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Abstract

Cardiovascular disease (CVD) is a leading cause of mortality in paediatric patients
with chronic kidney disease (CKD), particularly in those undergoing dialysis. One of
the earliest events in CVD is endothelial damage, which may result from changes in
levels of vascular growth factors that control blood vessel function and stability.
Markers of endothelial dysfunction and vascular calcification are observed during
CKD, and are documented as early as the first decade of life. Previous research
indicates that growth factors controlling blood vessel function and stability are altered
in CKD patients; circulating levels of the pro-inflammatory/anti-angiogenic molecule
angiopoietin-2 (Angpt2) are notably increased in children on dialysis and correlate
with surrogate markers of vascular calcification. I therefore hypothesise that Angpt2

may promote medial calcification in CKD.

Through in vitro studies using intact vessel rings and explanted vascular smooth
muscle cells (VSMCs) from paediatric pre-dialysis and dialysis patients, I have shown
that addition of exogenous Angpt2 in a pro-calcaemic environment (medium
supplemented with 2.7 mM calcium, and 2.0 mM phosphate) increases calcium
deposition within vessels from dialysis patients, but has no effect on control or pre-
dialysis vessels. In endothelial cells, Angpt2 acts through the receptor tyrosine kinase
with immunoglobulin-like and EGF-like domains-2 (Tie2); this receptor was detected
through immunofluorescence in the media layer of the intact vessels and by protein
and RNA analyses of explanted VSMCs. The calcifying effect of Angpt2 in VSMCs
could be blocked by downregulating Tie2 expression by small interfering ribonucleic
acid (siRNA), but was not prevented by addition of the Angpt2 antagonist, vascular
stabiliser and anti-inflammatory molecule, Angptl. Vascular calcification is driven
through several pathophysiological mechanisms including osteogenic gene
expression, apoptosis and vesicle release; these have been investigated in both vascular
rings and explanted VSMCs. While the full mechanism has yet to be elucidated, this
thesis provides evidence to suggest that manipulation of Tie2 and angiopoietin
pathways may have potential to decrease the rate of vascular calcification in patients

with CKD.
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Chapter 1: Introduction

1.1 Chronic Kidney Disease
1.1.1 Chronic Kidney Disease in the UK

In England alone, approximately two million individuals are diagnosed with moderate
to severe chronic kidney disease (CKD), making it one of the most prevalent diseases
in the population at a cost to the National Health Service (NHS) of almost £1.45 billion
each year (Kerr ef al 2012). Two percent of individuals diagnosed with CKD progress
to end-stage renal disease (ESRD, CKD Stage 5); this equates to almost 55000 adults
and 900 children who require renal replacement therapy (RRT) within the United
Kingdom (UK) (Pruthi ef a/ 2014).

CKD also significantly increases the risk of an individual developing cardiovascular
disease (CVD), which is a leading cause of early mortality amongst CKD patients
(Steenkamp et al 2014). Cardiovascular events such as myocardial infarction and
stroke in CKD patients cost the NHS almost £175 million per year, indicating that
CKD and subsequent CVD is not only a strain on patients and their families, but also

on the resources of the health system (NICE 2014).

This thesis focuses on the paediatric CKD population as these young patients, despite
their age, also remain at high risk of developing CVD. Initially, I will outline the
pathology and diagnosis of CKD, the risk factors that predispose these patients to
develop CVD, and the basic pathology of CVD in these patients.

1.1.2 Structure and Function of the Kidney

The human kidneys are paired, bean-shaped organs which are situated in the upper
posterior of the abdominal cavity (Kurts et a/ 2013). A single kidney is composed of
two distinct regions — the outer renal cortex, and the inner medulla — which can be
further broken down into segments formed of multiple conical masses known as the

renal, or Malpighian, pyramids (Kurts ef a/ 2013). The broad base of the renal pyramid
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is situated within the cortex, while the apex of the pyramid is located in the medulla

(Figure 1.1).

Cortex

Medulla

Renal pelvis

Renal pyramid

Renal artery

Renal capsule

Renal vein

to urinary bladder

Figure 1.1: Basic structure of the kidney

The human kidney is divided into two primary regions: the outer renal cortex, and the
inner renal medulla (Kurts et al 2013). Within the kidney, the renal (Malpighian)
pyramids are composed of thousands of parallel nephrons with the aligned tubules and
collecting ducts converging towards the inner cortex (Kurts et a/ 2013). The collecting
ducts merge to the papillary ducts, which divert urine towards a single ureter (Kurts et
al 2013). Each individual kidney is vascularised by a single renal artery, from which

subsequent branching of the vasculature allows for perfusion of the entire kidney.

Each renal pyramid consists of many parallel nephrons, with each healthy kidney
containing between 700000 to 1.5 million (Keller et a/ 2003). The nephron (Figure
1.2) is the functional unit of the kidney, acting as a tiny blood filtration unit, and is

composed of the renal corpuscle which consists of the glomerulus, in conjunction with
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the Bowman’s capsule, as well as a single highly specialised tubule leading to the
collecting duct (Keller e a/ 2003). The tubule consists of three regions — the proximal
tubule, the loop of Henle and the distal tubule — each of which is specialised for

different aspects of reabsorption (Kurts ef al 2013).

Proximal convoluted tubule

Distal convoluted tubule

Bowman's capsule

\

Efferent arteriole
Afferent arteriole

Glomerulus l
T — Collecting duct

l

Descending limb

__Ascending
limb

Loop of Henle

to urinary bladder

Figure 1.2: Basic structure of a nephron

The structure of a single nephron, the functional unit of the kidney, is composed of a
glomerulus, surrounded by the Bowman’s capsule, and a highly specialised tubule
consisting of several distinct segments (the proximal convoluted tubule, the Loop of

Henle, and the distal convoluted tubule) (Kurts ef al 2013).

In a healthy individual, the kidney is essential for the maintenance of blood
homeostasis (Kurts et al 2013, Wadei and Textor 2012). To do so, it takes on several
roles including filtration of metabolic waste products such as creatinine and urea,
electrolyte balance, and production of the hormones renin and erythropoietin, which
regulate blood pressure and red blood cell production respectively (Kurts et al 2013,

Wadei and Textor 2012).
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The kidney is an extensively vascularised organ and receives 10% of the cardiac output
(Long et al 2012). An individual renal artery supplies each kidney, which subsequently
branches to perfuse the anterior and posterior of the kidney before joining an expansive
capillary network. These rich vascular networks are formed through a combination of
angiogenesis and vasculogenesis; new arteries branch from the renal artery alongside
the invasion of the developing ureteric bud into the metanephric mesenchyme, whilst
the expansive capillary network is mainly formed from endothelial progenitor cells
(EPCs) that reside in the renal cortex (Adams and Alitalo 2007, Stolz and Sims-Lucas
2015). The capillaries of the glomeruli are lined with highly fenestrated endothelial
cells, in which the fenestrations range from 70—-100 nm in diameter, and act as the first
filtration barrier through which fluid (yet no blood cells) can pass (Grahammer et al
2013, Stolz and Sims-Lucas 2015). The vasa recta and peritubular capillaries surround
the tubules of the nephrons, which facilitate reabsorption and secretion between the

blood and inner lumen of the nephron (Pallone ef a/ 2012).

The kidney also hosts an expansive renal lymphatic network that, although less well
characterised, is crucial for the removal of excess proteins and fluid (Seeger et al
2012). When the integrity of this lymphatic network is disrupted, as it is in polycystic
kidney disease, it may potentiate inflammation and oedema thus contributing to the

pathogenicity of the disease (Huang et a/ 2016).
1.1.3 Definition of CKD

Renal damage can impair the ability of the kidney to adequately filter the blood,
leading to impaired kidney function and CKD. CKD is defined according to the
National Kidney Foundation Disease Outcomes Quality Initiative (KDOQI)
Guidelines (2012) which state that, for at least three months:
1) The glomerular filtration rate (GFR), which is defined as the amount of blood
that passes through the glomeruli per minute, must be maintained at or below
60 mL per minute per 1.73 m? of body mass.
OR
2) There must be kidney damage as indicated by albuminuria or histological

abnormalities.
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The severity of CKD is then divided into stages, depending on the patient’s GFR,
where Stage 1 is early renal disease and Stage 5 is ESRD (Table 1.1).

1 Kidney damage with normal or increased GFR  >90

2 Kidney damage with mildly decreased GFR 60-89

3a Mild to moderate decrease in GFR 44-59

3b Moderate to severe decrease in GFR 30-44

4 Severe decrease in GFR 15-29

5 Kidney failure <15 (or dialysis)

Table 1.1: Stages of CKD as defined by GFR
The table was derived from the Kidney Disease Improving Global Outcomes (KDIGO)
guidelines (2012), which include the segmentation of Stage 3 CKD into two stages

(mild to moderate [3a], and moderate to severe [3b]).

There are currently only two treatment options for patients with CKD Stage 5, which
are dialysis or transplantation (Pruthi et a/ 2014). Transplantation, without a period of
dialysis, is the ideal course of action; however, the availability of compatible organs
limits the frequency of transplantation. In a given year, approximately 7100 people in
the UK require single or multiple organ transplants (NHS Blood and Organ Donation
Figures 2014-2015). Eighty percent of these people require a kidney, making it the
most needed organ (NHS Blood and Organ Donation Figures 2014-2015).
Comparatively, only 2925 transplants were actually conducted in the UK in 2014
(NHS Blood and Organ Donation Figures 2014-2015). Dialysis, either peritoneal
dialysis (PD) or haemodialysis (HD), is the second-best option for patients with CKD
Stage 5; however, thrice weekly visits to a HD unit or nightly cycles on a home PD
machine do not represent a good quality of life for CKD patients. Furthermore, dialysis
has been linked to a significantly increased risk of developing CVD in both adult and
paediatric populations (Parekh et al 2002, Johnson et a/ 2009), and the overall survival

time following the initiation of dialysis remains low (Stokes 2011).
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1.1.4 Prevalence of CVD in CKD

The significance of CVD as a leading cause of mortality in CKD patients came to light
in the mid-1990s following a paper by Foley et al (1998), which highlighted the
discrepancy in cardiovascular mortality rates between the general population and adult
CKD patients on dialysis, as well as the relationship between mortality in these groups
and both age and ethnicity (Figure 1.3A). CVD mortality encompasses death due to
arrhythmias, atherosclerosis, cardiac arrest, cardiomyopathy, myocardial infarction
and pulmonary oedema (Foley ef al 1998). Particularly striking is the difference in risk
to young adults (25-34 years), as patients with CKD in this age-range exhibit CVD
mortality rates comparable to that of 80-year olds in the general population (Foley et
al 1998). Data from the United Kingdom Renal Registry also indicates that CVD was
responsible for 23-28% of deaths in patients with CKD on RRT across a 10-year
period (January 2003—December 2012) and is thereby a leading cause of death in these
individuals (Figure 1.3B; Steenkamp et a/ 2014).

Over the last decade, it has also been shown that paediatric CKD patients have the
same propensity to develop CVD as their adult counterparts. A review of the United
States Renal Data System (USRDS 2011) highlighted the number of cardiac-related
deaths in children with CKD (Mitsnefes 2012). In these data, CVD is defined as deaths
from cardiac arrest, arrhythmia, cardiomyopathy, cerebrovascular disease and
myocardial infarction. In patients receiving dialysis, CVD was the leading cause of

death in patients on both HD and PD (32% HD, 28% PD; Figure 1.4).
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Figure 1.3: Cardiovascular mortalities by age and ethnicity

A: Cardiovascular mortality is shown per decade of age as segregated by gender,
ethnicity and whether an individual is part of the general population (GP) or receiving
dialysis. This figure is redrawn from Foley et a/ (1998) and is based on data from the
United States. B: Data from the UK Renal Registry (Steenkamp et al 2014) indicates
that CVD was one of the key causes of death in patients with CKD on RRT between
2003-2012. This figure is redrawn from Steenkamp et al (2014).
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Figure 1.4: Causes of mortality in paediatric patients in the United States

These charts highlight the leading causes of child mortality in the US, both for the
general population and paediatric patients on RRT. CVD is highlighted as a key cause
of mortality in patients on RRT, while only responsible for 3% of deaths in the general

paediatric population. Figures are redrawn from Mitsnefes (2012).

Comparatively, CVD was the second highest cause of death (22%) in patients having
received renal transplants following infections, which were the primary cause of death
(25%). Mitsnefes (2012) also emphasised the changes in CVD mortality over the past
30 years; while the mortality rate for patients undergoing dialysis has remained steady,
the mortality rate for individuals that have received transplants has dramatically
decreased. This reduction in deaths can be attributed to improved drug therapies,
earlier transplantation, and reduced rejection rates as well as, potentially, an altered
cardiovascular risk profile following transplantation. However, despite these
developments in drug therapy and transplantation, patients with CKD continue to

exhibit a significantly increased rate of CVD-associated mortality.

