout than pre-injection 

serum samples, indicating binding with QM107, and suggesting that the 

injection of QM107 produced an immunogenic response in the rabbits.  
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Figure 3.4. Generation of rabbit polyclonal antibodies to QM107. 

Plates were coated with QM107 and left overnight to adhere, followed by 

ELISA, performed using the serum samples acquired from two rabbits 

(n=2). A strong signal was obtained in serum from both animals, but not 

in serum from the pre-injection samples. 
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Following the detection of anti-QM107 antibody in rabbit serum, we 

wanted to test the specificity of the antibody. Fig. 3.5A depicts the amino 

acid sequences of both QM107 and scrambled QM107 (an alternative 

configuration of the same sequence, as shown). Using both peptides, ELISAs 

were performed using pre- and post-injection rabbit serum, to assess whether 

the antibody was able to detect the scrambled QM107 sequence. Despite the 

scrambled sequence containing the same amino acids, albeit in a different 

order, there was a distinct lack of binding between anti-QM107 in post-

injection serum samples and scrambled QM107 (Fig. 3.5B), presenting 

strong evidence that this antibody is highly specific for the QM107 peptide 

structure. This discovery confirmed firstly that an antibody against QM107 

had been produced, and secondly that it can be used to detect QM107 in 

vitro.  

We subsequently found that samples taken after the first injection of 

QM107 resulted in higher QM107 detection compared to samples acquired 

at later points from the same rabbit. Going forward, we used antibodies 

purified from the serum from the first post-QM107 injection bleeds only. 
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Figure 3.5. Rabbit polyclonal anti-QM107 antibodies do not recognise 

a scrambled form of QM107. (A) Amino acid sequences of QM107 and 

scrambled QM107. (B) Wells were coated with QM107 or scrambled 

QM107 peptides (both 10µM), followed by detection by ELISA with 

post-injection rabbit serum samples (n=2).  

A QM107 sequence:     PAEEDTNVYTEKHSDSLF 

Scrambled sequence: FTSLESKDHADNYEVTEP 

B 
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3.2.3. Antibody characterisation 

 

3.2.3.1. Detection of recombinant SDC2 

Evidence suggests that the endogenous shed human SDC2 is found in the 

blood [218, 347]. As QM107 is a derivative of the SDC2 ectodomain core 

protein, there is a risk of interference in detection assays as the QM107 

antibody may detect endogenous SDC2, causing false detection of QM107 

in the biological sample, which may limit the application of the antibody. To 

determine whether this would be the case, the QM107 antibody was tested 

using a western blot to determine if it was able to detect recombinant human 

SDC2 in human serum (Fig. 3.6). Results show a lack of detection of 

recombinant SDC2 by anti-QM107, which both reinforces previous results 

showing the specificity of this antibody for QM107 (Figs. 3.4. and 3.5.) and 

suggests that in vitro detection of QM107 in biological samples is possible, 

as the optical density readouts correspond with QM107 amounts without 

interference from endogenous shed SDC2.  
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Figure 3.6. Anti-QM107 does not detect syndecan-2. (A) SDS-PAGE 

and Coomassie blue staining of 1µg SDC2 (n=1). (B) Western blot 

showing a lack of detection of recombinant human SDC2 at various 

concentrations (from the ladder, left to right: 1µg, 0.5µg, 0.25µg, 

0.125µg) with anti-QM107 primary antibody followed by goat anti-rabbit 

HRP secondary antibody, followed by BCL detection (n=1). The red box 

indicates where we would expect to see SDC2 if detected. 

  

SDC2 
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Next, we wanted to assess the proteolytic sensitivity of QM107 against 

trypsin. We performed a degradation experiment in which QM107 was 

incubated with trypsin and detection was carried out at different time points, 

to establish QM107’s degradability (Fig. 3.7.). Degradation reactions were 

terminated by the addition of PFA to samples and anti-QM107 was used for 

QM107 detection. Ultimately, optical density was measured following 

TMB1 detection of the secondary antibody. This data was compared with the 

readouts for QM107 standards of known concentrations (Fig. 3.7.B), to 

quantify the amount of QM107 remaining in trypsin-degraded samples. The 

results obtained confirm that QM107 is degraded by trypsin and this 

degradation increases with time: 10 minutes’ incubation produced a readout 

equating to 2.5µg of QM107; 60 minutes’ incubation resulted in no more 

than 1µg (Fig. 3.7C).  

This assay confirmed that this methodology could be used to ascertain 

the stability of QM107 in biological samples in vitro since anti-QM107 

detects full-length QM107 and not fragments produced after degradation, 

indicated by the fact the signal disappears after trypsin degradation. 

Therefore, readouts from stability assays in biological samples should 

correspond with remaining, un-degraded QM107, allowing us to calculate 

the extent of its degradation across different samples. 
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Figure 3.7. QM107 is degraded by trypsin. (A) Predicted trypsin 

degradation site identified on the QM107 peptide sequence, at the N-

terminal side of the indicated amino acid. (B) Following a QM107 

dilution series, optical density measurements were acquired and used to 

create a standard curve (n=1). (C) QM107 was incubated with trypsin for 

10 minutes of 60 minutes before treatment with PFA to prevent further 

degradation. Optical density was measured and compared with both 

QM107 and PBS controls, whereby amounts of QM107 were calculated 

for each sample. Detection was with anti-QM107 primary antibody 

followed by goat anti-rabbit HRP secondary antibody, followed by TMB1 

detection (n=1).  
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3.2.4. Detection assays 

Having successfully developed an antibody against QM107, the next stage 

was to use it for detection of QM107 in biological samples. This is necessary 

in the development of QM107 as a therapeutic, as its detection in biological 

samples, such as blood, both in vitro and in vivo will be imperative in 

pharmacokinetic and toxicology studies. 

 

3.2.4.1. Stability of QM107 in human serum 

The therapeutic target of QM107 is CD148, located on cells of the 

vasculature, hence its stability in the blood needs to be determined. This also 

allows us to explore further routes of administration, for example via 

intravenous injection, if QM107 is in fact stable in blood. Furthermore, if 

QM017 enters the bloodstream via the retinal vasculature, we need to 

establish whether this will affect physiological angiogenesis elsewhere in the 

body. Thus, we developed an in vitro assay to establish QM107 stability in 

human serum. Serum was prepared from human whole blood samples, kindly 

donated by a number of volunteers. Following this, QM107 standards of 

known concentrations were made up and combined with human serum, then 

treated with PFA. Optical density readouts were obtained to plot a standard 

curve (Fig. 3.8A). The initial experiments used serum from one donor only 

and, using readouts from the standard curve produced, results showed 

QM107 was detectable at 0h, but had degraded after 24h (Fig. 3.8B).  
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Figure 3.8. QM107 degrades in human serum after 24h. (A) Following 

a QM107 dilution series in human serum in the presence of PFA, optical 

density measurements were acquired and used to create a standard curve 

(n=1). (B) QM107 was incubated at 37°C with human serum and PFA 

added at different time points. Detection was with anti-QM107 primary 

antibody followed by anti-rabbit HRP secondary antibody, followed by 

TMB1 (n=1). 
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Subsequent validation experiments incorporated serum from five 

further volunteers. In this assay, just three QM107 concentrations were 

chosen (0, 25 and 50mg), incubated in serum for 10 minutes, and treated with 

PFA, before optical density readouts were measured (Fig. 3.9). There was 

variability between serum from different patients and between technical 

repeats in serum from the same patient. This was true at each QM107 

concentration, including 0mg, where optical density readouts ranged from 

0.08 – 1.45 (Fig. 3.9A). These values were much greater than those from 

initial experiments were where 0mg QM107 produced readouts of 0.1. 

Consequently, we determined that the variability across patient samples 

made this methodology unsuitable to determine QM107 stability in human 

serum.  
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Figure 3.9. QM107 in human sera was indeterminable. Following a 

QM107 dilution series in human serum in the presence of PFA, optical 

density measurements were acquired for each sample (n=2). However, 

readouts varied across each patient sample. 
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3.2.4.2. Stability of QM107 in porcine vitreous humour 

The proposed route of administration of QM107 is intravitreal injection, as 

is used already in administration of current anti-VEGF therapies. We 

therefore set out to establish how stable QM107 is in porcine vitreous 

humour (Fig. 3.10). If QM107 is stable in vitreous humour, it is more likely 

to reach its target: CD148 expressed on cells of the retinal vasculature at the 

back of the eye. Due to its high viscosity, vitreous humour was combined 

with 1x PBS in a 50:50 ratio. QM107 standards of known concentrations (0-

50mg) were made and combined with vitreous humour, then treated with 

PFA. Optical density readouts were obtained to plot a standard curve (Fig. 

3.10A). From this, the amount of QM107 in vitreous humour samples could 

be quantified, following incubation at 37°C. At both time points, high 

quantities of QM107 were detected (between 35 and 50mg in both samples, 

Fig. 3.10B), indicating that it is stable in vitreous humour. Furthermore, this 

methodology can be successfully utilised for detecting QM107 in biological 

samples. It is worth noting that these experiments were performed with 

higher concentrations of QM107 than would be administered to patients, due 

to a lack of sensitivity of the antibody. This is an important consideration to 

include when planning QM107 detection in vivo using this methodology.  
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Figure 3.10. QM107 is stable in vitreous humour. (A) Following a 

QM107 dilution series in porcine vitreous humour in the presence of PFA, 

optical density measurements were acquired and used to create a standard 

curve (n=1). (B) QM107 was incubated at 37°C with porcine vitreous 

humour and PFA added at different time points. Detection was with anti-

QM107 primary antibody followed by anti-rabbit HRP secondary 

antibody, followed by TMB1 (n=2). 

A 
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3.3. Discussion 

In this chapter, following successful production of an in-house antibody 

against QM107, we established a methodology for detecting QM107 in vitro, 

which can be used for initial QM107 stability assays. The therapeutic target 

of QM107 is the retinal vasculature located in the eye – hence, a very 

inaccessible site from which to obtain samples to quantify QM107, 

demonstrating the necessity of developing a methodology with which to 

measure QM107 in various other biological samples. Furthermore, changes 

in plasma drug concentration indicate changes in other tissues, crucially 

those at the receptor site. In essence, it is assumed that the higher the plasma 

drug concentration, the higher its concentration in other body tissues (and 

vice versa), though this is not necessarily true for all drugs [398]. The kinetic 

homogeneity is imperative for verifying therapeutic and toxic plasma drug 

concentrations. In order to determine these parameters with regard to 

QM107, we need to measure QM107 concentrations at different time points 

in various biological samples.  

The principal goal was to develop a methodology for in vitro QM107 

detection in biological samples, predominantly in vitreous humour and 

blood, due to the location of QM107’s therapeutic target: the retinal 

vasculature. Current treatment of diabetic retinopathy and other neovascular 

eye diseases necessitates an intravitreal injection, allowing the drugs to 

diffuse through the vitreous humour towards the back of the eye whereby 

they block VEGFA activity in the damaged blood vessels supplying the 

retina. We show that QM107 is stable in porcine vitreous humour, indicating 

that application via the intravitreal route would allow QM107 to reach its 

therapeutic target, CD148, at the back of the eye. We also established a 

methodology to use the antibody for QM107 detection in human serum; 

however, this posed a number of confounding factors that require resolution 

before this methodology can be utilised. 
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In QM107 stability assays with human serum samples, there was much 

variability across patient samples. In initial detection assays (Fig. 3.8), 

QM107 was detectable at 0h but was shown to degrade after 24h. Subsequent 

validation experiments using serum isolated from blood donated by other 

volunteers did not support these initial findings, with inconsistent readouts 

both between patients and between technical repeats of the same serum 

sample (Fig. 3.9). Whether these variable results indicate detection of 

endogenous shed SDC2, despite its lack of detectability in vitro, or whether 

factors such as diet, age and sex of the donors confound the QM107 readout 

are yet to be determined. Consequently, we determined that patient 

variability confounded the results of QM107 readouts, making this detection 

method ineffective for detecting QM107 in vitro. Going forward, 

incorporating a larger sample size to test more serum samples will be 

imperative, to overcome this variability or to determine the cause for it.  

From our data, it has also become clear that the sensitivity of anti-

QM107 to detect QM107 in biological samples is limited. Its therapeutic 

dose will be much lower than that of the in vitro standard concentrations 

(with a maximum dose of 0.5µM) and, therefore, mass spectrometry will be 

necessary going forward in toxicology studies. Following the success of 

raising an antibody to QM107, future work could include refining this, 

perhaps developing a monoclonal anti-QM107 or using phage display to 

produce antibodies that enable the detection to be more specific and efficient. 

To further characterise QM107, its rate of degradation was 

ascertained. This is imperative for therapeutic development, for numerous 

reasons, including calculation of half-life. Using Expasy protein cutter 

software, a potential trypsin enzyme degradation site was discovered in the 

QM107 peptide sequence (Fig. 3.7A). Therefore, we determined the rate of 

QM107 degradation by trypsin in vitro.  



123 

 

To date, in our hands there has been no reliable SDC2 antibody, 

despite their commercial availability. The reason for this is unclear, but 

perhaps because the SDC molecules do not produce a strong immunogenic 

response, when SDC antibodies are commercially made, they are of a lower 

concentration or potency than other marketed antibodies. As part of this 

project, we carried out western blot analysis to determine whether the 

QM107 antibody was able to detect SDC2, due to the sequence homology 

between QM107 and SDC2. Despite this homology, we determined that the 

antibody does not detect full-length recombinant human SDC2 in vitro. It 

remains unclear whether the antibody does detect endogenous SDC2, though 

future work with human sera could shed some light on this question. It would 

also be interesting to explore the possibility of producing SDC2 antibodies 

from a SDC2-null mouse, as these animals have never encountered SDC2 

molecules previously, and therefore the immunogenic response to SDC2 

injection may be much greater than that in wild-type animals. 

 

3.3.1. Summary points 

- QM107 does retain the same anti-angiogenic properties as the SDC2 

core protein, demonstrated in murine aortic ring and scratch wound 

migration assays 

- We successfully raised an antibody against QM107 and used it to 

characterise QM107 in in vitro stability assays, through detection of 

the peptide in biological samples 

- While further work needs to be carried out to determine QM107 

stability in human serum, we have shown that it is stable in porcine 

vitreous humour 
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Chapter 4 

4. Determining the QM107 interaction site on CD148 

 

4.1. Introduction 

There is an abundance of work that suggests a role for SDC2 in angiogenesis. 

SDC2 expression is traditionally associated with cells of the vasculature, and 

studies in zebrafish and mice have shown that when SDC2 gene expression 

is knocked down or ablated, normal vascular development is delayed [346, 

399]. These studies have linked SDC2 with the VEGFA/ VEGFR2 signalling 

axis via interactions with its heparan sulphate (HS) chains. In work from our 

group, it was established that SDC2 in its shed form can inhibit angiogenesis. 

Conditioned media from HEK293T cells transduced to overexpress an HA-

tagged form of SDC2 after stimulation with TNFα was found not only to 

contain significant amounts of shed SDC2, but this media also substantially 

inhibited angiogenic sprout formation from rat aortic rings, specifically 

through its interaction with β1 integrin and CD148 [347]. Furthermore, in a 

xenograft flank tumour model, SCID SHO mice were injected with empty 

vector cells or cells that constitutively released shed syndecan-2 (eS2ED) 

and tumour sizes were quantified at 21 days. The mice injected with control 

cells developed vascularised tumours that were significantly larger in both 

diameter and weight compared with tumours derived from mice injected with 

the eS2ED cells. Following immunofluorescence staining for the EC marker 

CD31 (PECAM1), tumours generated from empty vector control cells 

revealed CD31-positive structures consistent with blood vessels. However, 

these structures were greatly reduced in tumour sections originating from 

eS2ED cells. Together, this suggests that constitutive release of the SDC2 

ectodomain in this model is inhibitory to angiogenesis. 
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In a previous study, it was shown that the extracellular core protein of 

SDC2 could influence cell behaviour independently of SDC2 HS chains. A 

glutathione-S-transferase (GST) fusion protein was generated, in which the 

full coding sequence of the SDC2 extracellular core protein was 

translationally fused at the N-terminus to GST. This protein could support 

cell adhesion in serum free media in a variety of cell types (primarily 

mesenchymal). It was established that these adhesion responses to the SDC2 

extracellular domain core protein (S2ED) require β1 integrins [218]. 

However, no direct interaction between β1 integrin and S2ED could be 

established, so it was hypothesised that this adhesion response requires the 

action of an additional cell surface receptor. Protein phosphorylation is a 

vital mechanism for regulating cellular processes (including cell adhesion), 

involving a number of protein kinases and counteracting protein 

phosphatases [218]. Fibroblasts seeded on S2ED formed focal adhesions and 

positive staining of phosphotyrosine was observed [218, 400]. Further 

observations confirmed increases in the phosphorylation of key focal 

adhesion components such as paxillin and focal adhesion kinase [401]. Three 

common PTP inhibitors (pervanadate, phenylarsine oxide and dephostatin) 

bind irreversibly to the catalytic cysteine required for dephosphorylation of 

phosphotyrosine residues [402, 403]. Their effect on rat embryonic 

fibroblasts seeded on S2ED was a reduction in cell attachment and spreading. 

Due to the importance of phosphatase activity in processes governing 

adhesion to S2ED, investigations were carried out into whether a PTPR 

might be the intermediary molecule interacting with S2ED, leading to β1 

integrin–dependent cell adhesion and spreading. CD148 was identified as 

being potentially important following a small interfering RNA (siRNA) 

screen of the 207 phosphatase genes in the human genome. The importance 

of CD148 in cell adhesion responses to S2ED was confirmed in WI38 human 

lung fibroblasts following transfection with siRNA targeted to CD148. 
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These fibroblasts had significantly reduced adhesion to S2ED. Significantly, 

in this study an ‘adhesion regulatory domain’ of SDC2 was identified 

between P124 and F141 of murine SDC2. Proteins lacking this sequence could 

not support cell adhesion.  

Of importance, it was later shown that the SDC2-GST fusion protein 

could also inhibit angiogenesis both in vivo (Matrigel plug assay) and ex vivo 

(aortic ring assay). An interaction between S2ED and CD148 was confirmed 

by a pull down assay, in which glutathione agarose beads were used to ‘pull 

down’ interacting proteins from EC lysates. Lysates probed with full length 

S2ED contained CD148, but lysates probed with S2ED in which the 

adhesion regulatory domain had been deleted did not. This was supported by 

previous work, in which the 18 amino acid adhesion regulatory domain 

between P124 and F141 was deleted. The importance of the 18 amino acids was 

confirmed in functional assays where the anti-angiogenic properties of S2ED 

are lost when this 18 amino acid motif is not present. Treatment of ECs with 

S2ED also revealed a change in β1 activation status, as determined by the 

conformer specific monoclonal antibody (9EG7). 

Ultimately, the data from these studies suggest that two key 

angiogenic processes, cell adhesion and inhibition of angiogenic sprout 

formation, are driven by CD148 via its direct interaction between its 

extracellular N-terminus and the 18 amino acid adhesion regulatory motif of 

S2ED. Furthermore, the anti-migratory effects of S2ED on ECs may be 

mediated by CD148 signalling, an interaction that could lead to reduced 

active β1 integrins on the surface of ECs.  

Building on this work, the overarching aim of this chapter was to 

confirm whether QM107 binds to CD148, and to try to ascertain where on 

the CD148 extracellular core protein this occurs. Previous studies indicated 

that this interaction site is likely to be somewhere within the first five FNIII 
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repeats, since S2ED binds to this protein. This would provide insight into 

how QM107 functions as a therapeutic, to inhibit angiogenesis.  

 

To this end, the following aims will be addressed in this chapter: 

 

1. To determine whether QM107 interacts with CD148SF? 

 

2. To define the precise amino acid motif on CD148SF responsible for 

this interaction with CD148SF 

 

3. To identify a specific amino acid motif in the QM107 sequence 

responsible for its interaction with CD148 
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4.2. Results 

 

4.2.1. Developing methodology to identify QM107 interaction site on 

CD148 

 

4.2.1.1. Production of CD148-derived proteins 

From previous studies, it is known that shed SDC2 binds to a bacterially 

expressed version of a truncated splice variant of CD148 (consisting of the 

first five FNIII repeats of CD148’s extracellular domain – protein termed 

CD148SF) [167]. As QM107 is a derivative of SDC2, we investigated 

whether QM107 could also interact with CD148SF. In order to establish this, 

we first had to optimise a methodology for assaying the interaction between 

QM107 and CD148SF.  

 Initially we expressed and purified CD148SF recombinant protein 

from bacteria. We also generated two truncated forms of CD148SF: 

CD148NT and CD148CT (Fig. 4.1). CD148NT comprised the first two 

FNIII repeats from A36 – L291 of the CD148SF sequence. CD148CT 

comprised the remaining three FNIII repeats from D192 – G539. These were 

expressed and purified, as described in Materials and Methods (Chapter 2). 
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  A 

 36 AGGTPSPIPD PSVATVATGE NGITQISSTA ESFHKQNGTG TPQVETNTSE 

 86 DGESSGANDS LRTPEQGSNG TDGASQKTPS STGPSPVFDI KAVSISPTNV 

136 ILTWKSNDTA ASEYKYVVKH KMENEKTITV VHQPWCNITG LRPATSYVFS 

186 ITPGIGNETW GDPRVIKVIT EPIPVSDLRV ALTGVRKAAL SWSNGNGTAS 

236 CRVLLESIGS HEELTQDSRL QVNISGLKPG VQYNINPYLL QSNKTKGDPL 

286 GTEGGLDASN TERSRAGSPT APVHDESLVG PVDPSSGQQS RDTEVLLVGL 

336 EPGTRYNATV YSQAANGTEG QPQAIEFRTN AIQVFDVTAV NISATSLTLI 

386 WKVSDNESSS NYTYKIHVAG ETDSSNLNVS EPRAVIPGLR SSTFYNITVC 

436 PVLGDIEGTP GFLQVHTPPV PVSDFRVTVV STTEIGLAWS SHDAESFQMH 

486 ITQEGAGNSR VEITTNQSII IGGLFPGTKY CFEIVPKGPN GTEGASRTVC 

536 NRTG 

B 

C 

SF 

3 

CT 

NT 

5 

4 
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Figure 4.1. Recombinant expression of CD148-derived proteins. (A) 

SF corresponds to the first five N-terminal fibronectin type-III (FNIII) 

repeats of CD148. This can be divided into two domains, the N-terminus 

and C-terminus. These can be bacterially expressed. (B) CD148NT A36 – 

L291, shown in black. CD148CT D292 – G539, shown in red. (C) SDS-

PAGE gel image, following protein purification and dialysis with 1x 

PBS. 10µl samples of the proteins were analysed and results confirmed 

the presence of CD148SF (53kDa), CD148CT (26.4kDa) and CD148NT 

(26.9kDa). SDS-PAGE was used to verify the correct molecular weight 

and purity of the proteins. 
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4.2.1.2. Solid phase binding assay with QM107 antibody detection method 

In the first instance, we tested whether our antibody raised against QM107, 

as described in the previous chapter, could be utilised for this purpose. For 

initial experiments, we compared binding of QM107 to CD148 with binding 

to fibronectin as a negative control (Fig. 4.2). Fibronectin contains 16 FNIII 

repeats and previous work showed that S2ED does not interact with these. 

Using an ELISA-based methodology, we measured the amount of QM107 

that bound to both proteins after a 1-hour incubation together. Whilst optical 

density measurements revealed enhanced binding of QM107 to CD148SF 

this was not the case for fibronectin, particularly at high coating 

concentrations. Although the trend was positive, the difference between 

CD148SF and fibronectin was not significant and there were concerns about 

the sensitivity of the QM107 antibody – in essence, whether it would be able 

to detect low concentrations of QM107. However, as this data did show that 

there might be an interaction between CD148SF and QM107, going forward 

we decided to explore other detection methodologies for use in solid phase 

binding assays. 
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Figure 4.2. Solid phase binding assay using anti-QM107 shows a 

greater interaction between QM107 and CD148SF than with 

fibronectin. Following the administration of 10µM QM107 for 1 hour at 

room temperature in wells of a 96 well plate coated with CD148SF (SF) 

or fibronectin (FN), anti-QM107 was used to detect QM107. Detection 

with an anti-rabbit HRP-conjugated secondary antibody in conjunction 

with TMB1 revealed a difference in optical density readouts for QM107 

between SF and FN (n=1). 
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4.2.1.3. Solid phase binding assays with biotinylated QM107 

Since the anti-QM107 antibody was not optimal for use in our solid phase 

binding assays, we next investigated whether a biotinylated form of QM107 

(bio-QM107) could be used in conjunction with streptavidin conjugated to 

HRP. N-terminal bioconjugation was used to bind the biotin molecule to the 

proline amino acid in position 1 on the QM107 sequence (Figure 4.3). 

Conjugating molecules on to terminals is unlikely to affect protein function 

[404, 405].  

 

 

 

 

 

  

Figure 4.3: QM107 molecule after biotinylation. The biotin molecule is 

bound to the N-terminus of QM107. 
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In the first assay, we set out to comprehend whether there was an 

interaction between QM107 and CD148SF (Fig. 4.4). This methodology 

involved coating the microplate with CD148-derived recombinant proteins, 

also using fibronectin as a control, followed by the addition of bio-QM107. 

Several optimisation steps were required to establish this assay. The 

CD148SF protein (and others used in this study) is 6xHis-tagged and purified 

using a cobalt affinity resin. Contained within the elution buffer is imidazole, 

and we established the assay works best if this is removed via dialysis.   

Initial assays demonstrated an interaction between bio-QM107 and 

CD148SF but not with the fibronectin control. Higher optical densities were 

recorded when bio-QM107 was incubated with CD148SF-coated wells. 

Additionally, a dose-response can be observed: optical density output 

readings decrease in accordance with declining CD148SF protein coating 

concentration.  
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Figure 4.4. Use of biotinylated QM107 provides a more robust 

methodology for establishing that QM107 interacts with CD148SF. 

Solid phase binding assays in which plates were coated with CD148SF 

and fibronectin, prior to the addition of 10µM bio-QM107, showed 

interaction between QM107 and CD148SF (n=3). 
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4.2.2. Mapping which region of CD148 interacts with bio-QM107 

Having established an interaction between CD148SF and bio-QM107, we 

next sought to identify which part of CD148SF was responsible for this 

interaction. We assayed the truncated forms of CD148SF (CD148CT and 

CD148NT, Fig. 4.1). This time, the microplate was coated with CD148-

derived recombinant proteins, also using fibronectin as a control, followed 

by the addition of bio-QM107. As with the CD148SF protein, the CD148CT 

and CD148NT proteins are 6xHis-tagged and purified using a cobalt affinity 

resin, followed by dialysis with PBS to remove residual imidazole.  

Upon testing these proteins in our binding assay, it was evident that 

there was an interaction between bio-QM107 and both CD148SF and 

CD148CT, but not with CD148NT or the fibronectin negative control (Fig. 

4.5). This data suggested that the interaction site for QM107 resided 

somewhere in FNIII repeats 3-5.  
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Figure 4.5. QM107 interacts with CD148CT. Solid phase binding 

assays in which plates were coated with CD148-dervied recombinant 

proteins CD148SF, CT and NT and fibronectin, prior to the addition of 

10µM bio-QM107, showed interaction between QM107 and CD148CT, 

as well as SF. Bio-QM107 did not interact with CD148NT (n=3).  
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To further refine the interaction site within the CD148CT sequence, 

we set out to express each individual FNIII repeat that makes up CD148CT 

as a distinct peptide (Fig. 4.6) to be tested in solid phase binding assays (Fig. 

4.7). Using the same methodology as used previously to recombinantly 

express CD148-derived proteins, we successfully expressed FNIII repeats 3, 

4 and 5 as distinct proteins, as shown in Fig. 4.6. 
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Interaction between bio-QM107 and all three FNIII repeats was 

determined, though this interaction was deemed to be strongest with repeats 

3 and 5, perhaps indicating multiple QM107 interaction sites across 

CD148CT (Fig. 4.7A). 

Figure 4.6. Recombinant expression and purification of CD148CT-

derived FNIII repeats. (A) NT consists of FNIII repeats 1 and 2, CT 

consists of FNIII repeats 3-5, which can also be bacterially expressed. (B) 

Full-length CD148SF sequence shown, with individual FNIII repeats 

indicated in different colours. (C) SDS-PAGE gel image, following 

IPTG-induction of BL21 cultures, confirming the presence of FNIII 

repeats 3 (9.9kDa), 4 (9.5kDa) and 5 (9.0kDa). Uninduced BL21 culture 

samples were run alongside induced samples for each protein (indicated 

in the figure), to confirm that the proteins were only produced by bacterial 

cultures following IPTG-induction. SDS-PAGE was used to verify the 

correct molecular weight of the proteins. 

C 
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B 

Figure 4.7. QM107 interacts with multiple FNIII repeats on CD148’s 

extracellular domain. (A) Solid phase binding assays, in which plates 

were coated with 1000nM CD148-derived recombinant proteins SF, CT, 

NT; individual FNIII repeats 3, 4 and 5; and fibronectin, prior to the 

addition of 10µM bio-QM107, showed interaction between QM107 and 

individual FNIII repeats comprising CD148CT (n=3). (B) SF (A
36

 – G
539

) 

full-length amino acid sequence, with yellow highlighted areas indicating 

conserved regions across CT that were identified. 

A 
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4.2.2.1. Deleted SF mutants 

Following the detection of bio-QM107 with FNIII repeats 3, 4 and 5 (Fig. 

4.7A), which comprise the C-terminal end of CD148SF (CD148CT), we 

identified conserved regions across the amino acid sequences of these FNIII 

repeats (according to the UniProt database which can be found here: 

https://www.uniprot.org/uniprotkb/Q12913/entry). FNIII repeats 3 and 5 

share an identical amino acid motif and a similar, but non-identical, motif 

was recognised in FNIII repeat 4 (shown in Fig. 4.7B). We explored this as 

a potential interaction site for QM107 as solid phase binding assays showed 

strongest interactions between bio-QM107 and FNIII repeats 3 and 5; these 

repeats share identical amino acid motifs, whereas the motif identified in 

repeat 4 is not identical and there appears to be a weaker interaction between 

this FNIII repeat and bio-QM107. This disparity in motifs across FNIII 

repeats 3 and 5 compared with 4 may explain the difference seen in bio-

QM107 interaction. 