These data were more recently corroborated by a retrospective study by Chavers et al
(2015), in which USRDS data from 1995-2010 were examined to determine the one-
year mortality rate for paediatric CKD patients undergoing RRT. Again, CVD was the
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leading cause of death in paediatric CKD patients undergoing dialysis (33%), whilst
infection was the leading cause of death in patients who had undergone transplantation

(26%; Chavers et al 2006).

A similar study was conducted in Canada to generate the Canadian Paediatric End-
Stage Renal Database (Samuel ef a/ 2011). This database utilised patient information
from the Canadian Organ Replacement Registry and the Canadian Institute for Health
Information Discharge Abstract Database and contained 843 patients from 9 of 10
provinces (excluding Quebec, as patient information could not be released) that began
RRT between 1992 and 2007; all patients began RRT before 18 years of age (Samuel
et al 2011). Of the 107 patients that died during the following years, 23 deaths (21%)
were due to cardiac failure, which was the leading single cause of death (Samuel et al

2011).

Within Europe, the Cardiovascular Comorbidity in Children with CKD (4C) study is
a large observational study currently examining the development of CVD and
morbidity in paediatric (aged 617 years) patients with CKD Stage 3b—5 (Querfeld et
al 2010). The project currently spans 12 countries, with patients from over 55
nephrology units including Great Ormond Street Hospital NHS Foundation Trust
(GOSH). The study aims to follow patients from diagnosis through to RRT and
adulthood whilst systematically collecting measurements of cardiovascular function
and health (Querfeld ef a/ 2010). Although in its infancy, this longitudinal study is one
of the largest paediatric studies to date and may provide important insights into disease
development and CVD morbidity in these patients. In particular, this study benefits
from a routine and standardised examination of the patients rather than relying on

retrospective analysis of existing databases as done in previous studies.

Collectively, these studies indicate that CVD is a serious problem for paediatric
patients with CKD. Therefore, there is an essential need to further examine the
mechanisms by which CVD begins and progresses in these children. If this is done, it
has potential to lead to the development of new interventions to improve mortality

from CVD in CKD patients.
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1.1.5 Risk Factors for CVD

Many risk factors predispose an individual towards developing CVD; in adults, these
risk factors can be divided into ‘traditional’ (or Framingham) and ‘CKD-related’ risk
factors (Table 1.2). Traditional risk factors are those that predispose a given individual
in the general population towards developing CVD, such as old age, obesity, and
diabetes (Foster ef al 2015, Fruchart et al 2004); these risk factors have been studied

since the late 1940s through the Framingham Heart Study.

Increased age Decreased GFR

Caucasian Proteinuria

Male High circulating calcium
Hypertensive High circulating phosphate
Increased low-density lipoprotein (LDL) cholesterol Dyslipidaemia

Decreased high-density lipoprotein (HDL) cholesterol Low albumin

Diabetes mellitus Haemodynamic overload
Tobacco use Anaemia

Physical inactivity Increased clotting factors
Stress High circulating homocysteine
Family history of CVD Oxidative stress

Left ventricular hypertrophy Infection

Increased body mass Chronic inflammation

Table 1.2: Traditional and CKD-related risk factors for CVD

Traditional cardiovascular risk factors are most prevalent in adults whilst CKD-related
risk factors are specialised to the disease state and place the patient at a much greater
risk of developing CVD. Many patients with CKD can present with a combination of
both traditional and non-traditional risk factors, as several of the traditional risk factors
contribute to one’s risk of developing CKD. Table was derived from Fruchart et al

(2004).
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The Framingham Heart Study utilises the town of Framingham, Massachusetts as the
site of an epidemiological study spanning several generations. In this town, detailed
biological measurements (such as blood pressure and serum creatinine) have been
systematically recorded and the correlation to CVD development has led to the
identification of numerous CVD risk factors (Mahmood et a/ 2014). In this cohort,
mild renal insufficiency (as defined by serum creatinine levels of 136-265 umol/L in
men, and 120-265 pmol/L in women) was shown to pose as a risk factor for CVD
(defined as a diagnosis of coronary heart disease, congestive heart failure, or ischaemic

stroke) (Culleton et al 1999).

Given that many of the traditional risk factors also predispose one to develop kidney
disease, many adult CKD patients already possess these risk factors prior to CKD
diagnosis (Levin et al 2001, Locatelli et al 2003). However, CKD patients have their
risk compounded by their altered vascular environment such as hypercalcaemic and
hyperphosphataemic serum, haemodynamic overload and an increase in oxidative
stress (Block ef al 1998). These ‘CKD-associated’ risk factors significantly amplify
the likelihood of developing CVD (Gansevoort et a/ 2013). In contrast, most children
do not possess the traditional Framingham risk factors for CVD development (namely

diabetes mellitus, increased age, and tobacco use).

1.1.6 Effects of Dialysis on the Development of CVD

Although dialysis is clearly a necessity in ESRD barring pre-emptive transplantation,
it significantly increases the risk of a CKD patient developing CVD. Indeed, a
proportional relationship has been established between CVD development and the
length of time that a patient is on dialysis (Figure 1.5A, Goodman et al 2000). A study
by Goodman and colleagues (2000) in a young CKD population (n = 39, aged 7-30
years) highlighted the relationship between coronary artery calcification, which is a
critical contributor to CVD, and the length of time spent on dialysis. To examine this,
vascular calcification was measured using electron-beam computed tomography (CT)
and patients were given an Agatston score based on the size and density of the calcified
region (Goodman et a/ 2000). Overt calcifications were observed in 88% of patients
over 20 years of age (n = 16), and patients who had spent longer on dialysis were more

likely to exhibit calcification (Goodman et al 2000).
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None of the CKD patients under 20 years of age (n = 23) exhibited signs of vascular
calcification (Goodman et al 2000). Comparatively, calcification was noted in only

5% of control subjects (n = 60, aged 20—30) (Goodman et al 2000).

This study not only indicated a correlation between vascular calcification and the
length of time on dialysis, but was also one of the first studies to suggest that ‘calcium
begets calcium’; that is, after calcium deposition begins, subsequent depositions occur
readily and rapidly. Two years after their first CT vascular scan, 22 of the dialysis
patients were re-examined (Goodman et al 2000). Of these 22 patients, 12 patients
initially exhibited no signs of vascular calcification. Two years later, two of these 12
patients now exhibited signs of calcification (Goodman et al 2000). Of the 10
remaining patients that exhibited calcification on the initial scan, 90% exhibited an
increase in their calcification score of almost two-fold (Figure 1.5B; Goodman et al
2000). Using intact arterial rings, Shroff and colleagues (2010) have similarly
observed that arterial rings containing high calcium depositions at baseline
(particularly arterial rings that stain positive for Von Kossa, indicating visible calcium
depositions) calcify more readily than arterial rings with no or low calcium levels and

maintain their Von Kossa positivity.

In another study, Oh et al (2002) utilised cardiac CT and high-resolution ultrasound to
measure vascular calcification and carotid intima-media thickness (cIMT) in 39 young
adults (mean age: 27.3+£5.9 years) with ESRD (13 receiving dialysis, 26 post-
transplantation). Of these patients, 92% exhibited significant vascular calcification;
however, patients that were receiving dialysis exhibited more marked calcium
deposition than patients that had received transplants (Oh et a/ 2002). Both dialysis
and transplanted patients exhibited similarly increased cIMT measurements when
compared with age-matched controls (Oh ef al 2002). Interestingly, whilst smoking
correlated with increased cIMT in age-matched controls, it did not correlate with
increased cIMT in the patients with ESRD (Oh et al 2002). Instead, it was associated
with increased time on dialysis, and elevated serum calcium and serum phosphate
levels (Oh et al 2002). This suggests that whilst these traditional risk factors may be
present in patients, they are of less importance to the development of CVD when renal

risk factors are present.

27



1.0 DT 1

0.8 o

0.6 f

@ @
0°00 4 8 12 16 20 24

c
o
B
0]
)
b=
L
(4]
o
N - o
= &
3
c
o
B
=
o
o
o
=
=%

Duration of Dialysis (Years)

B 700

500

300

100

600

40
20

Calcification Score

First Scan Second Scan

Figure 1.5: CVD risk increases with dialysis

A: Coronary artery vascular calcification in young adult (age 20-30) CKD patients
(n=39) exhibit increased prevalence with increased time on dialysis, as determined by
electron-beam CT and quantification using Agatston scoring of calcium depositions.
The length of time on dialysis excludes periods of transplantation-induced healthy
renal function. B: In 9 of 10 patients who exhibited calcium deposition at initial
investigation, the calcium score was increased at a second scan taken two years later.
One patient (in red) exhibited an unexplained decrease in calcification at the second
scan. Two patients (in blue) did not exhibit calcification on the initial scan but
exhibited low levels of calcification at the second scan. Figures have been redrawn

with modification from Goodman et a/ (2000).

28



1.2 Molecular and Pathological Mechanisms of Vascular Calcification

1.2.1 Vascular Calcification in this Thesis

Throughout this thesis, | have focused on vascular calcification as a manifestation of
CVD. Therefore, this section describes the histology and pathology of vascular
calcification, the molecular mechanisms that drive the pathology and the
methodologies that can be used to model calcification in a laboratory environment.
Although the work in this thesis focuses on vascular calcification in children, this
section will also explore calcification in the adult population and animal models, as

limited research has been conducted to date in the paediatric CKD population.

1.2.2 Vascular Structure and Function

CVD is caused by damage to the vasculature, which begins at the cellular level.
Therefore, understanding the structure of the blood vessel is key to investigating the
pathology of both vascular calcification and its relationship with endothelial

dysfunction (see Section 1.3).

Blood vessels are composed of three primary layers of cells (Figure 1.6). The first layer
is the tunica intima; this is composed of vascular endothelial cells that form a single
cell layer lining the blood vessel, separating the tunica media from the lumen (Adams
and Alitalo 2007). The second layer of cells is the tunica media, which is composed of
a tight arrangement of uniformly aligned smooth muscle cells (SMCs) embedded in an
extracellular matrix (ECM) (Adams and Alitalo 2007). Finally, the outer layer, the

adventitia, is composed of fibroblasts and collagen fibres.

The tunica intima and the tunica media are separated by an elastin sheet, labelled the
internal elastic lamina (Adams and Alitalo 2007). Similarly, the tunica media and the
adventitia are separated by the external elastic lamina (Adams and Alitalo 2007). The
endothelial layer is exceedingly thin, and this quality remains consistent across vessel
types whilst the other cellular layers (SMCs and fibroblasts) may vary in width
depending on the function of the vessel and the contractility strength required (Alberts

et al 2002).
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Figure 1.6: Structure of a blood vessel

Blood vessels are composed of three layers of cells: the tunica intima (composed of
endothelial cells), the tunica media (composed of vascular smooth muscle cells
(VSMCs), embedded in the ECM) and the tunica adventitia (composed of fibroblasts
and collagen fibres) (Adams and Alitalo 2007). An elastin sheet separates each layer.

Circulating blood fills the luminal space.

1.2.3 Forms of Vascular Calcification
Vascular calcification can be broadly divided into two forms — intimal calcification,

and medial calcification — which occur in the tunica intima and the tunica media,

respectively (Amann 2008; Figure 1.7).
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Intimal Calcification Medial Calcification

Figure 1.7: Intimal and medial calcification

Intimal calcification and medial calcification develop in the tunica intima and tunica
media, respectively. Both intimal and medial calcification are characterised by
vascular thickening and stiffening due to hydroxyapatite deposition (Sage et a/ 2010).
However, in intimal calcification, deposition occurs between the intima and medial
layers, whilst in medial calcification, deposition occurs within the tunica media (Sage

et al 2010).

Intimal calcification is found predominantly in the adult vasculature (Amann 2008). It
is characterised by the formation of plaque within the endothelial layer of the blood
vessel; these plaques grow to occlude the artery and are composed of accumulated
lipids, SMCs and inflammatory cells (Brunet et al 2011, Ross 1999, Sanz and Fayad
2008, Weber and Noels 2011). The restriction of flow increases blood pressure, which
leads to vascular stenosis and eventually ischaemia. Development of atherosclerosis is
strongly linked to the presence of traditional Framingham risk factors, such as
increased age, lipid dysregulation, obesity, hypertension, diabetes and tobacco use

(Sage et al 2010).

Medial calcification, also known as Mdnckeberg’s sclerosis, occurs in the tunica media

of the vasculature and is characterised by SMC loss and an increase in osteogenic gene
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expression (Shroff ef al 2012). Medial calcification is the primary form of calcification
observed in paediatric CKD patients, although it can be observed in conjunction with
intimal calcification in adults (Driicke and Massy 2010). Whilst intimal calcification
occurs due to an accumulation of lipids and foam-like cells, infiltration of
inflammatory cells, oxidative stress, and apoptosis, medial calcification is driven by
endothelial dysfunction, osteogenic differentiation of VSMCs, loss of calcification

inhibitors, and an imbalance in calcium and phosphate levels (Shroff et al 2012).

During medial calcification, cumulative deposition of hydroxyapatite within the tunica
media leads to concentric thickening and stiffening of the vessel wall. Hydroxyapatite
is a crystalline structure formed of inorganic calcium (Ca) and phosphate (P), and this
lack of contractility drives an increase in systolic blood pressure and increased
ventricular afterload (Covic ef al 2006). This subsequently manifests in left ventricular
hypertrophy (LVH), a prominent clinical sign of progressive CVD that is characterised
by an increased thickening of the ventricular myocardium (Murphy ef a/ 1998). LVH
is a biological adaptation to account for increased ventricular afterload and altered
coronary perfusion; these result from altered systolic/diastolic pressure and/or aortic
stenosis (Lorell er al 2000). At a cellular level, the cardiomyocytes become
hypertrophic which in turn increases the muscular capacity of the myocardium (Lorell
et al 2000). LVH is a key indicator of CVD in paediatric patients and precedes cardiac

ischaemia and myocardial infarction (Mitsnefes et a/ 2006).

1.2.4 Modelling Vascular Calcification In Vitro and In Vivo

There are two primary ways in which vascular calcification is currently modelled in
Vitro:

1) Primary VSMC cultures and established cell lines

2) Intact vessel rings.
Monolayer cell culture is the more common method of modelling calcification of
SMC:s, as it provides a relatively simple means by which gene expression levels can

be compared and quantified for a given set of media conditions.

VSMC culture has been used extensively to show dose-dependent effects of ionic

calcium and phosphate on calcium deposition and vesicle release (Juno et al 2000,
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Kapustin ef al 2015, Reynolds et al 2004, Wada et al 1999). However, utilising a cell
model, whether primary cells or a cell line, poses significant challenges as to whether
this truly reflects the in vivo situation and the interactions between the cell types that
occur in a blood vessel. Moreover, culture conditions may cause the cells to
differentiate, altering their phenotype (Rzucido ef al 2007). To overcome some of these
issues, low passage primary cells can be utilised; however, this requires a supply of
fresh tissue from which to isolate the cells. Moreover, in vitro conditions can cause all
VSMCs, at any passage, to change to a pan-mesenchymal phenotype and develop
osteochondrocytic characteristics (Campbell and Campbell 2012).

Intact vessel rings provide an alternative method to model vascular calcification in
culture, particularly when utilising human samples. In this model, intact blood vessels
are cut into rings; this maintains the defined layers in the vascular structure, which
provides a more realistic and representative model of the physiological interaction
between the tunica intima, tunica media and the adventitia (Shroff et a/ 2013). One
key benefit of this model is that one can study blood vessels directly obtained from
patients with the disease of interest, such as CKD (Shroff et al 2013). Because diseased
vessels are exposed to a different circulating environment than healthy vessels — for
example, high levels of calcium and phosphate in uremic serum, or dialysis-induced
haemodynamic stress — these diseased vessels may respond differently to in vitro

stimulation than healthy vessels (Shroff ef al 2013).

Intact arterial rings obtained from adult CKD Stage 5 patients provided insights into
the disorganised SMC arrangement within vessels from dialysis patients. In healthy
vessel rings, the SMCs are aligned and run parallel to the elastic lamina; the elongated
nuclei reflect this parallel formatting (Moe et al 2002). Comparatively, the nuclei of
VSMCs in dialysis vessel rings are of smaller size and take a haphazard non-linear
arrangement (Moe ef al 2002). In the adult vascular rings examined by Moe and
colleagues (2002), the disorganised arrangement was observed even in vessel rings
that were not yet Von Kossa positive (denoting hydroxyapatite deposition in the
vessel). Additionally, Moe and colleagues (2002) were unable to detect infiltrating
macrophages within the calcified tunica media, implying that inflammation is not
required for the progression of calcification of VSMCs. Instead, the authors proposed

that calcification was associated with an increase in expression of bone matrix
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proteins, namely bone morphogenic protein (BMP2) and runt-related factor (RUNX2).
This work on intact vessel rings helped to formulate new insights into the mechanisms

underlying medial calcification.

Intact arterial rings were also used in two papers by Shroff et al (2008; 2010)
examining medial calcification in paediatric CKD patients. Arterial rings from
paediatric controls contained low calcium levels (9.4+2.3 ug/ul, as detected by the
quantitative o-cresolphthalein colorimetric assay), whilst calcium levels were
significantly higher in pre-dialysis CKD patients (20.4+6.5 pg/uL) (Shroff et al 2008).
Comparatively, paediatric CKD patients on dialysis exhibited the greatest levels of
calcium, measuring 39.246.0 ug/ul (Shroff et a/ 2008). By utilising this unique
resource of intact arterial rings from a paediatric CKD population, Shroff ez al (2008)
were able to demonstrate that that dialysis vessels contained higher baseline levels of
calcium, compared to both vessels from paediatric controls and vessels from paediatric

pre-dialysis CKD patients.

Additionally, vessel rings from paediatric controls, pre-dialysis CKD, and dialysis
CKD patients were shown to respond differently to stimulation by exogenous calcium
(2.7 mM Ca) and phosphate (2.0 mM P) (Shroff ef al/ 2010). Vessel rings from control
patients showed no increase in calcium load following exposure to high levels of
calcium and phosphate; in contrast, vessel rings from pre-dialysis CKD patients
exhibited a significant increase in calcium load (19.7+1.1 pg/uL versus 115.1+49.0
pg/ul, in 1.8 mM Ca and 1.0 mM P compared with 2.7mM Ca and 2.0 mM P
respectively, p = 0.03) (Shroff et al 2010). The vessel rings from paediatric CKD
patients undergoing dialysis also exhibited a significant increase in calcium deposition
when cultured with elevated exogenous calcium and phosphate (129.0+53.0 pg/uL
versus 711.0+£206.0 ug/pL in 1.0 mM P and 1.8 mM Ca compared with 2.0 mM P and
2.7 mM Ca respectively, p<0.0001) (Shroff et al 2010).

The primary disadvantage of this model is that human tissue is a limited resource; the
blood vessels, for either isolation of cells or intact ring culture, can only be obtained
at a single time-point when the patient undergoes abdominal surgery. The samples are
difficult to obtain, and rely on ethical approval, patient consent and surgical

cooperation.
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1.2.5 In Vivo Modelling — Human Models of Calcification

Vascular calcification can also be measured in both adult and paediatric patients using
non-invasive techniques. The blood vessels can be visualised by radiography, electron-
beam and multi-slice CT, and high-resolution ultrasound (Owen ef al 2011, Sanz and
Fayad 2008). These techniques can facilitate the measurement of cIMT, which is “the
distance between the lumen-intima interface and the media-adventitia interface of the

far wall” (Litwin et al 2005).

High-resolution ultrasound has shown that the cIMT increases markedly in children
on dialysis (n = 37) with small rises also detected early in CKD development (Litwin
et al 2005). Transplanted patients (n = 34), despite previously being on dialysis, had
cIMT measurements similar to pre-dialysis CKD patients (n = 55) suggesting that the
increase in vascular thickness may partly be reversed following transplantation (Litwin
et al 2005). The authors propose that this ‘reversal’ of phenotype may be due to the
removal of the uremic milieu following transplantation, as well as the restoration of
normal serum calcium and serum phosphate concentrations (Litwin et al 2005). Other
studies have also shown an increase in cIMT with increased duration on dialysis
(Mitsnefes et al 2004, Saygili et al 2002). A later study by Litwin and colleagues
(2008) followed paediatric CKD patients over the course of a year through dialysis and
transplantation, and showed that prolonged CKD was associated with an increase in
cIMT, most notably in children on dialysis. The authors showed that these responses
correlated with increased LDL cholesterol, uric acid, blood pressure and serum
phosphate. Conversely, they showed that whilst prolonged CKD was associated with
an increase in cIMT, transplantation following dialysis was associated with decreasing

cIMT (Litwin et al 2008).

Another parameter that can be measured is pulse wave velocity (PWV): the speed at
which a pulse wave travels between two set points of a vessel. PWV indicates the
elasticity and contractility of a vessel, and these properties are reduced by calcification
(Haydar et al 2004). Again, this technique is non-invasive and is measured using high-
resolution ultrasound (Karohl et a/ 2011). While PWV can be altered in response to
nitric oxide (NO) bioavailability, it is primarily indicative of fibrosis and calcification

(Fitch et al 2001). When major arteries experience reduced contractility, particularly
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in the aortic arch, the cardiac workload required for blood circulation increases
significantly. This subsequently drives up the systolic blood pressure and leads to LVH

and reduced coronary perfusion (Duncker et a/ 1993).

1.2.6 In Vivo Modelling — Murine Models of Calcification

Murine models are beneficial for studying physiological and disease processes in vivo.
Both cells and aortic rings can be obtained from animals to extend the experimental
system further, while the physiological measurements observed with CKD and/or
calcification can also be measured (i.e. blood pressure and renal function, as well as
kidney and vascular histology). Transgenic animals can be utilised to examine the

effect of overexpression or deletion of a gene of interest.

There are three common methods used to model vascular calcification during CKD in
rodents: the remnant kidney model, provision of high dietary adenine, and
electrocauterisation of the kidney (Neven and D’Haese 2011, Shobeiri et al 2010).
However, an important limitation is that there is currently no true mouse model
available to replicate the effects of dialysis in patients. In addition, there are differences
in the progression and severity of CKD in mouse models due to the specific genetic
background of a mouse, which alters their susceptibility to renal damage (Laouari et

al 2012, Long et al 2013).

The remnant kidney model utilises a 5/6 nephrectomy to simulate progressive nephron
loss, which leads to CKD (as determined by an increase in serum creatinine) (Neven
and D’Haese 2011). This injury, when supplemented with a high phosphate diet,
results in hyperphosphataemia (Neven and D’Haese 2011). However, vascular
calcification is constrained primarily to the aortic arch unless the injury is combined
with a high phosphate, high lactose diet (1.2% phosphate, 1% calcium, and 20%
lactose) or with 1,25(OH) vitamin D3 supplementation (Henley et al 2005). The high
lactose diet increases intestinal reabsorption of dietary calcium and phosphate and
induces medial calcification, whilst supplementation with Vitamin D3 induces
widespread calcification of the aortic wall (Henley et al 2005). There are currently few

studies utilising the lactose diet, whilst the latter method utilising vitamin D3 has been
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more widely used in the literature (Haffner ef al 2005, Henley et al 2005, Kawata et al
2008).

The electrocautery model of CKD induces renal failure through cauterised ablation of
the renal cortex, after which the second kidney is removed (Shobieri et al 2010). The
severity of CKD in this model can be variable, and the mice do not always exhibit
hyperphosphataemia (Shobieri et a/ 2010). This model is generally used in either low-
density lipoprotein receptor knockout (LDLR”") mice, or apolipoprotein E-deficient
(apoE”") mice. These two transgenic strains develop extensive calcification whilst
wild-type mice do not exhibit calcification. The LDLR” mice are obese, hypertensive
and diabetic, all of which are ‘traditional’ risk factors for CKD (Shobieri ef al 2010).
ApoE”~ mice lack apolipoprotein and exhibit increased cholesterol and rapid
development of atherosclerotic lesions, which are in turn augmented by CKD (Zhang
et al 1992). However, as both of these transgenic mice raise more risk factors that are
‘traditional’ for CVD, they pose more similarities to the CKD phenotype found in
adults rather than the phenotype observed in children.