 To begin with, we successfully produced a plasmid using only FNIII5, 

with the GTEG motif deleted from the full-length amino acid sequence (Fig. 

4.8).  

 

  

https://www.uniprot.org/uniprotkb/Q12913/entry
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A 

Figure 4.8. Mutated FNIII5 plasmid made. (A) FNIII5 (P
456

 – G
539

) full-

length amino acid sequence, with yellow highlighted areas indicating 

conserved region that was deleted, followed by FNIII5 deletion new 

sequence, with deleted motif removed. (B) The coding sequence 

corresponding to FNIII5 deletion (FNIII5, indicated) amplified by PCR 

and later ligated into the pET24 vector (indicated). Plasmid was digested 

with BamH1 and HindIII. 

B 
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Unfortunately, it subsequently became apparent that the new FNIII5 

deletion protein was unable to withstand purification, possibly due to its 

small size causing it to become insoluble and therefore non-retainable during 

the purification process. Therefore, we produced a new plasmid, wherein the 

GTEG and EGPTG motifs were deleted from the full-length CD148SF 

sequence in the FNIII3, 4 and 5 regions (as shown in Fig. 4.9A and 4.9B). 

This plasmid was used to produce mutated recombinant protein with these 

motifs removed (Fig. 4.9C), which we called SF deletion 1 (SFd1), via the 

E. Coli BL21 cell expression system. We used SFd1 in solid phase binding 

assays with bio-QM107 (Fig. 4.9D); if the motif we have identified is indeed 

the interaction site motif, its removal from the sequence should cause a 

reduction or elimination of interaction with bio-QM107. However, we found 

that the absence of the previously identified motifs did not prevent 

interaction with bio-QM107 – indeed, it seemed to intensify the interaction 

(Fig. 4.9D). Our conclusion from this was that we had misidentified the 

amino acid motif containing the sequence responsible for the interaction.  
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Therefore, we identified and deleted a larger conserved amino acid 

region across the DNA regions corresponding with FNIII repeats 3, 4 and 5 

(Fig. 4.10A and 4.10B). This new plasmid was used to produce a second 

mutated recombinant protein SF deletion 2 (SFd2), again using the E. Coli 

BL21 cell expression system (Fig. 4.10C). We used this mutated protein in 

further solid phase binding assays and observed interaction between SFd2 

and bio-QM107, despite the deletion of this sequence motif (Fig. 4.10D). 

This result suggested that this conserved region identified across all FNIII 

repeats that comprise CD148CT was also not the sequence region containing 

the interaction site. Alternatively, it is possible that by truncating the original 

sequence, the mutant proteins produced differ from CD148SF such that the 

results we produced do not reflect the binding and interaction ability of 

CD148SF, regardless of which sequences are deleted.  

Figure 4.9. Mutated CD148SF proteins interact with QM107 (1). (A) 

CD148SF (A36 – G539) full-length amino acid sequence, with yellow 

highlighted areas indicating conserved regions which were deleted, 

followed by CD148SFd1 new sequence, with deleted motifs removed. 

(B) The coding sequence corresponding to SFdel1 amplified by PCR and 

later ligated into the pET24 vector (indicated). Plasmids were digested 

with BamH1 and HindIII. All plasmids were transformed into BL21 cells 

and proteins expressed and purified as shown in (C). (C) SDS-PAGE gel 

image, following protein purification and dialysis with 1x PBS. 10µl 

samples of the proteins were analysed and results confirmed the presence 

of SFdel1 protein. (D) Solid phase binding assays in which plates were 

coated with 1000nM SFd1, prior to the addition of 10µM bio-QM107 

(n=2). Interaction was observed between bio-QM107 and SFd1, as well 

as SF. Bio-QM107 did not interact with FN. 
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Figure 4.10. Mutated CD148SF proteins interact with QM107 (2). (A) 

CD148SF (A36 – G539) full-length amino acid sequence, with yellow 

highlighted areas indicating conserved regions which were deleted, 

followed by CD148SFd2 new sequence, with deleted motifs removed. 

(B) The coding sequence corresponding to SFdel2 amplified by PCR and 

later ligated into the pET24 vector (indicated). Plasmids were digested 

with BamH1 and HindIII. All plasmids were transformed into BL21 cells 

and proteins expressed and purified as shown in (C). (C) SDS-PAGE gel 

image, following protein purification and dialysis with 1x PBS. 10µl 

samples of the proteins were analysed and results confirmed the presence 

of SFdel2 protein. (D) Solid phase binding assays in which plates were 

coated with 1000nM of a second mutated CD148SF recombinant protein, 

SFd2, prior to the addition of 10µM bio-QM107 (n=2). Interaction was 

observed between bio-QM107 and SFd1, as well as SF. Bio-QM107 did 

not interact with FN. 
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4.2.2.2. Deleted QM107 mutant 

To characterise QM107 further, as well as identifying its interaction site on 

CD148, we explored the adhesion site on the QM107 molecule. On shed 

SDC2, the amino acid sequence motif for this site comprises four residues 

identified in the C-terminal portion of the molecule: DNLF [218]. Based on 

this, we designed a new biotinylated peptide, wherein this same motif 

(DNLF) was substituted with four alanine (A) residues (bio-QMd). When 

used in solid phase binding assays with CD148SF, we observe interaction 

between these proteins to the same extent as compared to bio-QM107. 

Furthermore, interaction with fibronectin is not apparent with bio-QMd or 

bio-QM107. The conclusion drawn here is that the DNLF motif on QM107 

is not the adhesion site for its interaction with CD148. 
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Figure 4.11. Mutated QM107 peptide without DNLF motif interacts 

with CD148SF to the same extent as QM107. (A) QM107 amino acid 

sequence. Yellow highlighted regions indicate substitutions with alanine 

residues. (B) Solid phase binding assays, in which plates were coated with 

1000nM CD148SF and fibronectin, prior to the addition of 10µM bio-

QM107 and bio-QMd (wherein DNLF residues have been substituted 

with AAAA), showed interaction between both biotinylated peptides and 

CD148SF (n=2). 

A 

B 
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4.3. Discussion 

We have shown for the first time that QM107 interacts directly with 

CD148SF and have refined the precise interaction site to the C-terminal end 

of CD148SF. Our results show that there is interaction of QM107 with all 

FNIII repeats 3, 4 and 5 (Fig. 4.7), thus at present it remains unclear whether 

QM107 has multiple interaction sites on the CD148 extracellular domain or 

whether it requires the whole CD148CT portion to interact. The 

methodology developed to enable this discovery can be utilised in ongoing 

studies to decipher the interaction site on the CD148SF sequence. As we 

have shown, mutated recombinant CD148SF proteins, with specific amino 

acid residues deleted from the polypeptide sequence, can be successfully 

expressed and used in solid phase binding assays. In our assays, it is possible 

that we misidentified the interaction site in the amino acid sequence. 

However, it is important to acknowledge that this is a very artificial system 

and that altering the amino acid sequence, for example by deleting various 

motifs throughout the full-length sequence, we do not fully understand what 

this causes at a molecular level. The conformation of the mutated proteins 

may prevent the binding and interaction ability of CD148SF, whether or not 

the deleted sequence was in fact the interaction site. Going forward, 

additional sequence alignments can be carried out to identify alternative 

motifs that may be responsible for the interaction with QM107. Ultimately, 

structural experiments will need to be carried out, to determine the impact of 

deleting certain amino acid residues from the sequence and help to predict 

the interaction site. To establish QM107’s mode of action to downregulate 

angiogenesis through its activation of CD148, it is crucial that the position 

of the interaction site is known. This will aid investigations into potential 

adverse effects, as well as determining the therapeutic dose required, as we 

pursue the use of QM107 as a treatment option for pathological 

neovascularisation. Identification of the ligand interaction site on CD148 
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will also be important for identifying other potential therapeutics, by 

screening small molecule libraries. 

 Furthermore, we explored the possibility that the amino acid motif on 

the QM107 molecule responsible for its binding with CD148 was the last 4 

residues on the QM107 C-terminal: DNLF. When this was substituted with 

4 amine residues, no change in binding was observed. However, as with the 

CD148 amino acid sequence, structural studies will also be necessary to 

establish the interaction site on the QM107 molecule. 

 

4.3.1. Summary points 

- We have confirmed that QM107 interacts with CD148SF in vitro  

- We have identified that this interaction site is within the C-terminus 

of the CD148SF protein 

- Further work needs to be carried out to determine how QM107 

interacts with CD148SF 
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Chapter 5 

5. Anti-angiogenic properties of the CD148 short form protein 

 

5.1. Introduction 

CD148 is a PTPR expressed on many cell types, including those of the 

vasculature. It has been functionally implicated in a number of physiological 

and pathological processes, including regulation of cell growth, 

differentiation, transformation and proliferation [368, 376, 380, 406-408]. 

The full-length molecule comprises an extracellular domain of nine 

fibronectin type-III repeats, which facilitates binding of ligands such as shed 

SDC2 and thrombospondin-1 [218, 409], while its cytosolic domain consists 

of a single catalytic domain [410] responsible for its phosphatase activity. 

Upon ligand binding, CD148 exerts its effects through its intracellular 

phosphatase domain. Work from our group and others has shown that when 

shed SDC2 interacts with the CD148 extracellular domain, the p85 subunit 

of PI3 kinase is dephosphorylated and this is associated with an inhibition of 

angiogenesis and fibrosis [218, 347, 411].  

Alternative splicing of messenger RNA (mRNA) is a crucial post-

translational regulatory mechanism, by which many soluble receptors are 

produced in eukaryotic cells. This alternative splicing of genes produces 

multiple versions of the same protein, leading to the translation of numerous 

proteins with different functions from one gene [380, 412, 413]. 

Alternatively spliced isoforms of many PTPRs have been identified and 

shown to have diverse functions across the variants [380, 414, 415]. As well 

as the full-length PTPR, CD148, the PTPRJ gene also codes for an 

alternative splice variant (NM_001098503 – NCBI Gene database), whose 

mRNA encodes the first five FNIII repeats of the CD148 extracellular 

domain (Fig. 5.1). This isoform has since been characterised and shown to 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001098503
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be expressed by a number of cell types, including HUVECs [380]. This work 

also identified that this truncated isoform of CD148 was glycosylated and 

secreted into cell culture medium. It was also found to promote angiogenesis 

and cell migration, and was upregulated in high-grade glioma, a tumour for 

which increased angiogenesis has a crucial role [380, 416-420]. In contrast, 

our group have shown that a bacterially expressed form of this truncated 

isoform (CD148SF) potently inhibited angiogenic sprout formation in the rat 

aortic rings model. An effect that was further enhanced when rings were 

treated with both the SDC2 extracellular core protein and CD148SF. These 

findings indicate a role for the truncated form of CD148 in regulating 

angiogenesis, either independently of or dependent on full-length CD148. 

Based on our own group’s work and others, there appear to be conflicting 

findings as to the role of the truncated form of CD148 in angiogenesis. To 

understand this further, the overall objective of this chapter is to test whether 

truncated CD148 does indeed possess anti-angiogenic properties. To this 

end, the following aims will be addressed: 

 

1. To quantify the anti-angiogenic properties of CD148SF using both in 

vitro and ex vivo models of angiogenesis 

 

2. To determine where the inhibitory domain resides in the CD148SF 

sequence, through these angiogenesis models 

 

3. To establish a novel cell-based assay to measure angiogenesis in vitro 

and use this to test the inhibitory effects of CD148-derived proteins 

on angiogenesis 
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 A 

Figure 5.1. CD148SF has distinct anti-angiogenic properties. (A) 

Depicted are the two mRNA variants of CD148 produced by alternative 

exons (9a/ b). 9a encodes the spliced variant (3193bp), 9b encodes full-

length CD148 (7854bp). Redrawn from: Bilotta, A., et al., A novel splice 

variant of the protein tyrosine phosphatase PTPRJ that encodes for a 

soluble protein involved in angiogenesis. Oncotarget, 2017. 8(6): p. 

10091-10102. (B) CD148 has two splice variants: the full-length 

molecule and the short form (SF), comprising the first five N-terminus 

fibronectin type-III repeats on the CD148 extracellular domain. (C) Rat 

aortic ring assays were carried out using purified recombinant human 

CD148SF (sol CD148), which proved to be as anti-angiogenic as the 

human SDC2 ectodomain (S2ED). Furthermore, when used in 

conjunction with S2ED, it appeared that angiogenesis was inhibited to a 

greater extent than with S2ED or sol CD148 (CD148SF) alone. Taken 

from: De Rossi, G., et al., Shed syndecan-2 inhibits angiogenesis. 

C B 
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5.2. Results 

 

5.2.1. Scratch wound migration assay  

A key feature of angiogenesis is EC migration. A simple in vitro assay to 

measure cell migration is a scratch wound migration assay, wherein a 6 well 

plate is seeded with ECs which are left to grow into a confluent monolayer. 

A pipette tip can be used to produce a scratch in the centre of the well, 

creating a cell-free area that induces cell migration into the scratch area to 

close the gap [421]. To establish where on the CD148SF protein is 

responsible for its anti-angiogenic effects (Fig. 5.1), purified recombinant 

proteins CD148SF, CD148CT and CD148NT (as described in Chapter 4) 

were used in angiogenesis assays.  

In this case, micrographs acquired at 0 and 16 hours were compared 

(Fig. 5.2A) and it is clear that there was significant reduction in wound 

closure for cells treated with CD148SF compared with PBS, CD148CT or 

CD148NT, suggesting that CD148SF inhibits EC migration. Quantification 

of the percentage change in wound area reinforces this, with a significant 

reduction in wound closure in the presence of CD148SF (Fig 5.2B). It also 

suggests a slight reduction in wound closure time in the presence of 

CD148CT and -NT versus PBS, however this difference is non-significant, 

which suggests that in this assay the full-length CD148SF recombinant 

protein is required to reduce EC migration in this particular cell type.  
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5.2.2. Developing endothelial cell spheroid assay 

 

5.2.2.1. Developing methodology 

In order to initiate angiogenesis, cells secrete VEGFA to induce new blood 

vessel formation. As described in Chapter 1 (Fig. 1.3), in response to 

VEGFA production, ECs undergo morphological changes to develop into a 

new blood vessel. In vitro angiogenesis assays allow researchers to examine 

the direct impact of certain compounds on angiogenesis processes. Scratch 

wound migration assays, while informative, have drawbacks, as this is a 2D 

culture system. In the spheroid-based sprouting assay (first developed by Drs 

Thomas Korff and Hellmut Augustin [422]), sprout formation can be 

measured in a 3D environment. This allows direct signalling between ECs, 

thus reflecting more closely the sprout formation seen in vivo when ECs are 

exposed to VEGFA [423]. There are examples of published data using this 

methodology [424, 425]. However, in this case, to enable us develop an 

angiogenesis assay, we intended to use an immortalised skin endothelial cell 

line (sENDs); therefore the protocol from the 2018 study by Tetzlaff and 

Figure 5.2. Effect of CD148-derived proteins on EC migration. (A) 

Confluent monolayers of sENDs were scratched with a pipette tip before 

0.5µM of the indicated proteins were added. Micrographs were taken 

immediately after the administration of the treatment (0h) and after 16 

hours (16h). The initial scratch is highlighted in white and the closed area 

in red, to better visualise cell migration at the final time point. Pictures 

are representative of 2 experiments where at least 1 spot per condition 

was analysed. (B) CD148 inhibits sEND migration. Cell migration after 

16h was quantified and wound closure was expressed as a percentage. 