Finally, vascular calcification during CKD can also be induced by an adenine-rich diet,
as excess adenine undergoes oxidation to produce 2,8-dihydroxyadenine that
precipitates in the kidney. These precipitates damage the renal tubules, triggering
inflammation and subsequent fibrosis (Neven and D’Haese 2011). Rodents exposed to
an adenine-rich (0.75%) diet exhibit calcification of the aortic media within 4 weeks
of undergoing a high phosphate diet (1.03% P, 1.06% Ca), and exhibit
hyperphosphataemia (Katsumata et a/ 2003). However, almost 50% of rats are
resistant to calcification despite exhibiting severe CKD, although the cause for this is
unclear (Neven and D’Haese 2011). However, Price ef a/ (2006) have shown that the
proportion of rats that exhibit medial calcification using this adenine model of CKD
can be improved (100% penetrance of calcification versus 30% in controls) if they are
fed a low-protein (2.5%) diet without added calcium or phosphate. By altering dietary
protein, rather than dietary calcium or phosphate, these mice do not exhibit high serum

calcium or phosphate levels unless induced by renal damage (Price et al 2006).
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1.2.7 Mechanisms of Vascular Calcification

Vascular calcification was once believed to be a passively occurring process,
progressing as an individual aged (Leopold 2013, Schinke and Karsenty 2000).
However, increasing evidence from studies utilising the in vitro and in vivo models
described in Sections 1.2.3 through 1.2.5 has shown that calcification is actually a
highly regulated process similar to bone formation (Leopold 2015). It is driven by a
combination of mineral dysregulation, the release of matrix vesicles, osteogenic gene
expression and apoptosis (Shroff er a/ 2012). Given the correct conditions, these
processes can occur independently of age, as is indicated by the prevalence of
calcification in paediatric CKD patients. However, due to the multifactorial pathology,
it is difficult to define a clear preventative strategy. Within this section, I will outline
the different mechanisms that contribute to vascular calcification in CKD patients

(Figure 1.8).

1.2.7.1 Mineral Dysregulation

During CKD, patients typically exhibit both elevated calcium (hypercalcaemia) and
elevated phosphate (hyperphosphataemia); this creates the ideal environment to
promote hydroxyapatite formation (Shroff 2011). Hydroxyapatite is the main type of
external calcium deposition and is a crystalline structure formed of inorganic calcium
and phosphate ions. In CKD, dietary phosphate cannot be excreted as rapidly as it is
ingested, whether this is through the damaged kidney or through dialysis (Kestenbaum
2007). Therefore, ionic phosphate levels build up within the serum over the course of
time. While this can be limited by the use of phosphate binders or regulated restriction
of dietary phosphate, there is currently no clear strategy to prevent hydroxyapatite

formation (Kestenbaum 2007).
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Figure 1.8: Modulators of vascular calcification

In the presence of elevated calcium (Ca) and phosphate (P), contractile VSMCs take
up the excess calcium. This increase in calcium triggers upregulation of osteogenic
genes, such as bone morphogenic protein-2 (BMPZ2) and runt-related transcription
factor 2 (RUNX?2). This is accompanied by a loss of osteogenic inhibitors like matrix-
Gla protein (MGP), osteopontin (OPN) and fetuin-A, as well as a decrease in
contractile smooth muscle genes like alpha smooth muscle actin (aSMA). These
changes induce an osteocyte-like phenotype. The intracellular calcium is packaged up
into matrix vesicles that are released from the cell. These matrix vesicles are a source
of ionic calcium, which then allows the ECM to calcify. Apoptotic bodies are released

from dead or dying cells and act as nidi from which calcification can perpetuate.
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1.2.7.2 Matrix Vesicle Formation

One means through which calcification is regulated is through the release of matrix
vesicles: spherical extracellular particles, 50-200 nm in diameter, which are bound by
biologically active membranes (Anderson 1995). Matrix vesicles were originally
detected in the bone growth plate; however, they are also released by quiescent
VSMCs and infiltrating macrophages during atherosclerotic development (Anderson

1969, New et al 2013).

Under normal physiological conditions, VSMCs continually release matrix vesicles
from the plasma membrane (Reynolds et al/ 2004). However, in the presence of
elevated phosphate, 2.4 mM calcium is enough to trigger doubling (9.89+0.26x108
particles/mL versus controls 4.92+0.46x10% particles/mL) of the release rate of
vesicles (Reynolds ef al 2004). Under serum-free conditions, this increased rate of
vesicle release was also accompanied by an increase in apoptotic bodies (Reynolds et
al 2004). However, this increase in apoptotic bodies did not occur if the culture
medium was supplemented with 5% foetal bovine serum (FBS), likely due to the

presence of calcification inhibitors within the serum (Reynolds et al 2004).

Matrix vesicles adapt to exposure to high calcium and phosphate environments
through altering their internal composition. Using electron microscopy, Reynolds and
colleagues (2004) were able to observe calcium phosphate crystals within the released
vesicles; these vesicles appear to form the nidi for subsequent calcification.
Comparatively, the matrix vesicles released under quiescent conditions did not contain
calcium phosphate crystals but were instead loaded with inhibitors of calcification
such as MGP, osteopontin, and fetuin-A (Reynolds et a/ 2004). Following treatment
with high calcium and phosphate, these matrix vesicles exhibited a significant loss of
the calcification inhibitor MGP (Kapustin et al 2011). Fluorescent tracking of
AlexaFluor488-bound fetuin-A uptake in monolayer VSMC cultures has indicated
that, although VSMCs do not produce fetuin-A, they are able to actively take up fetuin-

A from their environment (Kapustin et al 2015).
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1.2.7.3 Apoptosis

When VSMCs (derived from cardiac donor aorta) reach confluence, they exhibit a
‘hill-and-valley’ phenotype (Proudfoot et al/ 1998). However, when the monolayer of
VSMCs becomes overly confluent, some cells retract and subsequently pull in the
surrounding cells; in doing so, multicellular nodules are formed (Proudfoot et al 1998).
Proudfoot and colleagues (1998) described these nodules as containing “concentric
layers of cells arranged around the outer part of the nodule, with many small cells in
the middle of the nodule.” These nodules, which stain positive with Alizarin red stain
and Von Kossa (both indicating calcium deposition), contain live cells (Proudfoot et
al 1998; 2000). These cells can continue to proliferate following an elongated lag
phase; however, if these nodules are left to develop in culture, there is a loss of cells
from the nodule centre over time due to an increase in apoptosis (Proudfoot et al 1998;

2000).

Interestingly, optical sectioning of these nodules using confocal microscopy and
quantification of nuclear morphology indicated that apoptosis was initiated prior to the
overt onset of calcification (Proudfoot et a/ 2000). Proudfoot and colleagues (2000)
went on to demonstrate that apoptotic bodies were released prior to the onset of
calcification, and formed foci from which mineralisation could occur. Note that these
apoptotic bodies are not nodules themselves but instead appear to be initiators of
nodule calcification, as they possess the ability to take up and accumulate extracellular
calcium (Proudfoot et al 2000). Interestingly, these nodules have been shown to
express high levels of MGP, despite their large hydroxyapatite depositions; it has
therefore been postulated that MGP is potentially trapped within the hydroxyapatite
accumulation, thus preventing calcium-binding activity and promoting further

calcification (Proudfoot et al 1998; 2000).

1.2.7.4 Osteogenic Differentiation

Vascular calcification can occur due to VSMC:s in the tunica media differentiating to
an osteoblast-like phenotype (Shroff et al 2012). In a healthy arterial vessel wall,
VSMCs adopt a ‘mature’ contractile phenotype and express a combination of

contractile proteins and inhibitors of calcification (Shroff et al 2012). During
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atherosclerosis and arteriosclerosis, these cells exhibit a loss of the anti-osteogenic
genes in favour of pro-osteogenic genes, leading to the development of an osteocytic
phenotype rather than the phenotype of a SMC (Shroff ez a/ 2012). Transdifferentiation
between these phenotypes can alter the contractility of the vessel wall without inducing
apoptosis (Shroff et al 2012). Importantly, cultured VSMCs are known to
spontaneously convert to an osteoblast-like phenotype, particularly if overly confluent;
this is one weakness of the in vitro models of vascular calcification (Chamleu et a/

1974, Shanahan et al 1999).
1.2.8 Osteogenic Genes

Contractile VSMCs are associated with the expression of anti-osteogenic genes and
calcification inhibitors, whilst an osteogenic phenotype is accompanied by the
expression of pro-osteogenic genes. There are many anti- or pro-osteogenic genes;
however, in this thesis, I will focus on the main ones studied to date in published

studies of vascular calcification (Table 1.3).

Pro-osteogenic RUNX2 Runt-related Transcription factor
transcription factor 2
Sp7 Osterix Transcription factor
BMP2 Bone morphogenic Osteogenic growth factor
protein 2
Anti-osteogenic MGP Matrix-Gla Protein Calcium-binding protein
AHSG Alpha2-HS-glycoprotein  Calcium-binding protein
(Fetuin-A)
OPN Osteopontin Calcium-binding protein

Table 1.3: Examples of pro- and anti-osteogenic genes

1.2.8.1 Matrix-Gla Protein
MGP is a 14 kDa calcium-binding ECM protein that acts as an anti-osteogenic agent.

MGP is synthesised by both chondrocytes and VSMCs and prevents calcification of
the ECM through interaction with the pro-osteogenic factor BMP2 (Wallin et a/ 1999,
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Zebboudj et al 2002). MGP can assume one of two forms: an inactive,
dephosphorylated uncarboxylated (GLU) form or an active, phosphorylated
carboxylated (GLA) form (Schurgers et al 2010). The enzymatic conversion between
the two forms relies on vitamin K (Murshed et a/ 2004). Both MGP and vitamin K are
necessary to maintain a functional contractile vasculature. Whole-body deletion of
Mgp does not affect the embryonic development of the vasculature in mice (Luo et al
1997). Instead, their arteries become extensively calcified after birth, leading to death
within two months (Luo et al 1997). These mice are also growth-retarded, as

calcification of the cartilage causes fusion of the growth plates (Luo et a/ 1997).

Warfarin, a vitamin K antagonist, acts as an anticoagulant and is often prescribed to
reduce the risk of stroke, blood clots and heart attacks in patients with atrial fibrillation.
However, warfarin has also been shown to increase medial calcification in mice, likely
through inhibiting vitamin K activity and the formation of the active (GLA) form of
MGP (Price et al 1998, Tantisattamo ef a/ 2015). With increased vascular calcification
as a potential side effect, the use of warfarin in CKD patients is therefore controversial.
Administration of warfarin to patients with compromised renal function has been
associated with an increased risk of haemorrhage and ischaemic stroke, particularly in
patients undergoing dialysis (Limdi et a/ 2009, Shah et al 2014). When exogenous
Vitamin K was given to warfarin-treated rats with calcified vessels, there was a
therapeutic effect on the vascular contractility; therefore, it has been proposed that the
reabsorption of calcium may also be an active process mediated by the carboxylated

form of MGP (Schurgers et al 2007).

In humans, MGP deficiency occurs in Keutal syndrome — a rare autosomal recessive
disease that occurs due to a loss-of-function mutation in MGP (Munroe et al 1999).
The disease manifests as abnormal calcification of the cartilage, leading to dysmorphic
features and hearing loss, as well as extensive calcification of the vasculature (Munroe
et al 1999). The severity of the disease is variable, though pathogenicity is linked
primarily to the extent and localisation of vascular calcification (Munroe et al 1999).
There has been one known attempt at vitamin K supplementation in Keutal syndrome,
as it was proposed that additional vitamin K would support conversion of remaining

(though low) levels of uncarboxylated (inactive) MGP to the carboxylated (active)
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form; however, the patient exhibited no improvement in circulating levels of

carboxylated MGP (Cranenburg ef al 2011).

1.2.8.2 Fetuin-A

Fetuin-A, also known as alpha-2-Heremans-Schmid-glycoprotein (AHSQ), is a 62
kDa circulating inhibitor of calcification that prevents the mineralisation of calcium
and phosphate but does not alter existing hydroxyapatite deposition (Heiss ef al 2003,
Reynolds et al 2005). The mechanism by which fetuin-A prevents mineralisation is
unique; the protein forms temporary spheres in conjunction with calcium, phosphate
and albumin — termed ‘calciprotein particles’ by Heiss and colleagues (2003). These
30-150 nm particles can be detected by electron microscopy, and prevent pathological
mineralisation and aggregation of the calcium phosphate crystals (Heiss et al 2003,

Reynolds et al 2005).

In healthy non-calcified arterial rings, fetuin-A was not detected by
immunohistochemical staining; however, when arterial rings had either intimal or
medial calcification, the calcium-rich regions of the tunica media exhibited positive
intracellular staining for fetuin-A (Reynolds et a/ 2005). When the fetuin-A
composition of calcified monolayer cultures of human VSMCs was compared with the
fetuin-A composition of normal (uncalcified) human VSMCs, neither population was
shown to express human fetuin-A (Reynolds ef a/ 2005). However, the calcified human
VSMCs were shown to contain high levels of bovine fetuin-A, suggesting that fetuin-
A was actively taken up from the FBS in the culture medium rather than being
produced by the VSMCs themselves (Reynolds et al 2005). Under high calcium and
phosphate environments, calcification was inhibited in VSMCs by treating them with
a physiological dose of fetuin-A (Reynolds et al/ 2005). Fetuin-A was shown to
concentrate in matrix vesicles that did not subsequently act as a nidus for calcification,
whereas matrix vesicles low in fetuin-A were able to propagate calcium depositions

(Reynolds et al 2005, Kapustin et al 2015).

Global deletion of fetuin-A in C57/BL6 mice results in mild ectopic calcification,
although this phenotype is enhanced to widespread calcification, particularly in

smaller blood vessels, in mice on a DBA/2 background (Schafer et al 2003). On the
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DBA/2 background, the increase in vascular calcification is associated with high blood
pressure, renal failure and hyperthyroidism (Schafer et al/ 2003). However, such
phenotypes are not observed in C57/BL6 mice, even when fed a high fat-high mineral
diet, as these mice are resistant to developing CKD (Schafer et al/ 2003, Laouari et al
2012). In mice exhibiting fetuin-A deficiency, the primary site of hydroxyapatite
deposition is the tunica intima rather than the tunica media, suggesting that the
inhibitory capacity of fetuin-A has greater effects on atherosclerosis rather than
arteriosclerosis (Westenfield et al 2009). If this holds true for patients, decreased
fetuin-A levels are potentially more problematic for adults with CKD than for children.
Again, this difference in disease pathology supports the necessity to conduct studies
examining the mechanisms of vascular calcification in paediatric patients as well as in

adults.

Serum fetuin-A levels are significantly lower in adults receiving HD than in healthy
controls, a reduction that is associated with increased cardiovascular and mortality risk
(Ketteler et al 2003). In contrast, an American study examined adult pre-dialysis
(Stage 3—4) CKD patients and found no correlation between circulating fetuin-A levels
and patient mortality (Ix et al 2007). At the 10-year follow-up point, 25% of the
patients had died, 49% due to CVD, but this did not correlate with their earlier fetuin-
A levels (Ix et al 2007). Van Summeren and colleagues (2008) noted that, in a cohort
of paediatric renal transplant patients (n = 29), circulating fetuin-A was significantly
lower (p<0.005) than in healthy paediatric controls (n = 54) whilst the carotid intima-
media thickness was significantly increased (p<0.001) in the renal patients compared
to the healthy controls. However, despite these comparative differences, there were no
detectable correlations between calcification, vascular parameters and serum fetuin-A

levels (van Summeren et al 2008).

An interesting study in rats has recently been published questioning the use of dietary
restriction as a means to control phosphate levels, as this may lead to malnutrition
which in turn decreases fetuin-A levels (Yamada et a/ 2015). However, when these
authors compared the lifespan of Sprague-Dawley rats with adenine-induced uraemia
on either a high- or low-protein diet, there were no significant differences between

dietary groups (Yamada et al 2015). However, whilst the diet had no effect on
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calcification, it did enhance inflammation that also decreased fetuin-A (Yamada et a/

2015).

1.2.8.3 Bone Morphogenic Protein-2

BMP?2 is a pro-osteogenic growth factor that can promote calcification (Li et al 2008).
Mice lacking both copies of Bmp?2 are embryonic lethal, although heterozygous mice
are phenotypically normal (Zhang and Bradley 1996). Thirty percent of deaths result
from failure of the pro-amniotic canal to close, whilst the remaining 70% have cardiac

defects (Zhang and Bradley 1996).

Circulating BMP2, as measured using an enzyme-linked immunosorbent assay
(ELISA), is increased in uremic serum from adult patients undergoing dialysis;
however, there is wide variation in expression levels between patients (Chen et al
2006). When cultured in the presence of human uremic serum, bovine VSMCs increase
BMP2 production, which is released from the cells into the surrounding medium (Chen
et al 2006). BMP2 messenger RNA (mRNA) expression was detected in adult
atherosclerotic plaques by in situ hybridisation, at the sites of calcification rather than
throughout the vessel (Bostrom et al 1993). Similarly, the calcifying nodules of over
confluent cells express BMP2 mRNA whilst BMP2 mRNA is not expressed by the

surrounding VSMCs in monolayer culture (Bostrom et al 1993).

BMP2 does not induce calcification in human VSMCs under normal phosphate
conditions; however, in the presence of elevated phosphate, BMP2 enhances
calcification of human VSMCs (Li ef al 2008). In human VSMCs, BMP2 stimulation
induces upregulation of the sodium-dependent phosphate co-transporter, Pit-1, and
competitive inhibition of the Pit-1 transporter can attenuate BMP-induced calcification
(L1 et al 2008). BMP2-driven calcification is accompanied by an increase in RUNX2
(a calcification transcription factor) mRNA expression levels; this is coupled with a
decrease in mRNA expression levels of the contractile protein, smooth muscle 22-

alpha (SM22a, transgelin), as detected in cultured human VSMCs (Li ef al 2008).
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1.2.8.4 Osteopontin

Osteopontin (OPN) is a 33 kDa secreted calcium-binding protein, although the size of
this protein increases to approximately 41 kDa following post-translational
glycosylation and/or phosphorylation (Christensen et al 2007). Numerous cell types
produce OPN, including osteoblasts, endothelial cells, and VSMCs (Christensen et al
2007). OPN facilitates cellular adhesion and migration, and production in the VSMCs
is increased in response to low circulating levels of calcium and phosphate (Giachelli

2004).

Interestingly, VSMCs isolated from the aortas of Opn”~ mice showed no
morphological differences to VSMCs isolated from the aortas of Opn™* mice (Speer
MY et al 2005). Despite the deletion of Opn, these VSMCs did not calcify (as
quantified using the o-cresolphthalein assay and Alizarin red staining) under normal
culture conditions across a 7-week period (Speer et al 2005). However, when
stimulated with 2.4 mM phosphate, the Opn”- VSMCs calcified twice as much as the
Opn™* VSMCs (Speer et al 2005). This relationship remained consistent across
different phosphate concentrations, and the calcification phenotype could be rescued

with transduction of the Opn cDNA into the Opn™ cells (Speer et al 2005).

A separate study in wild-type mice indicated that uninjured, healthy arteries expressed
very low levels of Opn (Giachelli et al/ 1993). However, following vascular injury,
expression levels of Opn were significantly increased in neointimal VSMCs;
occasional VSMCs at the media-adventitial interface also expressed Opn (Giachelli et
al 1993; Speer and Giachelli 2004). This pattern of expression following vascular
injury is similarly observed in human vessels where OPN expression increases with
the degree of vascular calcification in the vessel, with particular localisation near
plaque deposits (Giachelli ef al 1993, Hirota et al 1993, lkeda et al 1993). Supported
by this evidence, OPN is therefore believed to be a crucial protein released in response
to calcification-inducing environments, although the mechanism by which this occurs

is still under investigation.
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1.3 Endothelium and Angiogenic Growth Factors

1.3.1 Vascular Growth Factors in this Thesis

The overarching aim of this thesis is to understand the potential role of vascular growth
factors on calcification. The primary role of these growth factors is to modulate the
endothelium, and thus I will briefly introduce the concept of endothelial dysfunction
and altered vascular growth factors in the context of renal disease. In particular, I will
describe one family of vascular growth factors called the angiopoietins that have been

studied in this thesis.

1.3.2 Endothelial Dysfunction

The endothelium, a monolayer of endothelial cells separating the circulating blood
from the contractile VSMCs, plays a key role in maintaining vascular homeostasis
through the regulation of vasoconstrictors and vasodilators in response to damaging
physical and circulating factors which may initiate inflammation, induce cellular

apoptosis, and modulate vascular tone and contractility (Deanfield et al 2007).

Endothelial dysfunction can be defined as the loss of this ability to self-regulate and
maintain vascular homeostasis. It is one of the earliest manifestations of CVD and can
begin several months to years prior to overt manifestations of CVD. This physiological
disturbance can be characterised by cellular disruptions to the endothelium without

adequate repair mechanisms (Moody et al 2012).

1.3.2.1 NO and Asymmetric Dimethylarginine

NO is one of the key components for maintaining endothelial health (Cannon 1998).
This vasodilator is derived from L-arginine and synthesised by endothelial NO
synthase (eNOS) (Wang et al 2010). Under healthy conditions, endothelial cells
remain in a quiescent state. However, alterations in shear stress, such as those induced
by high blood pressure, drive atherosclerotic development and neointimal hyperplasia,
mediated in part by a decrease in NO production (Coppolino et al 2008, Fitts et al
2014).
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eNOS activity can be compromised by the increased presence of a metabolic waste
product and L-arginine analogue, asymmetric dimethylarginine (ADMA). ADMA is a
strong predictive risk factor for CVD, as it competitively binds eNOS over L-arginine
and thus reduces the synthesis of NO (Fliser 2010). Elevated ADMA is associated with
high levels of LDL cholesterol, and is thus seen in many conditions giving rise to CVD
including diabetes and CKD (Boger et al 2000). Indeed, patients with CKD have been
shown to have significantly increased levels of circulating ADMA compared to
healthy individuals and these elevated levels are not cleared through dialysis (Xiao et
al 2001). Interestingly, ADMA levels are almost six times higher in patients on HD
than in patients on PD potentially due to altered vascular dynamics induced by HD

(Kielstein et al 1999).

A recent in vivo study has utilised a proximal tubule-specific knockout for an ADMA-
metabolising enzyme, dimethylarginine dimenthyaminohydrolase-1 (DDAH1), to
determine if kidney-specific elevated ADMA is a response to prevent renal injury
(Tomlinson et al 2015). Following folate-induced acute tubular injury, the Ddah 17"
mice exhibited a significant reduction in renal injury when compared with wild-type
mice (Ddahl’") treated with folic acid. Furthermore, the Ddahl”"mice showed
significantly lower levels of collagen deposition, an attenuated kidney: bodyweight
ratio, lower levels of cytokines and no change in blood pressure (Tomlinson et a/
2015). These data suggest that, although a systemic increase in ADMA may be
detrimental to the endothelium and instigate vascular damage, it may also act locally

as a protective mechanism to delay damage to the kidneys.

1.3.2.2 Endothelial activation and repair

Another crucial element in endothelial dysfunction is the ability of the endothelium to
repair itself. Although it remains controversial, a hypothesis is that there are two
endothelial cell subtypes, designated ‘endothelial progenitor cells’ (EPCs) and
detached ‘circulating endothelial cells’ (CECs), and that the balance of these two cell
subtypes is integral to endothelial repair (Figure 1.9; Mohandas and Segel 2010). EPCs
are defined as undifferentiated endothelial cells that originate from haematopoietic
stem cells in the bone marrow; these cells are believed to possess regenerative

potential, in that they can attach and repopulate damaged regions of the endothelium
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as well as engage in the formation of new blood vessels (Coppolini ef al 2008, Urbich

et al 2003).
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Figure 1.9: Endothelial dysfunction and protective cell populations

Endothelial dysfunction can be divided into three phases: endothelial activation, the
formation of a lesion, and repair of the damaged endothelium. Endothelial activation
is triggered by physical or chemical changes in the circulatory environment, such as
alterations in shear stress or factors in uremic serum. Apoptosis of endothelial cells
triggers budding of the endothelial cell membrane, which results in the release of
endothelial microparticles (EMPs) containing chemokines, which attract repair
mechanisms to the site of injury. Damaged endothelial cells (circulating endothelial
cells; CECs), although mature and intact, detach from the endothelial lining and enter
the circulatory system, leaving a gap in the endothelium. In healthy individuals, the
presence of endothelial progenitor cells (EPCs) in the circulation should attach and
repair these damaged regions; however, in disease states, the reduced presence of EPCs
prevents adequate repair. The diagram is redrawn with modification from Jourde-

Chiche et al (2011).

Comparatively, CECs are defined to be mature detached endothelial cells that enter

the circulation following a loss of adhesive signalling (Figure 1.9). While both EPCs
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and CECs are in the circulation, EPCs possess positive regeneration potential whilst
increased CECs indicate a loss of cells from the intact endothelium. As such, the
respective levels of these two populations are proposed to be indicative of the
endothelium’s repair capability, as the rate of endothelial loss (number of CECs)
cannot exceed the rate of repair (number of EPCs) whilst still maintaining a functional

endothelial layer.

Another indication of endothelial dysfunction is the release of endothelial
microparticles (EMPs; Figure 1.9). The term ‘EMP’ is used to describe vesicles,
between 100 nm—1 pm in size, that are released from activated endothelial cells. These
microparticles are believed to contain signalling factors, which can trigger an
inflammatory cascade and attract repair mechanisms to the site of injury (Dignat-

George and Boulanger 2011).