Results are mean±SEM (n=2 experiments/ condition *** p<0.0009, one-

way ANOVA comparing to PBS controls using Dunnett’s multiple 

comparisons test). 
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Fischer, which utilised ECs, also informed the protocol developed in this 

chapter [425].  

 For the methodology we developed in this chapter, sENDs were 

suspended in cell medium mixed with methylcellulose stock. This solution 

was transferred onto a petri dish in 25µl droplets and then inverted, causing 

the drops to hang from the surface of the plate. The plate was incubated for 

24 hours, before formed spheroids were removed from the plate and 

embedded in collagen I (Fig. 5.3). 
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Figure 5.3. Overall schematic showing hanging drops method used to 

produce EC spheroids. (A) EC spheroid production utilised the hanging 

drops technique, whereby ECs were suspended in solution in an inverted 

petri dish for 24 hours. This produced cell spheroids within the droplets. 

(B) Spheroids were then embedded in collagen with proteins of interest 

and micrographs were acquired after 4 hours for analysis.  
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5.2.2.2. Use of spheroids in angiogenesis assay 

For this angiogenesis assay, spheroids were embedded using the 

methodology previously described for aortic ring assays; however, 

micrographs were acquired after 4 hours’ incubation in cell media (Fig. 5.4A, 

arrows indicate angiogenic sprouts). In the Tetzlaff and Fischer study from 

2018, spheroids were subjected to growth stimulation by VEGFA and FGF2 

[425]. However, in our initial assays, sprouting and cell migration were 

observed in control wells, in which spheroids were treated with cell medium 

(DMEM with 10% FBS) alone (although it is important to note that this was 

also included in the collagen I). Therefore, going forward we used DMEM 

only as a control and test proteins were diluted in DMEM, all without 

VEGFA. Regarding test proteins, purified recombinant CD148SF, -CT and 

-NT proteins were used to explore any inhibitory effects from these 

sequences, along with PBS and QM107 controls. The proteins were again 

incorporated into the collagen I matrix and in the medium administered 

throughout the course of the assay.  

In the publications using the 3D spheroid assay [424, 425], angiogenic 

potential was determined based on both the number and length of sprouts 

formed [422, 425]. However, in our assay we omitted the length of sprout 

formation parameter, as the clarity of micrographs was compromised, and 

sprout length was indeterminable (Fig. 5.4A). We observed an increase in 

spheroid size after 4 hours, likely due to the aggregation of cells. This 

prompted us to additionally measure the change in area of each spheroid 

from 0 hours to 4 hours after the application of CD148SF-derived proteins, 

using ImageJ software (Fig. 5.4B). Results showed no significant change 

across every test condition, compared to PBS: under all conditions, the 

spheroid area was increased at least 4-fold, suggesting EC migration is taking 

place. However, the other parameter measured was number of sprouts 

formed and results from this showed CD148SF and CD148CT proteins both 
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inhibited sprout formation, almost to the same extent as QM107 (Fig. 5.4C). 

The N-terminus protein did not show angiogenic inhibition in this assay, 

compared to PBS control, as shown in the Fig. 5.4C. Where CD148SF and 

CD148CT proteins inhibited sprout formation, results from spheroids treated 

with NT showed no significant reduction in angiogenic sprout formation. 

Together, these findings suggest that the inhibitory effect of CD148SF is 

located in its C-terminus. However, due to the disparity between this assay 

and the aortic ring assay, it is worth noting that the cells used here were 

immortalised. A primary EC line should be tested to determine if this has an 

effect on the cell behaviour with regard to, for example, cell migration or the 

response to CD148NT. 
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Figure 5.4. Effect of CD148-derived proteins on sprout formation in 

EC spheroids. (A) 0.5µM of each protein was incorporated into the 

collagen I matrix before seeding with cell spheroids (as described in 

Materials and Methods). Micrographs were taken on an Olympus IX81 

inverted microscope with a 10x objective immediately after 

administration of media (0h) and after 4 hours (4h). Arrows indicate 

examples of angiogenic sprouts and scale bar represents 200µm. (B-C) 

Analysis included both change in area (expressed as fold change) and 

sprout number for each condition. (B) Total spheroid area was measured 

at 0h and 4h and fold change in area was calculated, with results 

expressed as mean±SEM for 2-4 spheroids from two experiemtns (n=2). 

No statistically significant change was observed compared to PBS 

control. (C) CD148SF and CT inhibit angiogenic sprout formation, along 

with QM107 control. Sprouts from 2-4 spheroids from two experiments 

were counted (n=2) and results are mean±SEM (** p<0.0027, * p<0.22, 

one-way ANOVA comparing to PBS controls using Dunnett’s multiple 

comparisons test). 

B C 
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5.2.3. Angiogenic sprout formation 

The aortic ring assay is a widely used ex vivo angiogenesis model and has 

the advantage of involving a number of cell types (including ECs, smooth 

muscle cells and pericytes) due to utilising a tissue explant. Here, aortas were 

dissected from six rats and cut into rings. These were embedded in a thin 

layer of collagen I and fed every 3 days with medium supplemented with 

serum and VEGFA as a pro-angiogenic factor. After 1 week, angiogenic 

sprouts developed and the number of sprouts formed was considered directly 

proportional to the extent of angiogenic response.  

To identify the inhibitory domain within the full-length CD148SF 

sequence, purified recombinant CD148SF, -CT and -NT were used, along 

with PBS and QM107. These were incorporated into the collagen I matrix 

and in the medium administered throughout the course of the assay. 

Micrographs acquired after 7 days are shown in Fig. 5.5A, with examples of 

sprouts shown under each condition. Results showed that purified 

recombinant CD148SF inhibited sprout formation, demonstrating its anti-

angiogenic effect. Both the C- and N-terminal proteins also showed 

inhibition of sprout formation compared to PBS, almost to the same extent 

as QM107 (Fig. 5.5B). These findings suggest that there are inhibitory 

sequences present in both terminals of CD148SF, as they can inhibit 

angiogenic sprout formation in their own right, outside of the full-length 

sequence, though the inhibition is less than for the full-length protein.  
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Figure 5.5. Effect of CD148-derived proteins on angiogenic sprout 

formation. (A) 0.5µM of each protein was incorporated into the collagen 

I matrix before seeding with rat aortic rings from 6 rats (as described in 

Materials and Methods). Micrographs of each ring were captured on an 

Olympus IX81 inverted microscope with a 4x objective after 7 days. 

Arrows indicate examples of angiogenic sprouts. (B) CD148SF, -CT and 

-NT inhibit angiogenic sprout formation, along with QM107 control. 

Sprouts from 12-15 rings from 6 rats (n=6) were counted and results are 

mean±SEM (**** p<0.0001, *** p<0.001, ** p<0.001, one-way 

ANOVA comparing to PBS controls using Dunnett’s multiple 

comparisons test). 
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5.3. Discussion 

Taken together, the data outlined in this chapter provide strong evidence that 

the recombinantly expressed version of the shorter isoform of CD148 

(CD148SF) has anti-angiogenic effects in a variety of angiogenesis assays: 

in all of the models utilised here, it has displayed inhibitory effects. In two 

of the models, the CD148CT protein also demonstrated inhibitory activity 

(Figs. 5.4 and 5.5), while CD148NT only proved inhibitory in one case (Fig. 

5.5).  

The most robust angiogenesis assay utilised in this chapter is the aortic 

ring assay, as a tissue explant provides a model with multiple primary cell 

types in a 3D environment, making it a better recapitulation of the in vivo 

process. While the EC spheroids are cultured in 3D, this assay comprises 

only one immortalised cell type, which is less representative of the in vivo 

scenario. However, carrying this assay out with a primary cell line, such as 

HUVECs, would provide some resolution for this. As an initial angiogenesis 

assay, the scratch wound migration assay provides a good model for 

measuring cell migration as it does present some idea of the anti-angiogenic 

abilities of our proteins, although it is in 2D culture and represents only one 

aspect of angiogenesis. In this case, an immortalised cell line was used, so in 

the future HUVECs should be tested additionally. 

Further angiogenesis assays that should be utilised to further validate 

this work include oxygen-induced retinopathy (OIR) and laser-induced 

choroidal neovascularisation (CNV) animal models. The OIR model closely 

resembles pathological ROP, as neovascularisation is induced by hyperoxia 

[426]. Mouse pups are exposed to hyperoxic conditions during their retinal 

vasculature development stage, causing capillary depletion. This is followed 

by exposure of the pups to normoxic conditions, where the oxygen level is 

normal, causing retinal ischaemia, which initiates neovascularisation that 

can lead to proliferative vascular disease in the retinal vasculature [427]. This 
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is OIR. Anti-angiogenic compounds can promote revascularisation of the 

ischaemic areas of the retina, with healthy blood vessels [427]. Laser-

induced CNV mouse models are also used to test anti-angiogenic 

compounds. In this model, a laser is used to break the Bruch’s membrane to 

produce lesions on the choroid, prompting the initiation of CNV as a 

physiological repair mechanism [426]. Animals treated with compounds that 

inhibit angiogenesis (such as anti-VEGF drugs) develop smaller areas of 

CNV compared with  animals that do not receive this treatment [426], 

making it a suitable model for further testing of the inhibitory effects of 

CD148SF.  

 

The outstanding question going forward is by what mechanism does 

CD148SF inhibit angiogenesis? We propose a number of potential 

mechanisms to answer this. The first potential mode of action we offer 

(mechanism 1, Fig. 5.6) is that CD148SF interacts with the extracellular 

domain of cell surface full length CD148, activating it in the same manner 

as shed SDC2 (Fig. 5.6 and see Chapter 1, Fig. 1.10). Upon stimulation, 

CD148 dephosphorylates PI3 kinase, inactivating β1 integrin and preventing 

cell migration. This mode of action is perhaps less likely than the other 

proposed mechanisms, due to the synergistic effect on inhibition of sprout 

formation demonstrated in the 2014 paper (see Fig. 5.1), which does suggest 

that CD148SF acts via a different route to shed SDC2.  
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Figure 5.6. Mechanism 1 to explain inhibitory effect of CD148SF on 

angiogenesis. CD148SF interacts with the extracellular domain on full-

length CD148 molecule, in the same way as shed SDC2 and QM107. 
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An alternative suggestion (mechanism 2, Fig. 5.7) is an interaction 

between CD148SF and cell surface SDC2. This would  inhibit an interaction 

between SDC2 and VEGFR2, disrupting VEGFR2 activation by VEGFA 

and preventing pro-angiogenic downstream signalling [428]. This theory is 

supported by several studies showing SDC2 involvement in VEGFA binding 

with VEGFR2 in vivo [334, 428].  

  

Figure 5.7. Mechanism 2 to explain inhibitory effect of CD148SF on 

angiogenesis. CD148SF activates SDC2, which leads to its interaction 

with VEGFR2, inhibiting receptor stimulation and preventing 

downstream pro-angiogenic signalling. 
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Our third and final suggestion (mechanism 3, Fig. 5.8) is that 

CD148SF interacts directly with VEGFR2, interfering with its stimulation 

by binding with VEGFA. CD148 is expressed by ECs and its role in 

angiogenesis has been identified, where it acts as a mediator for the 

dephosphorylation of VEGFR2, ultimately inhibiting VEGFA-induced 

mitogenic signals (vital for angiogenesis) [368, 378, 380, 429]. With current 

antibody therapies targeting the VEGFA/ VEGFR2 pro-angiogenic system, 

this mode of action would be particularly interesting to explore, with the 

potential to pursue CD148SF as an alternative therapeutic protein. Two key 

advantages here would be that it is produced endogenously, and the mode of 

action if used as a therapeutic would harness an established endogenous 

process, as with QM107. Therefore, the risk of adverse side effects may be 

reduced compared with artificially produced therapeutics. 

  

Figure 5.8. Mechanism 3 to explain inhibitory effect of CD148SF on 

angiogenesis. CD148SF interacts directly with VEGFR2, similarly to 

SDC2, preventing its activation and downstream pro-angiogenic effects. 
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Furthermore, we propose in vitro assays to test these theories. 

Throughout this project, various detection methods have been utilised and 

any of these could be applied to CD148SF detection (fluorescent or biotin 

labelling, for example). Moreover, our group has established a CD148 KD 

cell line using a lentivirus in ECs, both immortalised and primary cell lines. 

Using this methodology, mechanism 1 could be verified by applying 

fluorescently labelled CD148SF recombinant proteins to CD148 KD cells in 

culture and comparing the amount of fluorescent CD148SF bound to CD148 

KD cells to that of control cells (wherein CD148 has not been knocked 

down). This model could also be used to test mechanism 2, but using SDC2 

KD cell lines or primary cells from SDC2 KO animal models. Similarly, 

fluorescent labelling of CD148SF would allow comparison between the 

amount of this protein retained in cells lacking SDC2 and cells expressing 

SDC2 protein. There is a plethora of evidence to suggest that endogenous 

SDC2 interacts with VEGFR2 via its HS chains, to facilitate binding its 

binding with VEGFA-165 (the most abundant VEGFA isoform) [334, 428]. 

For mechanism 3, an assay could be designed utilising an already-established 

methodology, wherein blocking monoclonal antibodies specific to VEGFR2 

has been used to confirm this receptor’s involvement in VEGFA/ TNF-α-

induced tube formation in in vitro assays [430]. If these blocking monoclonal 

antibodies were applied to cultured primary ECs to be used in angiogenic 

assays (such as the scratch wound migration assay) with CD148SF 

recombinant proteins, VEGFR2 activation would be prevented and its 

involvement in angiogenesis inhibition by CD148SF could be established.  

The work in this chapter also confirms our group’s original 

observation that CD148SF is inhibitory to angiogenesis. These findings 

would appear at odds with the 2017 study from Bilotta [380]; however, there 

are a number of substantial differences between the approach we have used 

and those used in this study. We have been applying a recombinantly 
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expressed version of CD148SF to ECs, whereas the effects on angiogenesis 

of overexpressing the alternatively spliced version of CD148 are described 

in the Bilotta study [380]. Additionally, the study did not measure the level 

of alternatively spliced CD148 mRNA in the cell lines described, or fully 

characterise the antibodies used to identify this truncated form of CD148 

protein. CD148 is likely highly N-glycosylated and it would be useful for us 

to express the truncated sequence in a eukaryotic system to understand the 

effects of this on angiogenesis.  

 

5.3.1. Summary points 

- CD148SF was shown to inhibit angiogenesis in three distinct 

angiogenesis models 

- CD148CT appears to inhibit angiogenesis, suggesting the C-terminus 

of the CD148SF protein is responsible for its anti-angiogenic activity 

- We successfully developed and optimised a novel cell-based assay 

which was used to test the inhibitory effect of various recombinant 

proteins on angiogenesis in vitro. This methodology has advantages 

over existing models, such as the aortic ring assay, including its lesser 

cost and shorter duration from start to finish (3 days, rather than 7 

days) 
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Chapter 6 

6. General Discussion 

 

6.1. QM107 

 

6.1.1. Peptide therapies 

A commonly used biopharmaceutical in disease treatment is antibody 

therapy. The major advantages of antibodies include target specificity [363] 

and slow clearance (which also gives them a longer half-life than most small 

molecules [431]), less variation in plasma concentration [432] and a lower 

rate of attrition than peptide therapies [433]. However, therapeutic antibodies 

do have some drawbacks. One is an inability to penetrate plasma cell 

membranes because of their large size [434], so their endogenous targets are 

limited to extracellular only. Furthermore, as they are such complex proteins, 

their production is costly [363] and complicated: on average, it takes 12 

months to create a new antibody and 3-4 months to manufacture an existing 

one [435].  

Peptides are short linear chains of less than 50 amino acids, stabilised 

by disulphide bonds [436, 437]. The peptide sequence can be modulated with 

relative ease due to their simple synthesis, using chemical or molecular 

biological techniques [438], and they are designed to have high binding 

specificity to modulate protein interactions [437], making them attractive for 

therapeutic use. In a disease setting, if an interaction between two proteins is 

known, a peptide can be designed that inhibits this interaction [439]. 

Alternatively, if a particular target protein can stimulate an endogenous 

pathway that is beneficial for preventing a pathological process, such as 

angiogenesis in a disease setting, and the binding site of this target protein is 

known, then a peptide could be designed that stimulates this. This is the 
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approach we are using in development of therapeutic QM107. Based on our 

group’s previous research into SDC2, we knew that CD148 was the target 

protein and we gathered evidence to suggest that the endogenous pathway 

following CD148 stimulation would be therapeutically beneficial – in this 

case, by inhibiting pathological angiogenesis. 

The first commercially available therapeutic peptide was insulin for 

the treatment of Type 1 diabetes in humans [440]. Since the 

commercialisation of insulin, numerous other peptide therapies have been 

manufactured and are used in treatment in a range of therapeutic areas, 

including respiratory, pain, oncology and metabolic (there are many peptides 

used in Type 2 diabetes treatment) [441-443]. There are many advantages to 

using peptides therapeutically: they can be synthesised easily and rapidly 

[437, 444] (this was the case for QM107, as shown in Fig. 3.2) and their 

small size allows them to penetrate cell membranes so they can reach 

intracellular targets, also minimising drug-drug interactions [437]. They can 

be easily modified [444], increasing their biological and chemical diversity 

(and so increasing their range of targets) and providing them with high 

specificity and high target affinity [437]. Importantly, peptide therapies do 

not accumulate in specific organs and, although this is a result of their rapid 

clearance, this minimises toxic adverse effects [445]. This is a major 

advantage, as not only do clinical therapeutics need to be efficacious, but 

also safe for use in humans. 

The fundamental disadvantage of peptide therapies is their poor in 

vivo stability, as they have little or no resistance to cleavage by serum 

proteases [446]. As a result, they have a short half-life due to their rapid 

clearance from the body [437, 444], low oral bioavailability and can present 

production and manufacturing challenges [445]. Most peptide therapeutics 

are administered via injection, either subcutaneously or intramuscularly, due 

to their poor bioavailability when administered orally. However, 
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modifications can be made during their production to increase their stability, 

which perhaps needs to be explored for QM107 as preliminary data 

regarding QM107 stability seems to support this.  

The chemical structure of peptides determines their biological activity, 

therefore identification of essential peptide residues, and subsequently 

substituting non-essential residues with alternative amino acid groups, can 

improve the stability of the peptide, while conserving the active parts of the 

peptide sequence [440]. Chemical modifications that are routinely used to 

improve peptide stability at a DNA level include the addition of turns, helices 

and extended modifications in the peptide secondary sequence [447, 448], to 

construct a stable secondary structure [449]. Backbone modifications are 

used to improve proteolytic stability of peptides [440]. After proteolytic sites 

have been identified, there are several non-natural amino acids that can be 

incorporated into the peptide backbone, improving the proteolytic resistance. 

Examples include substitution L-amino acids (naturally produced during 

protein synthesis) with D-amino acids (mirror image of the L-form) [450, 

451]; insertion of methyl-amino acids [450-452]; and incorporation of β-

amino acids [453] and peptoids (a type of biomimetic that replicates the 

behaviour of a biological molecule) [454-456]. All of these examples extend 

the plasma half-life of peptides. 

 

6.1.2. QM107 

We have shown QM107 to be anti-angiogenic in a number of in vitro assays, 

including HUVEC cell migration and tube formation; in ex vivo settings 

(aortic ring and CNV assays); and in vivo, for example in OIR and tumour 

flank mouse models. Despite the evidence for its inhibitory effects on 

angiogenesis, we also have some substantial preliminary data suggesting that 

a recombinantly expressed protein based on a CD148 splice variant, CD148 

short form, has inhibitory effects also, and when compared with the 
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CD148SF protein, QM107 appears to be less efficacious (Chapter 5). 

Therefore, together our data suggest that the inhibitory effect of QM107 is 

perhaps less impactful than first thought; it may not be efficacious enough 

alone to replace or enhance current treatments for neovascular eye diseases. 

This highlights the need for further investigation into improving its efficacy.  

 With regard to QM107 clearance rate, it is estimated that the residence 

time for QM107 in the eye is 20 seconds and we propose a maximum 

therapeutic dose of 20µg, which is significantly lower than that of anti-

VEGF therapies (150µg). This suggests that QM107 would undergo rapid 

clearance. In spite of peptide backbone modifications that could be made to 

slow the clearance rate, this rapid clearance may be advantageous to prevent 

QM107 producing off-target effects. As demonstrated in the trypsin 

degradation experiment (Fig. 3.7), QM107 degrades rapidly at 37°C in the 

presence of trypsin. If endogenous proteolytic enzymes also rapidly degrade 

QM107, then this should limit its interaction site to CD148 in the ocular 

vasculature (before QM107 is degraded), rather than with CD148 expressed 

on other tissues. Significantly, we have shown QM107 to be highly stable in 

vitreous humour, suggesting that following its intravitreal administration, its 

structure will be maintained and allow it to reach the ocular vasculature, 

wherein lies its therapeutic target. Furthermore, since full length CD148 is a 

cell surface receptor, a residence time of 20 seconds should be sufficient for 

QM107 to reach CD148 and allow their interaction before it is cleared from 

the eye. This is another potential benefit of QM107: its dosage can be lower 

than that of anti-VEGF therapies, as its target receptor is expressed on the 

cell surface. This means its quicker clearance rate should not negatively 

affect its therapeutic outcome. Anti-VEGFs, on the other hand, target 

secreted VEGFA and therefore require a slower clearance rate and, as such, 

a higher dosage. This increases the cost of each injection and has the 

potential to produce off-target effects. 
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While anti-VEGF therapies do have benefits (such as their well-

established mechanism of action; their slow clearance, which allows their 

therapeutic effects to be long lasting; and the fact they are already in clinical 

use), they are not effective in all patients and their production and 

administration make them an expensive therapeutic option. Other pro-

angiogenic pathways are not inhibited by these therapeutics and 

compensatory mechanisms can cause other signalling pathways to be 

upregulated following interference with the VEGFA/ VEGFR pathway. 

Despite some limiting factors of peptide therapies, a major advantage of 

QM107 as a therapeutic is its endogenous target. We propose that QM107 

interacts with the CD148 extracellular domain, specifically within the FNIII 

repeats 3-5 region (CD148CT), to inhibit angiogenesis. This is based both 

on previous work establishing that shed SDC2 interacts with CD148 [347] 

and on work described in Chapter 4 and Chapter 5 of this thesis, suggesting 

that QM107 interacts with CD148SF.  

During angiogenesis, VEGFA binds to its receptor, upregulating pro-

angiogenic signalling molecules such as FAK, Src and Erk, leading to 

increased angiogenesis (Fig. 6.1). Current anti-angiogenesis therapies are 

predominantly antibody therapies that target VEGFA, either by binding 

directly with this molecule or to its receptor. They prevent binding between 

VEGFA and VEGFR2, blocking this endogenous angiogenesis “on switch”.  

A key difference in using QM107 would be that its interaction with 

CD148 harnesses an endogenous “off switch” for angiogenesis. Upon ligand 

binding, CD148 is activated and its intracellular phosphatase domain 

dephosphorylates PI3 kinase, downregulating signalling molecules that 

regulate vascular permeability and EC migration (key components of 

angiogenesis), such as eNOS, GSK3 and WNK1. Ultimately, this leads to a 

reduction in angiogenesis via stimulation of an endogenous pathway.  
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Stimulation of CD148 promotes inhibition of angiogenesis, making it 

an angiogenesis “off switch” (Fig. 6.1). The novelty of this approach, 

differing from the current approach to treating pathological angiogenesis, 

which is to block a pro-angiogenic pathway, makes it distinctive. Moreover, 

because CD148 is a transmembrane cell receptor, perhaps this makes a more 

attractive therapeutic target than a secreted molecule (such as VEGFA), as 

an administered drug is more likely to reach and activate the target.  
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Figure 6.1. Schematic showing the mode of action of anti-VEGF 

drugs and potential mode of action of QM107. (A) Lucentis blocks 

activation of VEGFR2 by its ligand VEGFA (an angiogenesis “on 

switch”). (B) QM107 stimulates CD148 dephosphorylation activity, 

“switching off” angiogenesis. 

A 

B 
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6.1.2.1. Syndecan-3 and QM111 

SDC3 is expressed in neural tissue and in the developing musculoskeletal 

system. More recently, it has also been found on the endothelium of different 

vascular beds, including the joints, dermis and cremaster muscle [337, 457].  

There is evidence for SDC3’s role in angiogenesis: it is expressed on 

ECs from a variety of tissues, including ECs in early retinal development in 

rats [458] and on cultured HUVECs [459], human coronary artery ECs and 

human coronary artery smooth muscle cells [460]. Furthermore, shed SDC3 

has been identified in conditioned media in a number of assays, although the 

precise mechanism has not yet been confirmed [461]. Sequences within its 

extracellular core protein exert anti-angiogenic effects by blocking EC 

migration [351]. A fusion protein consisting of GST fused to the SDC3 

ectodomain N-terminus was shown to inhibit angiogenic sprout formation 

on aortic explants, EC micro-capillary formation and EC migration [351]. 

Due to the prokaryotic expression system used to produce this protein, it 

lacked any GAG substitutions and so this effect on EC migration is an 

intrinsic property of the core protein [351].  

 Our group is developing a second small peptide (developmental name: 

QM111), derived from SDC3. In the same way as with QM107, we are 

exploring its use as a therapeutic peptide in treating pathological 

angiogenesis. Fusion proteins comprising QM107 and QM111 could be a 

potential improvement to the current QM107 peptide model. If both peptides 

inhibit angiogenesis through different mechanisms, utilising the two could 

produce a synergistic effect, enhancing the anti-angiogenic effects of each 

other. Currently, this work is in its very preliminary phase; however, it could 

be a viable option in the future.  
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6.1.3. Future work for QM107 therapeutic development 

In terms of improving QM107 stability, modifications will need to be 

explored (as described in 6.1), such as L-amino acid substitutions with D-

amino acids, to help reduce proteolytic degradation without altering its anti-

angiogenic activity. 

To advance QM107 as a therapeutic peptide, the MHRA (Medicines 

& Healthcare products Regulatory Agency) will require further in vitro 

testing with cells from pharmacologically relevant species. Scratch wound 

assays and spheroid sprouting assays will be carried out with retinal ECs and 

RPEs from New Zealand white rabbits and simians (nonhuman primates). 

The use of cells from ocular vasculature will also provide more relevant data 

as the intended use of QM107 is for treatment of neovascular eye diseases.   

 Furthermore, in vivo assays in larger mammal studies will need to be 

carried out. Although QM107 has undergone rigorous in vivo testing, and 

data generated from this has shown its inhibitory effect on angiogenesis, this 

work was completed using rodents – these animals lack a macula and so 

limits their relevance to neovascular eye diseases. Additional in vivo testing 

will be carried out in pharmacologically relevant species also, as described 

above, to establish PK of QM107 (such as determining its bioavailability 

after administration and its metabolism, including calculating half-life). 

QM107 activity can also be explored in tumour angiogenesis assays, such as 

in the tumour flank mouse model, potentially diversifying its therapeutic use 

beyond neovascular eye diseases exclusively. 
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6.2. CD148SF therapeutic  

Alongside characterisation of QM107, we tested CD148SF as a potential 

inhibitor of angiogenesis. Full length CD148SF proved anti-angiogenic in in 

vitro assays (EC scratch wound and EC spheroid sprouting assays) and the 

ex vivo aortic ring assay. Furthermore, when both termini were tested 

independently, angiogenic sprout formation was inhibited in the aortic ring 

assay and the C-terminus of CD148SF was found to inhibit angiogenic 

sprout formation in EC spheroid sprouting also.  

 Together, these data present preliminary evidence for another 

potential route for treating pathological angiogenesis. Benefits of using 

CD148SF as a therapeutic include its production, as it is not a biologic and 

so could be manufactured more easily than current anti-VEGF therapies. It 

is endogenously expressed, making it another example of harnessing an 

endogenous molecule and its pathway, rather than using a synthetic molecule 

to block an endogenous pathway. Importantly, CD148SF has the potential to 

be further miniaturised, as demonstrated by the anti-angiogenic effects of 

CD148CT shown in Chapter 5. This would produce a therapeutic molecule 

that is smaller than current anti-VEGF antibodies (ranibizumab is 48 kDa, 

while recombinant CD148CT is currently 26.4 kDa).   

Future work, going forward, is to measure CD148SF and its 

derivatives in more angiogenesis assays, to determine how strong its 

inhibitory effects are and to refine where on CD148SF is responsible for 

these inhibitory effects. Ultimately, it will need to be compared directly with 

current therapies, to determine whether it is more inhibitory and to further 

characterise it, for example to establish its mode of action. 

 

6.2.1. Would an antibody against CD148 be better than QM107? 

There is a growing market for biotherapeutic agents (such as monoclonal 

antibodies), which target the extracellular domain of cell receptors [363, 
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462]. For PTPRs, antibodies can be developed that target less well conserved 

regions of the extracellular domains with high specificity and target affinity, 

which would help to avoid off-target toxic effects [363]. Monoclonal 

antibodies can act in a number of ways to promote their therapeutic effect, 

such as by binding a ligand to prevent it binding with its receptor. 

Alternatively, they can interfere with activation of an endogenous receptor 

target in a number of ways: stabilising the receptor in its inactive 

conformation; blocking ligand binding by directly competing for the binding 

site; promoting internalisation of a cell-surface receptor [363].  