1.3.2.3 Endothelial dysfunction in CKD

One of the most common measurements of endothelial dysfunction is flow-mediated
dilatation (FMD), which examines the contractility and distensibility of the blood
vessel in response to altered flow (Charakida ef al 2010). FMD is typically measured
in the brachial artery, although in smaller patients (such as small paediatric patients)
the femoral artery may be used; this allows for greater reproducibility of the
measurements, as well as preventing large percentage changes due to small diameter
changes when compared with the baseline (Charakida et al/ 2010). To increase blood
flow to the brachial artery, a sphygmomanometer cuff is placed on the distal forearm,
1-2 cm below the crease of the elbow, and inflated to 50 mm Hg for approximately 5
minutes (Charakida et a/ 2010). Following release of the cuff, the vessel reaches
maximal dilation within 45-60 seconds and this measurement is then compared with
the baseline diameter of the vessel (Charakida et al 2010). Both diameters (baseline
and dilated) are measured using high-resolution ultrasound, with the exact location
along the brachial artery noted so as to allow for subsequent measurements of diameter
at a later point in time (Charakida ef a/ 2010).

As a measurement of vascular tone, FMD allows the effects of endothelial dysfunction
on the vessel’s ability to contract and dilate in response to signalling factors to be

quantitatively observed. During endothelial dysfunction, one of the vascular responses
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is a reduction in NO (discussed in Section 1.3.2.1); by inducing reactive hyperaemia,
in which the blood is rapidly restored following a short ischaemic episode, FMD
examines the efficiency of NO release and the relative health of the endothelium

(Flammer et a/ 2012).

FMD has been shown to decrease as the severity of CKD increases. In a study of adult
patients (n = 159) with CKD (but without diabetes or CVD), FMD was shown to
correlate with the stage of CKD with a reduction in FMD as the severity of CKD
increased (Yilmaz et al 2006). Similarly, this study also indicated that decreased FMD
correlated with an increase in markers of oxidative stress and ADMA (Yilmaz et al

2006).

Although there are limited studies examining endothelial dysfunction in paediatric
CKD patients, Kari ef al (1997) showed that, in a paediatric CKD population (n = 23)
without  confounding risk factors (i.e. no smoking, hypertension,
hypercholesterolaemia, or obesity), patients already exhibited signs of endothelial
dysfunction as determined by a significant decrease in FMD (Figure 1.10). Due to their
young age (mean = 12 years old), these results were unexpected and this study was the
first to show the early age at which paediatric CKD patients develop the first signs of
CVD.

However, Wilson et al (2008) found that, although there was more variation between
peak FMD measurements in children with CKD (n = 42), there was no overall
difference between patients and controls. The authors attributed this to a lesser degree
of disease severity than the Kari study, and noted that it took 30 seconds longer to
reach peak FMD in children with CKD than controls; this suggested that there is a less
rapid endothelial response to increased flow in children with CKD (Wilson ef a/ 2008).
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Figure 1.10: Endothelial dysfunction in paediatric patients
FMD is significantly reduced in paediatric patients with CKD, despite these
individuals not showing any other signs of CVD. This figure has been redrawn from

Kari et al (1997).

Decreased EPCs, increased CECs and an increase in EMPs have all been observed in
patients with CKD (Dursun ef al 2009, Jie et al 2010, Krenning et a/ 2009, Rodriguez-
Ayala et al 2000). Collectively, these studies have shown that the critical balance
between EPCs and CECs is compromised in CKD. In an adult CKD population,
patients exhibit significantly lower numbers of EPCs (CD34") and, although these
patients still maintain an EPC population, the remaining cells exhibit reduced mobility
and adhesion (Krenning et al 2009). Motility assays indicate that EPCs are
compromised as early as Stage 1 of CKD, indicating just how early in renal disease
endothelial dysfunction occurs (Krenning et a/ 2009). EPCs (CD34", KDRY) in
paediatric CKD patients are shown to decrease by 50% during HD when compared to
healthy paediatric controls (no data given for PD dialysis; Jie et al/ 2010). Again, the
remaining EPC population from the paediatric CKD patients exhibited reduced
mobility and adhesion capabilities (Jie et al/ 2010).

53



While patients with CKD exhibit reduced EPCs, they also have an increase in CECs
that correlates with disease severity. Uremic serum is believed to be one trigger of
endothelial detachment and anti-angiogenesis, as factors harmful to the endothelium
within the circulatory system are not cleared by dialysis (Rodriguez-Ayala et a/ 2006).
An antibody specific to myosin heavy chain class-I-related chain A, a marker of
endothelial cell inflammation, was used to separate inflammatory CECs in venous
blood samples of 19 CKD patients (55£3 years old) and 20 healthy controls (49+2
years old) using fluorescence-activated cell sorting (Rodriguez-Ayala et al 2006).
Using this sample, there was a significant increase in CECs in CKD patients
(7.6£2.7%) when compared to the controls (1.6+£0.3%), whilst there was a significant
decrease in EPCs in the CKD patients when compared to the controls (Rodriguez-

Ayala et al 2006).

Although both PD and HD carry a high risk of developing CVD, it has been suggested
that HD is more damaging to the endothelium than PD dialysis, potentially due to
alterations in shear stress (Boulanger ef a/ 2007). Indeed, patients undergoing
treatment with HD exhibit higher levels of CECs than either control individuals or
CKD patients on PD (Jourde-Chiche et al 2009, Merino et al 2010). One suggestion is
that the choice of dialysis membrane may play a role, as certain dialysis membranes

have been associated with an increase in the release of cytokines (Hoffman ez al 2003).

EMPs have also been recently investigated in patients with CKD. In a detailed
paediatric study by Dursun et al (2009) using 70 CKD patients (12 HD, 25 PD, 33 pre-
dialysis and 18 healthy controls), the number of EMPs (CD144") were measured in
each population and correlated with PWV and cIMT. Paediatric patients with CKD
exhibited higher levels of EMPs compared with healthy controls, and patients on
dialysis demonstrated significantly higher EMP levels when compared with pre-
dialysis CKD individuals (p<0.05) (Dursun et a/ 2009). Furthermore, patients on HD
had significantly more CD144" EMPs than patients on PD (Dursun et a/ 2009).
Platelet-free plasma (PFP) from these patients was then used to stimulate cultured
human umbilical vein endothelial cells (HUVECS) to determine if the uremic toxins
present in CKD plasma could potentiate EMP release (Dursun ef a/ 2009). Using an
antibody for s-Endo 1-associated antigen (CD146), the investigators utilised flow
cytometry to determine EMP number (Dursun et a/ 2009). PFP from children with
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CKD induced greater CD146" EMP release than PFP from control patients (Dursun et
al 2009). CD146" EMP release from HUVECs was also significantly greater when the
cells were exposed to PFP from HD patients compared with PD (p<0.05). Patients with
the greater EMP levels also exhibited increased markers of vascular stiffness (Dursun

et al 2009).

Although EMPs are endothelial-derived, they contain crucial signalling molecules
involved in vascular calcification, including the pro-calcification factor osteocalcin,
and have the ability to induce osteocalcin expression in SMCs (Soriano et al 2014).
EMPs have also been described as mediators of calcification as elevated extracellular
phosphate has been shown to increase EMP production; these EMPS possessed pro-
thrombotic tendencies (Abbasian ef al 2015). Although no firm mechanism is defined
as yet, these studies provide evidence for a potential endothelial-SMC relationship in

vascular calcification.

One proposed treatment to target endothelial dysfunction in patients with renal disease
is supplementation of L-arginine to improve NO bioavailability. The addition of L-
arginine in an animal model of CKD has been shown to attenuate renal disease
progression (Dupont ef al 2011). However, this has not worked in paediatric patients;
a study in which young CKD patients were supplemented with L-arginine showed no
significant improvements in endothelial function (Bennett-Richards et a/ 2002). This
suggests that endothelial dysfunction is triggered and sustained by factors in addition
to NO bioavailability in patients with CKD. One possibility is that endothelial
dysfunction is triggered by an alteration of factors within the uremic milieu,

particularly vascular growth factors or inflammatory cytokines.

One potential trigger could be cholesterol, a traditional risk factor for CVD (Fruchart
et al 2004). Recent studies have shown that high-density lipoprotein (HDL) which is
usually a protective factor for the endothelium can become atherogenic in some disease
states (Speer et al 2013). In CKD, HDL has been shown to induce endothelial
dysfunction due to the production of another arginine derivative, symmetric-

dimethylarginine (SDMA) and suppression of NO activity (Speer et al 2013).
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Another possibility, which will be explored in this thesis, is that endothelial
dysfunction is triggered by changes in vascular growth factors that control blood vessel
function and stability. In particular, I will focus on a growth factor family called the
angiopoietins (Woolf ef al 2009). Recent experiments from our laboratory have shown

that the angiopoietins may contribute to CVD in CKD patients (Shroff ef al 2013).

1.3.3 Angiopoietins and the Receptor Tyrosine Kinases

1.3.3.1 Angiopoietins

The angiopoietins are a family of secreted vascular growth factors that are best known
for their roles in angiogenesis and the maintenance of vascular stability. There are
currently 4 known angiopoietins — angiopoietin-1 (Angptl), angiopoietin-2 (Angpt2),
mouse angiopoietin-3 (Angpt3) and human angiopoietin-4 (Angpt4) (Davis et al 1996,
Maisonpierre et al 1997, Valenzuela et al 1999). For this thesis, the primary focus is
on Angptl and Angpt2, which bind to the receptor tyrosine kinase Tie2 (tyrosine
kinase that contains immunoglobulin-like loops and epidermal growth factor-similar

domains).

1.3.3.2 Molecular structure of the angiopoietins

Angptl was first discovered in 1996 as a ligand for the Tie2 receptor, using secretion-
trap expression cloning (Davis ef al 1996). By utilising a probe consisting of the Tie2
ectodomain fused to human IgG and coupled to a BIAcore sensor chip, Davis and
colleagues (1996) screened conditioned media from a variety of cell lines to detect if
Tie2 binding activity could occur. Of these cell lines, two (a human neuroepithelioma
cell line, SHEPI-1, and a mouse myoblast cell line, C2C12ras) exhibited positive
binding activity that could be inhibited by the addition of soluble Tie2 (Davis et a/
1996). Tie2 phosphorylation was also induced in cultured endothelial cells when
treated with conditioned media from these two cell lines; soluble Tie2 could inhibit
this phosphorylation, and it was proposed that this Tie2-binding molecule was a
secreted factor (Davis et al 1996). To isolate this secreted factor, Davis and colleagues
(1996) constructed cDNA libraries from both of these cell lines, and these were then

screened for ligand expression by staining with Tie2-Fc fusion proteins. Positive

56



staining indicated that the ligand of interest (in this case, Angptl) was expressed, and
the plasmid DNA was extracted and electroporated into bacterial cells for rapid
amplification (Davis et al 1996). Following transfection of the amplified plasmid, the
transfected cells were again stained with Tie2-Fc for the Tie2 ligand; these cells
exhibited a significant increase in positive staining, and thus their plasmids were
determined to contain the ligand deemed ‘angiopoietin-1’ (Davis et al/ 1996). The
human and mouse Angptl cDNA sequence was subsequently obtained from the
isolated plasmid, and the amino acid sequence of the protein was then determined and

the protein structure characterised (Davis ef al 1996).

The structure of Angptl consists of two distinct domains: a N-terminus coiled-coil
domain, rich in alpha helices and a C-terminus fibrinogen-like domain (Figure 1.11).
Angptl is a highly glycosylated protein, containing five consensus sequences for N-
glycosylation. By treating Angptl with PNGase-F, an amidase, Davis and colleagues
(1996) highlighted the degree of glycosylation, as the glycosylated protein had a
molecular weight of ~70 kDa compared with the native unglycosylated structure with
a molecular weight of ~55 kDa. The N-terminus of the protein contains a hydrophobic
amino acid sequence, characteristic of secretory molecules to allow the protein to

easily cross the lipid-based plasma membrane (Davis et al 1996).

The 498 amino acid sequence is highly conserved between species, with mouse and
human transcripts sharing 97.6% identity (Davis et al 1996). However, Huang et al
(2000) have identified three other splice variants of Angptl of 367 (Angpt1-367), 285
(Angpt1-285) and 154 (Angptl-154) amino acids in length (Figure 1.12). Each of these
1soforms appears to possess unique binding characteristics in regard to their capacity
to bind and phosphorylate the Tie2 receptor. Whilst the full-length Angptl and isoform
Angpt1-285 can bind to Tie2 due to the presence of the C-terminal fibrinogen domain,
only the full-length Angptl can induce tyrosine phosphorylation of the receptor
(Huang et al 2000). Interestingly, the secretory consensus sequence is conserved
between each of these isoforms, indicating that they are destined for secretion and thus

likely all have a biologically active role.