 A monoclonal antibody targeting the CD148 extracellular domain has 

been developed and its effect on EC growth has been investigated [409]. The 

antibody inhibited serum-stimulated EC growth and blocked vessel 

formation in an in vivo mouse corneal angiogenesis assay [363, 409]. The 

mechanism of action has not yet been determined, although one potential 

mechanism could be stimulation of CD148 catalytic activity, leading to 

dephosphorylation of substrate proteins, and inhibition of EC growth as a 

result (as with thrombospondin-1). Another may be that antibody binding 

stimulates cell adhesion and focal adhesion formation, potentially leading to 

down-regulation of cell proliferation and growth (as is the case for shed 

SDC2 stimulation of CD148) [363]. It has been shown that CD148 

suppresses signals from other growth factor receptors (including PDGF and 

VEGFR) [463]. Although there were negligible antibody-induced changes in 

CD148 cell surface expression recorded in the 2011 study, there may have 

been changes in the cell surface expression and activity of growth factor 

receptors that interact with CD148, which led to the biological effect.  

 Other studies have explored CD148-directed antibodies in 

therapeutically relevant contexts. One study found that CD148’s negative 

regulation of T-cell receptor activation was neutralised following antibody 

administration. This resulted in increased T-cell proliferation and an increase 
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in T-cell surface antigen expression [464]. Another found that there was an 

upregulation of CD148 mRNA in macrophages and T-cells from arthritic 

joints (both from mice and humans) and proposed CD148 as a therapeutic 

target [465]. When macrophages were treated with an anti-CD148 

monoclonal antibody it caused inhibition of macrophage activation, which 

could lessen the damage these cells cause to joints in individuals with 

arthritis [466]. Together, these studies provide preliminary data to indicate 

that targeting CD148 extracellular domain with monoclonal antibodies may 

be therapeutically beneficial in several diseases. This poses a significant 

question: would a monoclonal antibody be superior to a therapeutic peptide 

for targeting CD148? 

 As we have explored already, antibody therapies have several 

advantages. However, their drawbacks must also be considered: although 

anti-CD148 may have longer-lasting effects due to the slower clearance of 

antibodies, their production times are far greater than for small peptide 

therapies. Their method of administration is limited to injection, which 

requires specialist administration, further increasing their overall cost. 

Furthermore, we do not yet know whether these antibodies interfere with the 

endogenous shed SDC2/ CD148 pathway and, if they do, whether this will 

cause issues such as increased SDC2 shedding under basal conditions.  
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6.3. Overall project evaluation 

 

6.3.1. QM107 stability 

Additional work I would carry out given unlimited time and resources 

includes exploration into raising an antibody to QM107 in a SDC2 null 

animal. In these models, the animals do not produce the SDC2 molecule from 

which QM107 is derived and it would be interesting to observe whether an 

antibody can be produced. In the production of anti-QM107 for this project 

(Fig. 3.4), QM107 was conjugated to Freud’s Adjuvant in order to elicit an 

immune response because SDC molecules are not highly immunogenic. In 

the case of a SDC2 null animal, I propose that QM107 would be 

immunogenic as it would be foreign to the animal, which was not the case in 

the animals used to produce anti-QM107. However due to the conservation 

of SDC molecules across both family members and species, it is possible that 

it would not induce an immune response, despite the lack of recognition.  

In addition, it would be pertinent to explore phage display as an option to 

produce anti-QM107. Phage display exploits bacteriophage technology to 

produce antibodies using live bacterial (usually E. Coli) cells in culture, 

instead of live animals [467]. Phage display allows production of large 

amounts of high-affinity, identical antibodies, due to the physical link 

between phage phenotype and genotype, ensuring that identical antibodies 

are attained from the same bacterial clone using this methodology [467, 468]. 

This could be completed in-house relatively cheaply, while also reducing the 

number of animals required for the project. Additionally, it would remove 

the need for additional requirements like using Freud’s adjuvant as it does 

not rely on provoking an immune response. 
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6.3.2. Determining the QM107 interaction site on CD148  

While the recombinant expression system is a simple one and allows rapid 

production of CD148-derived proteins, bacteria are not able to produce an 

exact replica of the mammalian protein. As stated in the case of SDC 

molecules, their heparan sulphate chains are not expressed through bacterial 

expression systems. It would be interesting, therefore, to include a binding 

assay with mammalian-expressed CD148 in addition to those completed 

with recombinant CD148 proteins, to determine whether any structural 

differences (and sequence disparities) in mammalian CD148 affect its 

interaction with QM107. This could potentially aid our investigation into 

determining the interaction site between the two molecules, as the amino acid 

sequences for both bacterially- and mammalian-expressed can be compared 

and if there are conserved regions, this may be indicative of the interaction 

site. 

 Furthermore, a cell-based binding assay with QM107, perhaps 

fluorescently labelled, would produce data to potentially support our in vitro 

findings. CD148 is expressed on cells of the vasculature, so HUVECs could 

be cultured and combined with fluorescently labelled QM107. Readouts 

would indicate whether there was any interaction between QM107 and 

CD148 expressed at the cell surface. 

 

6.3.3. Anti-angiogenic properties of the CD148 short form protein 

Proposed improvements for the pursuit of CD148SF as an anti-angiogenic 

therapy include further miniaturisation of CD148SF. The QM107 peptide is 

approximately 2082 Da, while the CD148SF protein is currently 53, 000 Da 

– this is approximately 25 times as big as QM107. If CD148CT can inhibit 

angiogenesis to the same extent as CD148SF, this would be beneficial as the 

CT protein is almost half the size of SF (26, 400 Da).  

  



189 

 

6.4. Concluding remarks 

Overall, this PhD project has produced a body of work that encompasses 

preliminary data regarding the characterisation of QM107, a novel 

therapeutic peptide. We have successfully produced an antibody against 

QM107, which we have used to characterise QM107 regarding its proteolytic 

degradation and its stability in multiple different biological materials (human 

serum and porcine vitreous humour). Furthermore, we have established a 

robust methodology for quantifying in vitro interaction between CD148SF 

and QM107, refining the interaction site to three FNIII repeats. This has 

enabled us to begin to identify the specific amino acid sequence responsible 

for the QM107 interaction site on CD148.  

Finally, we have produced data to confirm the anti-angiogenic ability 

of CD148SF, as well as producing a completely novel angiogenesis assay to 

test this. We have also made progress in refining the portion of CD148SF 

that is responsible for its inhibitory activity. 

 This will aid the progress of QM107 as a therapeutic peptide, having 

identified which areas within its development require further work, and the 

preliminary data supporting the anti-angiogenic activity of CD148SF 

provides a starting point for its development as another alternative treatment 

to current anti-VEGF therapies.  
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Syndecans are a four member multifunctional family of cell surfacemolecules with diverse

biological roles. Syndecan-3 (SDC3) is the largest of these, but in comparison to the other

family members relatively little is known about this molecule. SDC3 null mice grow and

develop normally, all be it with subtle anatomical phenotypes in the brain. Roles for this

molecule in both neuronal and brain tissue have been identified, and is associated with

altered satiety responses. Recent studies suggest that SDC3 expression is not restricted

to neuronal tissues and has important roles in inflammatory disorders such as rheumatoid

arthritis, disease associated processes such as angiogenesis and in the facilitation of

infection of dendritic cells by HIV. The purpose of this review article is to explore these

new biological insights into SDC3 functions in inflammatory disease.

Keywords: heparan sulfate, syndecan, HIV, rheumatoid arthritis, angiogenesis

INTRODUCTION

The proteoglycans are a diverse family of molecules with multiple roles in development, health
and disease (1). Heparan Sulfate Proteoglycans (HSPGs) form a subset of these, and these can
be secreted extracellular matrix molecules or membrane associated (1). The principal families of
membrane associated HSPGs are the glypicans and syndecans. Glypicans are distinguished from
syndecans by the fact they are tethered to the cell membrane via glycosylphosphatidylinositol
anchors. Syndecans (SDC) are a four member family of type 1 transmembrane proteins consisting
of two related sub-families based on sequence homology. SDC2 and 4 form one family and SDC1
and 3 form the other. All syndecans have a short highly conserved cytoplasmic domain, a single
transmembrane domain, and a larger extracellular core protein. Syndecan ectodomains are far less
conserved between family members or species. However, they do possess Ser-Gly GAG attachment
motifs usually surrounded by acidic amino acid residues. Every cell type expresses at least one
syndecan, and roles in cell adhesion, migration, growth factor signaling, receptor trafficking
and ion channel modulation have been identified [for reviews see (1–5)]. Of the four family
members, perhaps the least well-understood is Syndecan-3 (SDC3). Predominantly, reported roles
for this molecule have been exclusively related to the brain and nervous system, but recent studies
are revealing roles for SDC3 in other important biological processes such as inflammation and
angiogenesis. This review aims to explore this work and provide novel insight into the biology
of SDC3.
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SYNDECAN-3 MOLECULAR
ARCHITECTURE

The syndecan-3 (N-syndecan) gene was first cloned from rat
Schwann cells and was the third syndecan of the four member
family to be identified (6, 7). It bears significant homology
to syndecan-1, although unlike syndecan-1, it has a homolog
in fish (8). Of the four family members, syndecan-3 (SDC3)
is the largest, consisting of 442 amino acids in humans.
In mammals, the SDC3 ectodomain contains seven potential
glycosaminoglycan (GAG) attachment sites. Four are situated
toward the N-terminus and the remaining three reside closer to
the transmembrane domain (Figure 1A). The type and extent
of GAG substitution on syndecan-3 is likely to be cell type and
tissue dependent. Experiments using heparan sulfate (HS) and
chondroitin sulfate (CS) degrading enzymes would suggest that
SDC3 (at least when purified from brain tissue) possesses both
HS and CS chains (9).

HS chains consist of repeated disaccharide units consisting of
glucuronic acid and N-acetylglucosamine and chain lengths can
range from 50 to 200 disaccharides. It is synthesized via a stepwise
series of enzymatic reactions involving multiple transferases;
briefly N-acetyglucosamine within a chain can undergo N-
sulphation followed by the epimerisation of some glucuronic
acids, this is followed by the sequential addition of first 2-O, 6-
O, and 3-O sulfate groups. The complexity of this process means
that HS chains are heterogenous in terms of sulphation and there
is considerable evidence of HS chains having domains of high,
intermediate and low sulphation [for review see (10), Figure 1B.
CS is structurally distinct to HS on the basis that it is comprised
of repeating disaccharide units consisting of glucuronic acid
and n-acetylgalactosamine (Figure 1B). CS chains can also be
sulphated although the extent and heterogeneity of this is not
as great as HS. The majority of reported interactions between
SDC3 and biologically active molecules are with its HS chains,
and far less is understood as to the role or function of SDC3 CS
chains. The extracellular core protein also possesses a domain
rich in threonine and proline residues, which is characteristic
of mucin-like proteins, and are potential sites for O-linked
glycosylation (6).

Syndecan shedding is a regulated process whereby some or
all of the extracellular domain of the molecule is cleaved from
the cell surface by the action of matrix-metalloproteases (MMPs).
Shed SDC3 has been observed in conditioned media in a variety
of experimental systems, although the precise cleavage sites and
proteases have yet to be confirmed (11). Predictive algorithms
would suggest roles for MMP2, 9, and 14 at multiple cleavage
sites but these have not been validated experimentally (3).
SDC3, along with the other family members, form SDS insoluble
dimers and this self-association is mediated both by residues in
the transmembrane domain, and a membrane proximal ERKE
motif (12).

The syndecan-3 cytoplasmic domain consists of 33 aa and
in common with the rest of the family possesses two conserved
domains (C1 and C2) flanking a variable sequence (V region),
which is unique to each family member (Figure 1C). Syndecans
all have the capability of interactionwith PDZ proteins possessing

a conserved EFYA motif at the C-terminus of the C2 region.
Interactions between SDC3 and PDZ proteins such as syntenin,
CASK, TIAM1, synectin, and synbindin have been reported.
The SY sequence (Ser418, Tyr419 in human SDC3, Figure 1C)
in the C1 region of SDC3 is common to all syndecans.
Studies with SDC4 have shown that phosphorylation of either
residue is important for its functionality. Syndecans have proven
remarkably recalcitrant to structural analysis, none more so than
SDC3, for which there are no structural records in the databases
(2). However, structural analysis of peptides corresponding to
the syndecan-4 cytoplasmic domain in which this serine residue
is phosphorylated show that this alters the conformation of
this molecule considerably, and expression of phospho-mimetic
mutants of this residue leads to enhanced cell migration (13).
In other work, the Y (Tyr180 in human SDC4) was identified
as a substrate for Src kinase and this has implications for
the trafficking of integrins. It would not be surprising if
phosphorylation of these conserved residues impacted on SDC3
functionality in a similar fashion (14). Additionally, in vitro
studies have indicated that the other 2 tyrosines could potentially
be phosphorylated, however no functional role for this has been
demonstrated (15). The V region of SDC3 also bears similarities
to other syndecans in that there are 2 lysine residues (Lys425 and
Lys433). Studies with syndecan-4 have shown the importance of
these lysines for binding phospho-inositides (PIP3) and this not
only stabilizes the structure of SDC4 cytoplasmic domain but
this interaction is also associated with upregulating the activity
of PKCα which promotes many of the downstream cell adhesion
pathways associated with SDC4 (16, 17). It is therefore also
conceivable that the interactions with the SDC3V region and
phospho-inositides could be important for SDC3 functionality.

SYNDECAN-3 IN THE BRAIN AND
NERVOUS TISSUE

The association with SDC3 and cells of a neuronal lineage is well-
established and a number of phenotypes associated with both the
brain and nervous tissue have been identified (18, 19). Although
no gross abnormalities are observed in the developing mouse
brain, stereological analysis of sections revealed differences in the
cellular density of key areas. Specifically, SDC3 null animals have
a higher density of cells in deep cortical areas and a reduced
number in the superficial cortical layers. This was found to
be due to defects in neural cell migration during development
and in particular, an interaction between SDC3 and heparin
binding growth associated molecule (HBGAM) (20). Syndecans
are known to be key players in cell adhesion and migration,
so identifying a migration defect in neural cells associated with
SDC3 is entirely consistent.

SDC3 is found in other tissues of the brain, immunostaining
of wild-type mice revealed SDC3 to be expressed in the
hypothalamus, particularly in the paraventricular nucleus
and the lateral hypothalamic area (21). SDC3 expression
(uniquely amongst the family members) is upregulated in the
hypothalamus in response to food deprivation and the situation
is reversible once starved animals are refed. Unsurprisingly, food
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FIGURE 1 | Schematic diagram and features of SDC3. (A) Human SDC3 is 442aa in length and contains seven potential sites for GAG substitution. Most functions

ascribed to SDC3 relate to interactions through its HS chains. HS chains are heterogenous in nature and contain regions of low, intermediate and high sulphation.

(B) Structure of HS and CS. (C) The cytoplasmic domain of SDC3 is 33 amino acids in length and shares conserved C1 and C2 domains with other syndecan family

members. The C-terminal PDZ binding domain is indicated by a dashed black box. Potential sites of tyrosine phosphorylation are indicated by arrows and lysine

residues potentially involved in phosphoinositide binding are indicated by asterisks. The conserved SY in the C1 domain, which can be phosphorylated in other

syndecan family members are denoted by black letters.

deprived animals exhibit an abnormal desire for food once the
deprivation is ended. However, this response is lacking in animals
null for SDC3, suggesting a role for SDC3 in feeding behaviors
(21). This is further evidenced by the fact that SDC3 animals are
partially resistant to obesity when given a high fat diet due to
reduced food intake (22).

Several hypothalamic neuropeptides regulate feeding
behaviors; for example, agouti-related protein (AgRP), melanin
concentrating hormone (MCH) and neuropeptide Y stimulate
increased feeding behaviors, whereas α-melanocyte stimulating
hormone (αMSH) and corticotrophin releasing hormone (CRH)
serve to inhibit pathways associated with increased feeding (23).
It is known that many of the interactions between these peptides
and their receptors at least in part have an HS involvement.
There is a complex interplay between these neuropeptides and
SDC3 is thought to have a role in promoting the antagonism
between AgRP and αMSH for the melanocortin receptor MC-
4R (24, 25). In essence, when animals are starved, SDC3 is
upregulated and this promotes the binding of AgRP to MC-4R
leading to a reduction in anti-satiety signals, and enhanced
feeding. In animals null for SDC3, this interaction does not
occur meaning αMSH is free to bind MC-4R leading to a
reduction in the desire to feed in these animals. Interestingly,

another consequence of starving is an upregulation of Tissue

Inhibitor Metalloprotease-3 (TIMP3), this acts as an inhibitor

to a variety of MMPs which also have key roles in syndecan

shedding. This provides a means of regulating feeding behaviors

since under conditions of starvation, SDC3 shedding is inhibited
thus promoting occupation of MC-4R by AgRP and promoting
feeding. On the other hand, under feeding conditions TIMP is
down regulated, SDC3 shedding is up regulated and the satiety
signal through the αMSH/MC-4R axis is promoted (26, 27). The
hypothalamus also has key roles inmodulating reward processing
in addictive behaviors and SDC3 also has a role to play in these.
Cocaine administration increases SDC3 expression in the lateral
hypothalamic area and SDC3 knockout mice actually exhibit
more addictive behaviors than wild-type counterparts. SDC3 null
animals were more susceptible to cocaine addiction, a situation
that could be reversed upon re-expression of SDC3. Glial
cell line-derived growth factor (GDNF) acts to both increase
and decrease cocaine self-administration behaviors in rodents
through its interactions with a signaling complex consisting of
the receptor GFR-α1 and the tyrosine kinase c-Ret (28). SDC3
is thought to disrupt this signaling complex since it can also
bind GDNF and as such, is a potentially important target for
treating addictions.

SYNDECAN-3 IN DISEASE

It is very evident from the studies described above that SDC3
plays a critical role in both brain development and behavior.
However, other roles for SDC3 on endothelial cells (ECs) and
leukocytes are emerging in inflammatory responses. The purpose
of the remainder of this review is to examine the roles of SDC3
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in the context of inflammatory disease (rheumatoid arthritis),
angiogenesis and also HIV infection.

Syndecan-3 in Rheumatoid Arthritis
SDC3 is expressed on endothelia in both rheumatoid and non-
rheumatoid synovia and is thought to have roles in binding
chemokines, specifically CXCL8, during the progression of the
disease (29, 30). Interestingly, mice null for SDC3 are protected in
a model of antigen-induced arthritis (methylated BSA induced),
in which clinical scores, leukocyte recruitment and cartilage
damage were all significantly less than wild-type animals (31).
This is a common feature of syndecan null animals, in that
phenotypes only emerge when the animals are challenged and
more often than not, deletion of syndecans leads to less severe
disease progression, suggesting a role only in pathological
scenarios. This study also highlighted a slight paradox; in models
of both dermal and cremasteric inflammation, leukocyte rolling
and adhesion was elevated in SDC3-null mice, suggesting an
anti-inflammatory role for this molecule (31). This therefore
suggests distinct roles for SDC3 depending on the vascular
bed. SDC3 is thought to facilitate chemokine interactions via
binding to its GAG chains, and it is likely that the extent
and sulphation pattern of the HS chains in ECs from different
tissues will vary. Administration of recombinant forms of SDC3
ectodomains, expressed in mammalian cells, have also been
used in both collagen- and methylated BSA-induced murine
inflammatory arthritis models with efficacious effects indicating
both the therapeutic potential of targeting this molecule but also
the importance of shed SDC3 in disease progression (32).

Syndecan-3 in Neovascular Diseases
Angiogenesis, the formation of new blood vessels from existing
vasculature, and inflammation are intrinsically linked. SDC3-
null mice exhibit no gross abnormalities suggesting that the
formation of the vasculature in these animals is normal. However,
in-depth studies on parameters such as vessel density, vessel
diameter, vessel frequency and pericyte coverage have yet to
be undertaken. SDC3 is expressed on ECs in early retinal
development in rats (33), and has been found expressed on
ECs from a variety of tissues. For example, along with SDC4,
SDC3 is abundant on cultured human umbilical vein ECs
(34), and human coronary artery endothelial cells as well as
human coronary artery smooth muscle cells (35). Vascular
endothelial growth factor A (VEGFA), alongside a number of
other proangiogenic factors are known to bind HS (36, 37), so it
would be tempting to propose a role for SDC3 in this context.
Interestingly, sequences within the SDC3 extracellular core
protein exert anti-angiogenic affects by blocking EC migration
(38). A fusion protein consisting of GST fused to the N-
terminus of the SDC3 ectodomain inhibits angiogenic sprout
formation from aortic explants, and also inhibited EC micro-
capillary formation and EC migration. Importantly, this protein
was generated in a prokaryotic expression system so lacked any
GAG substitutions, indicating that this is an intrinsic property
of the core protein (38). This is also in common with other
syndecan family members, whose core proteins also exhibit
biological activity (39). SDC1, which is closely related to SDC3,

FIGURE 2 | Contrasting roles for the SDC3 ectodomain in angiogenesis.

(A) Thrombin cleaved fragments of the SDC3 ectodomain promote

pro-angiogenic processes such as EC junctional disassembly (43). (B) Full

length bacterially expressed SDC3 extracellular core protein fused at the

N-terminus to GST inhibits angiogenesis in a number of in vitro and ex vivo

models (38). Since the thrombin cleavage sites of SDC3 are not known, it is

possible that one or more of the cleavage products is pro-angiogenic whereas

the full length sequence acts to inhibit new blood vessel formation.

has anti-angiogenic sequences within its core protein but they
bear no homology to the SDC3 sequence suggesting that the
anti-angiogenic properties of the latter may work via a distinct
mechanism (40, 41). It remains unclear how these sequences
affect the biology of the full length molecule—do they bind
receptors in cis, as is the case for SDC1 (41) or in transwhen shed
as is the case for SDC2 (42)?

A key step in the formation of new blood vessels, and indeed
inflammation, is the disassembly of EC junctions, enabling both
the migration and proliferation of ECs and vascular leakage
during disease. Thrombin-cleaved fragments of the SDC3 (and
SDC4) ectodomain have been shown to promote this process
in the human lung microvasculature, which has ramifications
for conditions such as sepsis or thrombotic disease states, where
thrombin is activated (43). This would suggest opposing roles for
the SDC3 ectodomain in angiogenesis; on the one hand, studies
would suggest that the core protein independent of GAG chains
can inhibit the process (44), whereas fragments of SDC3 cleaved
frommammalian cells with their GAGs intact appear to promote
vascular permeability and EC migration. It is conceivable that
since the thrombin cleavage sites in the SDC3 extracellular core
proteins are not known, smaller fragments of the mature protein
may in fact exhibit pro-angiogenic effects (Figure 2).

Syndecan-3 Interactions With Human
Immunodeficiency Virus 1 (HIV-1)
Dendritic cells (DCs) are antigen presenting cells and play a
critical role in identifying and capturing pathogens in peripheral
tissues and subsequently priming T cells in the lymph nodes to
initiate adaptive immune responses. Sexual transmission is the
main route of HIV-1 dissemination and in the absence of surface
lesions, the genital epithelia presents a barrier to viral crossing

Frontiers in Immunology | www.frontiersin.org 4 January 2020 | Volume 10 | Article 3031

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Arokiasamy et al. Syndecan-3 in Disease

(45, 46). HIV circumvents this by using DCs as molecular
Trojan horses to cross this normally impenetrable epithelium
(47). DCs induce virus-specific CD8+ T cell responses by
presenting antigens bound by major histocompatibility complex
molecules class-I (MHC-I) to these T cells, thus activating them.
DCs infected with viruses can use viral proteins which are
endogenously synthesized from viral replication as antigens for
presentation on MHC-I in a process commonly called direct
presentation (48). On the other hand, DCs not infected with
viruses must engulf exogenous viral antigens for presentation to
CD8+ T cells via a process known as cross-presentation (49).
DCs have been shown to be susceptible to HIV-1 infection (50).
Therefore, direct presentation usually takes place in the context
of normal HIV transmission.

A number of cell surface receptors have been implicated in
facilitating both the recognition, binding and transmission of the
HIV-1 virus; different receptors have been shown to interact with
HIV-1 on DCs, such as the C-type lectin DC-SIGN (51, 52), the
mannose receptor (53), langerin (54), and CD4 (53). Most of
these studies were carried out using HIV-1 glycoprotein gp120
but other experiments using HIV-1 particles suggest that other
unknown receptors are also involved (55–57).

DC-SIGN, which binds with high affinity to ICAM-3 present
on resting T cells, was discovered to play a key-role in the
dissemination of HIV-1 by DCs (51, 58). It does not function
as a receptor for HIV-1 virus entry into DCs but instead
promotes efficient capture of HIV-1 viruses in the periphery
and facilitate their transport to secondary lymphoid tissues
to enhance infection in trans of cells that express CD4 and
chemokine receptors (i.e., T cells) (51). More recently, de
Witte et al. (59) found SDC3 to be highly expressed by DCs,
namely immature monocyte-derived DCs, and was identified as a
major specific HIV-1 attachment receptor. SDC3 captures HIV-
1 through interaction with its HS chains and the viral envelope
protein gp120; it also acts to stabilize the captured virus, enhance
DC infection and like DC-SIGN, promotes HIV transmission
to T cells. The authors also found that neutralization of both
SDC3 and DC-SIGN leads to the complete impairment of HIV-
1 binding to DCs and transmission to T cells. Neutralization
of SDC3 alone led to partial inhibition of HIV-1 transmission.
As current anti-viral treatments are only aimed at blocking viral
replication in T-cells, this opens up a whole new avenue in terms
of developing an HIV microbicide that targets DC-SIGN and
SDC3 on DCs.

Interestingly, HIV-1 infected individuals known as HIV
controllers (HICs) who are able to control viral replication
without anti-retroviral therapy exist, but are rare. DCs from these
individuals express higher levels of SDC3 andDC-SIGN and have
been shown to be less susceptible to HIV-1 infection than cells
from healthy donors. On the contrary, DCs from HICs show an
enhanced capacity to captureHIV-1 when compared to cells from
healthy donors or HIV-1 patients currently on anti-retroviral
treatment with suppressed viral load (60). High levels of both
SDC3 and DC-SIGN on DCs have previously been confirmed to
play crucial roles in facilitating HIV-1 capture and this would, at
first, seem contradictory (51, 58, 59). However, the combination
of being less permissible to HIV-1 infection and having increased

capacity to capture HIV-1 particles may allow DCs from HICs to
preserve their function from the deleterious effect of infection—
all of which might facilitate the induction of HIV-specific CD8+
T cells by cross-presentation in the context of low viremia.

CONCLUDING REMARKS

In this review, we have explored the diverse roles that the HSPG,
SDC3, plays in a range of disease and developmental contexts.
Although many phenotypes have been described, there is still a
great deal to learn about how SDC3 is actually functioning in
these scenarios. SDC1, 2 and 4 have been intrinsically linked
with integrins and in particular modulating cell adhesion and
migration responses. SDC1 has been shown to modulate the
activity of a number of αV integrin heterodimers, as has SDC4
(14, 61). Similarly β1 integrin heterodimers have also been
associated with SDC2 and 4 (14, 42, 62). The consequences of
these interactions lead to cell migration and adhesion defects
when they are compromised. Based on this, it seems likely
that SDC3 would also interact and/or modulate integrin activity
although further research is required to establish this for sure.

In many instances, it is interactions with SDC3 HS chains
that appear to be driving the biological effects observed, whether
it be acting to bind neuropeptides, inflammatory mediators or
viral particles. However, this does raise the question as to what
is driving this selectivity of the molecules toward SDC3 HS.
In many cases, the other syndecans and indeed glypican family
members are present in abundance but cannot perform the same
functions as SDC3 despite possessing HS chains. One possibility
is that sequences specific to SDC3 may influence the type and
nature of GAG substitution, and it is this that differentiates SDC3
from other HSPGs. This would not be without precedent since
studies have shown that sequences in the SDC2 ectodomain can
influence the sulphation pattern of SDC2 HS (63). Alternatively,
it could be that the expression and localization of SDC3 in cells
could be more exquisitely regulated than first thought. Studies
in the brain have shown that SDC3 expression can be induced
both by starvation and narcotic substances and this is not the
case for other family members. SDC3-null animals (like the other
family members) develop normally for the most part and it is
when challenged that phenotypes are observed. This is suggestive
that SDC3 expression is governed by factors associated with these
challenges. Molecules such as this make tempting therapeutic
targets since it is to be expected that off-target effects would be
negligible since the molecule is only having a role in the disease
state. It is also entirely possible this selectivity of function of
SDC3 HS is actually a combination of both of the above.

The studies described above point to important roles for SDC3
in inflammatory disease which require further investigation and
hint that this molecule is important not just in the neuronal
context but in other tissues. More detailed studies are required
in both the SDC3 null mouse, and patient samples, to explore
disease models where inflammation and angiogenesis are a
feature. Greater mechanistic insight is required to understand
how SDC3 exerts its functions. It remains a possibility that
modulating SDC3 function could prove useful in the treatment
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of the pathologies described above, however, the means by which
this could be achieved requires elucidating.
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A B S T R A C T   

The heparan sulphate proteoglycan Syndecan-4 belongs to a 4-member family of transmembrane receptors. 
Genetic deletion of Syndecan-4 in mice causes negligible developmental abnormalities however when challenged 
these animals show distinct phenotypes. Synedcan-4 is expressed in many cell types in the heart and its 
expression is elevated in response to cardiac injury and recent studies have suggested roles for Syndecan-4 in 
repair mechanisms within the damaged heart. The purpose of this review is to explore these biological insights 
into the role of Syndecan-4 in both the injured heart and later during cardiac repair and remodeling.   

1. Introduction 

The process of cardiac remodeling in response to injury is complex 
and multifactorial involving different cell types, chemokines and growth 
factors and leads to changes in the heart’s size, shape and function, often 
with adverse outcomes for the patient. Insults such as those caused by 
myocardial infarction, pressure overload, myocarditis or valvular 
regurgitation all lead to the initiation of cardiac remodeling (Cohn et al., 
2000). The loss or damage to cardiac myocytes in the immediate after-
math of a cardiac injury leads to a weakening of the heart wall meaning 
that the heart is unable to function properly particularly, with respect to 
withstanding pressure and load. Tissue repair responses repair the 
necrotic area which may lead to myocardial scarring, however, the 
damage promotes other cell types such as fibroblasts to proliferate, and 
produce extracellular matrix which contribute to the hypertrophy 
associated with cardiac remodeling. The underlying molecular mecha-
nisms associated with cardiac remodeling involve a complex interplay 
between the extracellular matrix, cell-cell contacts and growth factor 
signaling, processes which are all intimately associated with cell surface 
heparan sulphate proteoglycans (HSPGs) (Gopal et al., 2021). The pur-
pose of this review is to focus on the role of one such molecule, 
syndecan-4 (SDC4), and the roles it plays during this process. 