Angptl and Angpt2 both have the propensity to form dimers and multimers under non-

reducing conditions, due to the presence of cysteine residues near the N-terminus of
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the peptide chain that form disulphide bonds between chains (Kim et a/ 2000). These
cysteine residues are crucial for Tie2 binding, as binding cannot occur if cysteine is
substituted with another amino acid. Angptl preferentially forms large multimers,
whereas Angpt2 preferentially forms dimers (Kim et a/ 2000). Additionally, only
Angpt1-367 can form multimers with full-length Angptl, due to the presence of the
full coiled-coil domain in this isoform (Huang ef a/ 2000). The binding affinities of
Angptl are closely linked to the oligomerisation state, as Angptl activates and
phosphorylates Tie2 when in tetra or pentameric form. In dimeric or trimeric form,
Angptl can bind Tie2 but does not induce phosphorylation, and in monomeric form,
Angptl does not engage with Tie2 but rather preferentially binds to the a5p1 integrin
(Weber et al 2005).

Angpt2 was discovered shortly after Angptl using low stringency hybridisation
screening (Maisonpierre et al 1997). Angpt2 shares 60% homology with Angptl; the
N-terminus coiled-coil domain and the C-terminus fibrinogen-like domain are
conserved between both proteins (Maisonpierre ef al 1997). Unlike Angptl, Angpt2
exhibits a greater variation between species, as mouse and human transcripts share
only 85% homology (Maisonpierre et al 1997). A secondary human transcript for
Angpt2, containing 443 amino acids (Angpt2443), has also been isolated; however, this
isoform lacks part of the coiled-coil domain due to the site of alternative splicing
(Figure 1.12, Kim et al 2000). Angpt2443 can bind but not phosphorylate Tie2 (Kim et
al 2000). Both Angpt2 and Angpt2443 are highly glycosylated proteins, likely due to
their roles as secretory signalling molecules, with molecular weights of ~68 kDa and
~61 kDa respectively, when in glycosylated form (Kim et al 2000). Interestingly,
Angpt2443 is expressed at high levels in both primary carcinoma cells and in
macrophages and is thus believed to have a potential role in inflammatory actions (Kim

et al 2000).
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Figure 1.11: Structure of Angptl and Angpt2

Angptl and Angpt2 are structurally similar, consisting of a superclustering domain, a
coiled-coil domain and a fibrinogen-like domain. However, Angptl preferentially
forms tetramers whilst Angpt2 preferentially forms dimers. This figure is redrawn with

modification from Augustin et a/ (2009).
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Figure 1.12: Alternative splicing isoforms of ANGPTI and ANGPT2

Alternative splicing of ANGPTI can lead to the formation of several isoforms,
contributing to different multimerisation states: ANGPT1 (full length; 483 amino
acids), ANGPT1-367 (367 amino acids), ANGPT1-285 (285 amino acids) and
ANGPTI1-154 (154 amino acids). In this diagram, the dark blue box is the Angptl

59



coiled-coil domain and the light blue box is the Angptl fibrinogen-like domain; the
black and white versions underneath indicate the splice isoforms. Alternative splicing
of ANGPT?2 leads to two described isoforms: ANGPT2 (full length; 496 amino acids),
and ANGPT2-443 (443 amino acids). In this diagram, the dark purple box is the
Angpt2 coiled-coil domain, and the light purple box is the Angpt2 fibrinogen-like
domain; the black version underneath indicates the splice variant. Thin black lines
indicate the region of the gene that is spliced out in the variant. Figure redrawn with

modifications from Jones et a/ (2001).

1.3.3.3 Angiopoietin binding and receptor phosphorylation

Both Angptl and Angpt2 bind with similar affinity to the receptor tyrosine kinase Tie2
(Davis et al 1996, Maisonpierre et al/ 1997). Binding of Angptl to Tie2 is responsible
for tyrosine phosphorylation of the receptor in cultured endothelial cells. In contrast,
Angpt2-Tie2 binding does not induce phosphorylation of the receptor (Davis et al
1996, Maisonpierre et al 1997). Maisonpierre et al (1997) then showed that Angpt2,
in an excess of Angptl, could competitively bind to Tie2 and thus block receptor
phosphorylation thus suggesting that Angpt2 was a natural antagonist of Angptl. It
was subsequently postulated that phosphorylation of the Tie2 receptor is based on the
balance between the angiopoietin ligands and their agonist-antagonist relationship

(Maisonpierre et al 1997).

Although the central dogma is that Angptl is a Tie2 agonist whilst Angpt2 is an
antagonist, there is some evidence to support Angpt2 acting as a Tie2 agonist under
certain conditions. In particular, the role of Angpt2 as an agonist appears to occur
during tumorigenesis when there is a surplus of vascular endothelial growth factor A
(VEGFA, another vascular growth factor that binds to receptor tyrosine kinases) in the

surrounding environment (Daly et al 2013).

Lobov and colleagues (2002) investigated the relationship between VEGFA and
Angpt2 by injecting these growth factors into 5-day old Sprague-Dawley rats.
Following a 24-hour period, these pups were culled, fixed, and their vasculature was
examined. Under these conditions, the combination of Angpt2 and VEGFA supported
the sprouting and migration of endothelial cells. Additionally, Yuan et al (2009)
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stimulated HUVECs in vitro with exogenous Angpt2 (200 or 400 ng/mL). In this
situation, they observed phosphorylation of the Tie2 receptor though to a lesser degree
than when HUVECs were stimulated with the same concentration of Angptl (Yuan et
al 2009). This suggested that although both angiopoietins can act as Tie2 agonists,
Angpt2 is a weaker agonist of the receptor (Yuan et al 2009). Finally, Maisonpierre et
al (1997) showed that Angpt2 could induce phosphorylation for ectopically expressed
Tie2 in NIH 3T3 fibroblasts. Collectively, these experiments indicated that the ability
of Angpt2 to phosphorylate Tie2 is context-dependent and may be altered in different

cell types and biological environments.

1.3.3.4 Molecular Structure of the Tie Receptors

Tie2 is a receptor tyrosine kinase that consists of two primary domains: an extracellular
domain (composed of three epidermal growth factor (EGF) repeats, two
immunoglobulin (Ig)-like loops, and three fibronectin type III repeats), and an
intracellular tyrosine kinase domain (Figure 1.13). The first Ig-like region and three
EGF modules are essential for angiopoietin binding (Fiedler et al 2002). Tie2
possesses two tyrosine residues at sites 1102 and 1108 in humans (1100 and 1106 in
mouse), which can undergo phosphorylation to stimulate the downstream pathways.
Bogdanovic et al (2006) demonstrated that, following receptor activation by either
Angptl or Angpt2, Tie2 is internalised. The rate of internalisation is dependent on
whether Angptl or Angpt2 activates the receptor, with Angpt1 initiating a significantly
more rapid response. When Tie2 is internalised, the ligand is released and remains
biologically active for subsequent binding, thus indicating that release does not occur

due to external cleavage of Tie2 (Bogdanovic ef al 2006).

Tiel shares a high degree of homology to Tie2 (Macdonald et a/ 2006). However, the
biological role of Tiel is not as well characterised, as it has been seen as an orphan
receptor (Korhonen ef a/ 2016). Though no ligand has been found for Tiel, the receptor
has been shown to play a role in regulating Tie2 availability and subsequent
phosphorylation (Savant ef a/ 2015, Korhonen et al 2016). Under quiescent conditions
in endothelial cells, Angptl is constitutively expressed and binds to Tie2; this
maintains endothelial cell stability (Thurston ef al 1999, Thurston et a/ 2000). Not all

Tie2 receptors are required to be active to maintain this balance, and it is suggested
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that Tiel: Tie2 dimerisation occurs to prevent either angiopoietin from binding (Singh
et al 2011). In the setting of inflammation and endothelial leakage (Dunne ef a/ 2013),
Tiel is cleaved from Tie2; this allows for increased Angptl binding to Tie2, which
drives an anti-inflammatory response and helps to maintain vascular stability

(Korhonen et al 2016).

Tiel Tie2 (dimer)
Ig-like domains Ig-like domains
EGF-like domains EGF-like domains
Ig-like domain Ig-like domain
Fibronectin type lll repeats Fibronectin type lll repeats
Transmembrane domain Transmembrane domain
Split tyrosine kinase Split tyrosine kinase

Figure 1.13: Structure of Tiel and Tie2
Tiel and Tie2 share the same domains, whilst Tiel is a monomer and Tie2 dimerises.

Figure redrawn with modification from Augustin et a/ (2009).

1.3.3.5 Expression and storage of the angiopoietins

Under quiescent conditions, Angpt1 is constitutively produced by pericytes, which are
perivascular cells that surround the endothelial layer of the blood vessels and stabilise
the vasculature (Saharinen and Alitalo 2011). In comparison, Angpt2 is primarily
stored within the Weibel-Palade bodies (WPB) of the endothelial cells (Rondaij ef al
2006). WPBs are column-shaped secretory organelles between 1-6pum in length that
are unique to the endothelium (Rondaij et al 2006). The WPBs store and rapidly release
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proteins in response to external stimuli such as hypoxia, inflammatory agents such as
thrombin and histamine, and shear stress (Rondaij et al/ 2006). WPBs are composed of
densely packed parallel rod-like structures, surrounded by a matrix and a lipid bilayer.
These take on a more aligned arrangement, increase in electron density, and compact
further as the WPBs mature (Valentijn et a/ 2011). This allows these bundles to be
more flexible in their immature state which may allow them to manoeuvre more
readily within the cytoplasm (Valentijn et a/ 2011). The most notable component of
the WPB is the pro-thrombotic multimeric protein Von Willebrand Factor (VWF),
which is stored in the compact rods (Rondaij et a/ 2006). VWF is essential to the
formation of WPB; VWF-deficient dogs have no WPB in their endothelial cells, while
conversely, ectopic VWF expression in other cell types initiates WPB formation in
these cells (Haberichter et al 2005). The WPBs also store inflammatory and adhesion
proteins, including the cellular adhesion molecule P-selectin (Fiedler et al 2004).
Following stimulation with cytokines, such as histamine and thrombin, P-selectin is
released from the WPB and expressed on the surface of activated endothelial cells
where it promotes leukocyte recruitment (Fiedler et al 2004; 2006). Though both
Angpt2 and P-selectin can be co-expressed and co-regulated by VWF, the storage of
Angpt2 and P-selectin are mutually exclusive (Fiedler ef a/ 2004). This exclusivity can
be specific to individual cells, or to individual WPBs within a single cell; the reasons

behind this are not yet known (Fiedler et a/ 2004).

1.3.3.6 Angiopoietins in angiogenesis

During blood vessel formation, Angptl promotes vascular stabilisation through
promoting cell-cell interactions between endothelial cells and the surrounding
pericytes (Carmeliet and Jain 2011). The biological effects of Angpt2 on blood vessels
are dependent on the environmental concentrations of VEGFA. Crucially, Angpt2 acts
to promote vascular regression when upregulated in a low-VEGFA environment,
whilst vascular destabilisation is followed by angiogenesis under a VEGFA rich milieu
(Figure 1.14) (Maisonpierre ef al 1997). Additionally, Koblizek et a/ (1998) provided
some of the first in vitro evidence to implicate the interaction between Angptl and
Tie2 in sprouting angiogenesis. Endothelial cell-coated microbeads, embedded and
cultured in a 3-dimensional fibrin gel, were treated with either control or Angptl-

containing conditioned media; those treated with Angptl exhibited endothelial sprout
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formation. However, when endothelial cells were derived from Tie2-deficient mice,
Angptl did not induce sprouting, suggesting that Tie2 was necessary for Angptl
signalling (Koblizek et al 1998). Koblizek and colleagues (1998) used this same
culture system to test the effects of VEGFA, in which they observed that VEGFA

could promote sprouting but that this sprouting was not Tie2-dependent.
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Figure 1.14: Functional roles of Angptl and Angpt2 in vascular stabilisation

Angiopoietin-1 (Angptl) binding to Tie2 phosphorylates the receptor, which promotes
blood vessel maturation and stability. Conversely, Angiopoietin-2 (Angpt2) can also
bind without activating Tie2. The effects of Angpt2 can lead to vascular regression in
the absence of vascular endothelial growth factor-A (VEGFA), whilst it promotes

sprouting and angiogenesis in a VEGFA-rich environment.
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1.3.3.7 Downstream effects of angiopoietin binding

The binding, or lack thereof, of the angiopoietins can activate several downstream
pathways supporting inflammation, endothelial survival and endothelial migration
(Figure 1.15, Huang et a/ 2010). The binding of Angptl to Tie2 activates one of these
key pathways, leading to endothelial destabilisation (as outlined in Figure 1.14). Upon
binding, the tyrosine kinase residues on the receptor undergo phosphorylation. The
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB, also known as AKT)
pathway is activated under these quiescent conditions (Thurston and Daly 2012;
Potente et al 2005). This blocks the function of the Angpt2-promoting transcription
factor forkhead box O (FOXO1); in vitro silencing of FOXO1 in endothelial cells has
been shown to significantly reduce Angpt2 expression, as well as increase the
expression of both eNOS and the apoptosis inhibitor survivin (Thurston and Daly
2012; Potente et al 2005). Conversely, low levels of Angptl result in a subsequent
decrease of binding and phosphorylation of Tie2; this thereby increases the expression
of Angpt2 and decreases the expression of eNOS (Thurston and Daly 2012; Potente et
al 2005).