1.1. Syndecan-4 structure and Interactions 

The syndecan family of transmembrane HSPGs comprises 4 family 
members (SDC1–4) and have diverse functions in many different cell 
types such cell adhesion and migration, growth factor signaling and 
receptor trafficking (Gopal et al., 2021). All 4 family members have a 
similar molecular architecture consisting of a large extracellular domain 
which contains sites to which glycosaminoglycan side chains are cova-
lently linked, a single pass transmembrane domain and a short cyto-
plasmic domain For reviews see (Couchman, 2010; Gondelaud and 
Ricard-Blum, 2019). 

SDC4 has 3 glycosaminoglycan chain attachment sites (Ser 39, 61 and 

63 on human SDC4) towards the N-terminus of the extracellular core 
protein (Fig. 1A and B) consisting of conserved Ser-Gly motifs sur-
rounded by acidic residues (Kojima et al., 1993; Shworak et al., 1994). 
Heparan sulphate (HS) chains are the principal GAGs associated with 
SDC4 and consist of repeating disaccharide units (50− 200) consisting of 
glucuronic acid and N-acetyl glucosamine. Chains are covalently linked 
to serine residues via a linker sequence and during biosynthesis are 
modified by a variety of sulfotransferases (Nadanaka and Kitagawa, 
2008). The resultant sugar chain is a highly acidic molecule with vari-
able sulphation characteristics throughout. Analysis of sulphation 
characteristics of SDC HS chains shows that they may have a domain like 
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structure consisting of low, intermediate and high sulphation. The exact 
sulphation characteristics of HS is likely to depend on both the cell type 
producing it, but also the syndecan core protein to which they it is 
attached. Numerous bioactive molecules such as growth factors, che-
mokines and cytokines and extracellular matrix molecules are known to 
bind heparan sulphate and these interactions are likely to play a role in 
SDC4 functionality in tissues (Häcker et al., 2005). 

SDC4 is most likely an obligate dimer and this is mediated both by 
residues within its transmembrane domain as well as the cytoplasmic 
domain. Structural analysis on peptides corresponding to the 28 amino 
acid SDC4 cytoplasmic domain reveal a dimeric twisted clamp structure 
(Shin et al., 2001). In common with other syndecan family members. the 
SDC4 cytoplasmic domain shares a highly conserved C1 and C2 region 
flanking a variable (V) region, the sequence of which, is unique to SDC4 
and is conserved across species (Fig. 1C) (Chakravarti and Adams, 2006; 
Whiteford et al., 2008). The cytoplasmic domain of SDC4 contains 3 
lysine residues within the C1 domain and a further 4 within its V region. 
The lysine doublets within the V region are known to bind 
phospho-inositides, specifically phosphatidylinositol 4,5 bisphosphate 
(PtdIns(4,5)P2) and this interaction further stabilizes dimer formation 
and forms a tertiary structure with PKCα (Lee et al., 1998; Oh et al., 
1998). Evidence would also suggest that lysine residues within the 
V-region may also be sites of ubiquitination (Carvallo et al., 2010). SDC4 
can also be phosphorylated at both Tyr180 and the adjacent Ser181 

(Morgan et al., 2013; Koo et al., 2006). Both phosphorylation events 
would significantly alter the confirmation of the cytoplasmic domain 
and likely the entire molecule. The C2 domain of SDC4 (in common with 
SDC1,2 and 3) contains a Class II PDZ binding motif and interactions 
have been reported with synectin (GIPC), syntenin and CASK (Fig. 1C) 
(Grootjans et al., 1997; Hsueh et al., 1998; Gao et al., 2000). 

Proteomic analysis of specific SDC4 interacting partners in both 
healthy and pressure overloaded heart lysates revealed a number of 
novel interactions which may provide an indication of SDC4′s role in 
cardiac injury and remodeling. Molecules such as CAVIN1/PTRF, CCT5, 
CDK9, EIF2S1, EIF4B, MPP7, PARVB, PFKM, and RASIP were all vali-
dated as SDC4 interactors within the heart. Notably another molecule, 

MLP (Muscle LIM protein) was shown not only to interact with the SDC4 
cytoplasmic domain, but the binding between the two was increased in 
hearts subjected to pressure overload (Mathiesen et al., 2019). MLP is 
known to mediate hypertrophic gene expression in response to me-
chanical stress (Boateng et al., 2007) and this fits well with work 
demonstrating SDC4 is also a mechano-sensor (Bellin et al., 2009). 

SDC4 is intimately associated with interactions between cells and the 
extracellular matrix, being both a component of focal adhesions and 
important for their formation under specific circumstances. Interactions 
between the V region of SDC4 and the actin bundling protein, α-actinin, 
have been reported and differentiation of SDC4 null fibroblasts to 
myofibroblasts is impaired (Okina et al., 2012; Greene et al., 2003). Of 
relevance, is the fact that SDC4 null fibroblasts do not form focal ad-
hesions in response to stimulation with the heparin binding domain of 
fibronectin. Under normal circumstances, cells engage with fibronectin 
via the RGD containing integrin binding domain through α5β1 integrin 
and the heparin binding domain through interactions with the SDC4 HS 
chains leading to the formation of focal adhesions. This process involves 
an upregulation of PKCα activity via SDC4 and an increase in active 
RhoA levels and this is linked to integrin signaling via p190RhoGAP 
(Morgan et al., 2013; Bass et al., 2011, 2008). Clearly, further work is 
required to understand the molecular interactions described above and 
how they impact on heart pathology. 

2. Syndecan-4 expression and roles in cardiac injury and repair 
in the Heart 

SDC4 is expressed in cardiomyocytes and localizes to both con-
stameres and focal complexes in vitro (VanWinkle et al., 2002). Of 
importance comparative studies of sham treated mice and a group in 
which MI was induced by ligation of the left coronary artery showed that 
both SDC4 and SDC3 gene expression was significantly upregulated in 
both infarcted and non-infarcted tissue (Finsen et al., 2004; Matsui et al., 
2011). Serum SDC4 is also elevated in patients with acute myocardial 
infarction (Kojima et al., 2001). Cardiac fibroblasts also express SDC4 
(Herum et al., 2015) and SDC4 is unique amongst the family in that it is 

Fig. 1. Syndecan-4 structure. (A) Schematic representation of SDC4 dimer showing the extracellular domain with heparan sulphate chains, transmembrane domain 
and an intertwined cytoplasmic domain containing C1, V and C2 regions. Within this schematic the heterogenous nature of SDC4 HS chains are indicated as follows: 
the 4 saccharide GAG linker region is denoted by dark blue circles, low sulphated HS by light blue circles, intermediate sulphated HS by yellow circles and regions of 
highly sulphated HS by orange circles. (B) A schematic overview of SDC4 ectodomain showing three heparan sulphate side chain attachment sites (S31, S61 and S63) 
and protease cleavage sites. (C) Amino acid sequence of different subdomains of the SDC4 cytoplasmic domain and their interactions. 
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expressed on all types of leukocytes including neutrophils and macro-
phages (Gopal et al., 2021). Angiogenesis and lymphangiogenesis are 
also important components of cardiac remodeling and SDC4 is known to 
be expressed at low levels on both endothelial cells and also lymphatic 
endothelial cells (Johns et al., 2016). Interestingly, its expression seems 
to be upregulated after insult (De Rossi et al., 2021) and this is most 
likely due to the presence of both an NF-κB and hypoxia response ele-
ments within its promoter (Fujita et al., 2014; Okuyama et al., 2013). 

2.1. The Syndecan-4 knockout mouse in models of cardiac injury and 
cardiac remodeling 

Genetic deletion of SDC4 in mice leads to negligible gross develop-
mental defects and specifically the heart and the vasculature are for the 
most part normal (Matsui et al., 2011) with the exception of a slight 
increase in arterial blood pressure (Partovian et al., 2008). However, the 
most profound phenotypes are observed when Sdc4-/- animals are 
challenged. Myocardial ischaemia with reperfusion injury initiated by 
ligation of the left coronary artery of Sdc4-/- animals leads to a greater 
infarct size, more myocardial damage and slower infarct healing times, 
and increased mortality compared to wild type littermates (Echtermeyer 
et al., 2011). Animals were also more prone to left ventricular rupture 
owing to impaired wound healing responses (Matsui et al., 2011). This 
correlated with a loss of normal function in cardiac fibroblasts, which 
exhibited defects in cell migration and differentiation. This wound 
healing phenotype is a feature of the SDC4 null mouse, for example 
dermal wound repair is also impaired in these animals (Echtermeyer 
et al., 2001). Overexpression of SDC4 immediately after LAD ligation in 
rats resulted in reduced mortality and improved cardiac function post MI 
with reduced cardiac hypertrophy. Other tissue repair processes such as 
angiogenesis were also enhanced when compared to animals transfected 
with the empty vector (Xie et al., 2012). Other studies highlight a role 
for SDC4 in the differentiation of cardiac fibroblasts driven by the 
calcineurin-dependent transcription factor nuclear factor of activated 
T-cells (NFAT). In common with other studies Sdc4-/- mice faired better 
than wildtype controls in response to aortic banding. Cardiac fibroblasts 
respond to mechanical stress by activating the NFAT pathway leading to 
increased ECM production and myofibroblasts differentiation and this 
was found to be SDC4 dependent (Herum et al., 2013). The models 
described above represent cardiac remodeling induced by pathological 
stimuli, but it is also evident that SDC4 is also involved in cardiac 
remodeling associated with physiological stimuli. For example, cardiac 
hypertrophy in Sdc4-/- mice is impaired in response to exercise, again 
suggesting a role for this molecule in promoting adverse tissue repair 
responses (Xie et al., 2016). Together these studies suggest protective 
roles for SDC4 in the early response phase to MI but potentially a more 
harmful role later when excessive cardiac hypertrophy occurs. 

2.2. SDC4 shedding and cardiac remodeling 

Like the other 3 syndecan family members, the entire extracellular 
core protein, or fragments thereof can be cleaved from cell surfaces by 
the action of matrix metalloproteinases in a tightly regulated process 
called shedding (for review see (Bertrand and Bollmann, 2019)). In-
flammatory stimuli such as TNF and IL1β can promote SDC4 shedding in 
cardiac fibroblasts (Strand et al., 2013) and this can effect cellular 
processes in the cells that have shed SDC4, as well as the shed moiety 
acting as a paracrine effector of neighboring cellular responses (De Rossi 
et al., 2014). In mice that underwent cardiac pressure overload via 
stimulation by aortic banding, a significant increase in SDC4 gene 
expression was observed in conjunction with an upregulation of 
Osteopontin, which is both a marker and regulator of cardiac fibrosis 
(Herum et al., 2015). Osteopontin is cleaved by thrombin and it is this 
form which exerts a pro-fibrotic effect on cardiac fibroblasts (Uchinaka 
et al., 2015). Under basal conditions, osteopontin is thought to interact 
with SDC4 through its heparin binding domain and in this complex, it is 

protected from thrombin cleavage. Upon cardiac injury, elevated levels 
of serum SDC4 are observed indicating an increase in shedding. The 
model proposed is that upon shedding, osteopontin is no longer pro-
tected from thrombin cleavage and the pro-fibrotic fragment becomes 
greater in abundance (Fig. 2 A-D) (Herum et al., 2020). This situation is 
likely to be more complex since SDC4 can also be cleaved by thrombin 
and the resultant fragments have been shown to also affect tissue repair 
processes (Schmidt et al., 2005). For example, thrombin-cleaved frag-
ments of both SDC3 and SDC4 increase vascular permeability in cultured 
endothelial cells (Jannaway et al., 2019). Owing to the complexity and 
variety of proteases which could potentially cleave both osteopontin and 
SDC4 in vivo there remains much to understand in relation to this. In 
addition, sequences within the SDC4 ectodomain are known to support 
fibroblast cell adhesion through an indirect interaction with β1 integrin, 
and this is also true of monocytic cell lines (Whiteford and Couchman, 
2006; Whiteford et al., 2007). Shedding of SDC4 from heart tissue 
promotes recruitment of immune cells to the heart in rats treated with 
LPS (Strand et al., 2015). Additionally, overexpression of SDC4 in rat 
hearts also appears to attenuate both inflammation and fibrosis which is 
beneficial for infarct repair (Xie et al., 2012). 

2.3. Syndecan-4 roles in angiogenesis 

A key component of tissue repair is the re-establishment of blood 
supply to the wounded area. Angiogenesis is the formation of new blood 
vessels from the existing vasculature. It is essential for development and 
growth but can also be detrimental in disease states when the process 
becomes dysregulated leading to excessive or insufficient angiogenesis 
(Carmeliet and Jain, 2011). The global Sdc4-/- mouse develops a normal 
vasculature indicating that SDC4 does not play a significant role in 
developmental angiogenesis (De Rossi et al., 2021; Corti et al., 2019). 
However, in models where pathological angiogenesis is stimulated such 
as wound healing, hypoxia-induced ocular neovascularization and 
during tumor formation, angiogenesis is greatly impaired in these ani-
mals (De Rossi et al., 2021). This was found to be due to an impaired 
response to VEGFA in Sdc4-/- ECs. In this context, SDC4 has no role in 
VEFGA driven pro-angiogenic signaling, rather it is a down-stream 
effector of VEGFA stimulated responses having a critical role in EC 
junction disassembly, a necessary step in efficient angiogenesis. This is 
in contrast with its role in pathological lymphangiogenesis, where it has 
been found to be important for VEGFC/VEGFR3 driven responses (Johns 
et al., 2016). Given these roles in both new blood vessel and new 
lymphatic formation it seems likely that SDC4 would also perform a role 
in cardiac repair responses. Interestingly, when SDC4 is either overex-
pressed or applied exogenously, angiogenesis is enhanced in both 
models of ischemia and cardiac pressure overload (Xie et al., 2016; Jang 
et al., 2012; Das et al., 2016), again suggestive of a role in repair 
mechanisms. 

2.4. Outlook 

The collective studies described here identify several roles for SDC4 
both during cardiac injury and in the remodeling phase thereafter. SDC4 
clearly has an important role in wound healing processes, and this has 
dual implications. In the immediate aftermath of an injury to the heart 
SDC4 clearly has an important beneficial role to play in tissue repair 
processes. However, in the later remodeling phase the role of SDC4 is 
less beneficial. The question remains whether SDC4 is a viable thera-
peutic target in cardiac remodeling. The fact that SDC4 gene expression 
seems to be upregulated only during injury and pathological scenarios 
suggests that targeting it may not affect normal homeostasis. However 
more studies are required to understand what drives SDC4 gene 
expression in these situations. Additionally, SDC4 in its shed form may 
also be exploited to manipulate tissue remodeling processes but again 
more studies are required to determine how this entity affects different 
cell types involved in this process. 
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