Tie2 also inhibits the inflammatory regulator, A20 binding inhibitor of NF-kB
activation-2 (ABIN2), which regulates the activation of both IkB kinase (IKK) and
NF-xB, and therefore helps to attenuate the inflammatory response induced by
cytokines such as TNF-a and interleukin (IL)-1 (Hughes et a/ 2003; Lawrence 2009).
Through interaction with ABIN2, Tie2 can act in an anti-inflammatory capacity, which

may help to stabilise the endothelium (Hughes et al/ 2003).

Tie2 also plays a regulatory role in endothelial proliferation and migration through two
known pathways. When stimulated by Angptl, Tie2 can tyrosine phosphorylate
‘downstream of kinase (DoK)-related protein” (DOKR), leading to the recruitment of
the cytoskeletal factor Nck and p21-activating kinase (PAK)(Master ef al 2001). This
activity is crucial for vascular remodelling, and complete endothelial deletion of Nck
has been shown to lead to defective angiogenesis and embryonic lethality (Clouthier

et al 2015).
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Tie2 can also alter proliferation and migration through phosphorylation of growth
factor receptor-bound protein (GRB)-2, leading to the conversion of Ras to its active
state and the eventual activation of extracellular signal-regulated kinases (ERK)-1 and
2 (Walker et al 1998). Similarly to the DOKR pathway, in vitro deletion of pathway
components (in this case, specific deletion of Erk2 in Erkl”" mice) resulted in reduced
angiogenesis, when compared with wild-type mice, and embryonic lethality

(Srinivasan et a/ 2009).

1.3.3.8 Integrin binding to the angiopoietins

Another mechanism by which Angpt2 can act upon cells is through integrin binding
(Figure 1.15). These large, heterodimeric transmembrane proteins consist of multiple
subunits and play a significant role in regulating adhesion to the ECM and cytoskeletal
organisation (Aplin et al 2001). Integrin binding can activate ERKs, similarly to Tie2;
however, it can also regulate the phosphorylation and activity of focal adhesion kinase
(FAK), a critical enzyme that helps to promote stability of the endothelium (Belvitch
and Dudek 2012).

The Angpt2-integrin pathway has been increasingly investigated in diabetic
retinopathy, as the disease manifests — in response to hyperglycaemia — as leakage in
the microvasculature alongside an upregulation in Angpt2 (Patel et a/ 2004). However,
a dose-dependent relationship between Angpt2 and pericyte apoptosis was observed
following injection of exogenous Angpt2 into the eyes of wild-type mice (Hammes et

al 2004).

In another study, astrocytes were also shown to undergo apoptosis when treated with
Angpt2 in a high-glucose environment (Yun ef al 2016). However, these astrocytes
did not express Tie2 and instead, Angpt2 was shown to bind to the avf5 integrin (Yun
et al 2016). Angpt2 has likewise been shown to bind to the a3B1 integrin in pericytes
(Felcht et al 2012). Hakanpaa and colleagues (2015) have recently shown that Angpt2,
but not Angptl, can bind and activate 1-integrin to induce endothelial destabilisation.
From their results, the authors propose that Tie2 downregulation in endothelial cells

initiates Angpt2- B1-integrin signalling.
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Figure 1.15: Downstream cascades initiated by Tie2 and integrin binding

Binding of the angiopoietins to Tiel and integrins (shown here, a5B1) may activate
numerous downstream components leading to endothelial cell proliferation and
migration, inflammation, and endothelial cell survival interaction. Diagram redrawn

with modification from Huang et al 2010.

The abbreviations for components in the above pathways are as follows (note that
many of these are not in the abbreviations list on page 10 as they are not recurring
abbreviations): ABIN2, A20-binding inhibitor of NFxB; AKT, protein kinase B;
DOKR, Dok-related protein; eNOS, endothelial nitric oxide synthase; ERK,
extracellular signal-regulated kinase; FAK, focal adhesion kinase; GRB2, growth
factor receptor-bound protein 2; [CAMI1, intercellular adhesion molecule 1; IKK, IxB
kinase; MEK, mitogen-activated protein kinase kinase; Nck, non-catalytic region of
tyrosine kinase adaptor protein 1; NFkB, nuclear factor kappa-light-chain-enhancer of
activated B cells; PAK, p2l-activated protein kinases; PIP, phosphatidylinositol;
P13K, phosphoinositide 3-kinase; RAFi, RAF-inhibitor; SHP2, Src homology-2
domain containing protein tyrosine phosphatase-2; VCAMI, vascular cell adhesion

molecule 1.
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1.3.4 Angiopoietins in Disease

1.3.4.1 Angiopoietins in inflammation

Angpt2 is implicated in short-term inflammatory responses, helping to recruit
neutrophils to the site of infection. Fiedler et a/ (2006) challenged wild-type and
Angpt2’”- C57BL/6 mice with thioglycollate-induced peritonitis to induce an
inflammatory response; while wild-type mice responded with an influx of neutrophils
to the peritoneal cavity, this was significantly dampened in Angpt2”- mice. Subsequent
peritoneal infection with Staphylococcus aureus induced the same differential
response; additionally, though wild-type mice exhibited a phenotype indicative of an
active immune response within 2-4 hours of infection, Angpt2”- mice showed no signs

of inflammation.

Fiedler et al (2006) also modelled long-term infection in both wild-type and Angpt2”-
mice using Streptococcus pneumonia; however, there were no significant differences
in the immune response between wild-type and Angpt2”, suggesting that Angpt2 is
only a short-term inflammatory trigger for which there is overall redundancy in the
long-term situation. Fiedler et al (2006) initially examined Tie2 expression on their
murine neutrophil population (as this would be a means for which Angpt2 could
directly act upon the neutrophils for recruitment) using fluorescence-activated cell
sorting (FACS); however, they did not see expression of Tie2 on their cells. However,
other studies utilising neutrophils isolated from human blood samples have suggested
that Tie2 is indeed present on these cells, as determined through FACS (Lemieux et a/

2005, Brkovic et al 2007).

Patients admitted to intensive care with septicaemia presented with high levels of
circulating Angpt2 (9.8+3.2 ng/mL), which corresponded with low survival rates over
a 28-day hospitalisation period, with Angpt2 levels increasing during the time-period
(Kiimpers et al 2009). Comparatively, healthy adult controls exhibited Angpt2 levels
of 0.57£0.20 ng/mL (Kiimpers et a/ 2009). It should be noted that the pathologically
high levels of Angpt2 are substantially lower than the levels of Angpt2 utilised in many
in vitro studies (Yuan et al 2009). The authors of this study postulated that the elevated

circulating Angpt2 levels are not due to septicaemia itself but rather a side- effect of
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the inflammatory endothelial state. Collectively, these studies show that Angpt2 may
be elevated in inflammatory conditions and be involved in the rapid recruitment of

neutrophils to the site of infection.

1.3.4.2 Angiopoietins in cancer

Tissue-specific alterations of the angiopoietin balance have been identified in cancers,
specifically during tumorigenesis (Saaristo et a/ 2000, Takahama et al 1999). A key
characteristic of tumour growth is the extensive neovascularisation of the malignant
tissue, which allows for increased perfusion and nutrient dispersion within the rapidly
expanding tissue. Apart from driving cell proliferation and tissue expansion, this
expansive vascularisation increases the risk of tumour rupture and spontaneous

intraperitoneal bleeds (Saaristo et al 2000, Takahama et al 1999).

Tanaka et al (1999) examined angiopoietin expression in both healthy and malignant
liver samples from patients diagnosed with hepatocellular carcinoma, as well as
healthy controls. The tumour samples were histologically classified into two groups —
hypervascular and hypovascular — based on their vascular staining patterns; these were
then matched against healthy liver tissue from the same patient (Tanaka et al 1999).
ANGPTI mRNA levels remained consistent across both tumour and healthy tissue
samples (Tanaka ef al 1999). In comparison, ANGPT2 mRNA was detected in 83.3%
of the hypervascular tumour tissue while only 18.2% of the hypovascular tumour tissue
expressed Angpt2 (Tanaka ef al 1999). No detectable ANGPT2 mRNA was found in
the healthy tissue (Tanaka et al 1999). Transfecting human hepatic cells with Angpt2
in vitro did not drive cellular proliferation; however, injecting the transfected hepatic
cells near the liver bed of nude mice (n = 20) led to the growth of haemorrhagic
tumours in 100% of the mice (Tanaka et al 1999). Injection of mock-transfected cells
induced no tumorigenic changes (n = 20). Increased ANGPT2 mRNA has also been
correlated with decreased patient survival rates across cancer types, such as gastric

cancer (Etoh et al 2001) and breast cancer (Sfliligoi et al 2003).

These studies indicate that raised Angpt2 levels occur in several cancer types and are
associated with adverse clinical outcomes (Etoh ef a/ 2001, Sfliligoi et al 2003, Tanaka

et al 1999). Increased Angpt2 may promote tumour growth in these conditions and be
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a therapeutic target in cancer. Specific targeting of endogenous Angpt2 using Angpt2-
selective peptide-FC fusion proteins and antibodies was shown to reduce tumour
growth and, in some cases, completely ablate tumours, in mouse xenograft models of
tumorigenesis (Oliner ef al 2004). However, constant dosing was required to maintain
tumour regression as clearance of the anti-Angpt2 protein or antibody corresponded
with an increase in tumour regrowth (Oliner et al 2004). Because of these promising
results, one of the angiopoietin-specific recombinant peptide-FC fusion proteins,
AMG 386 (Trebananib, Amgen) progressed to Phase | human trials where it was well
tolerated in a small sample size (Mita et al 2010). AMG 386 is currently undergoing
Phase III clinical trials in women with ovarian cancer, primary peritoneal cancer and

fallopian tube cancer (Amgen NCT01493505).

1.3.4.3 Angiopoietins in CKD

The angiopoietins are of key interest in the study of CKD and CVD, as many
nephropathies are characterised by endothelial damage. Davis et al (2007) showed that
targeted podocyte overexpression of Angpt2 in the glomerulus of mice increased
glomerular endothelial cell apoptosis, and this was accompanied by decreased
environmental VEGFA whilst circulating Angptl levels remained unchanged. Under
these conditions, the vasculature is primed for destabilisation and regression, and the
unstable glomerular endothelium led to increased albuminuria, though this did not

reach the nephrotic range (Davis et al 2007).

Numerous studies in both adult and paediatric populations have now shown an
imbalance in circulating levels of the angiopoietins in CKD patients. Chang et al
(2013) recently examined the association between albuminuria and circulating Angpt2
using plasma samples from 416 adult patients with pre-dialysis CKD stages 3-5.
Circulatory growth factors Angptl, Angpt2, VEGFA and soluble Tie2 (sTie2, the
angiopoietin receptor) were measured; however, only Angpt2 showed a positive
correlation with albuminuria. Angpt2 also correlated with markers of inflammation,
namely IL-6 and TNF-a, and high-sensitivity C-reactive protein (hsCRP); however,

there was no correlation between hsCRP and albuminuria (Chang et al 2013).
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Several studies by David et al (2009, 2010, 2012) have investigated the relationship
between Angpt2 and CKD in the adult population. The first study from this group
displayed a positive linear relationship between increasing Angpt2 levels and CKD
severity, the length of disease, and the length of time spent on dialysis (David et al
2009). Additionally, this work suggested a correlation between increased vascular

calcification and increased Angpt2 levels (David et al 2009).

A further study by David et al (2012) examined Angptl and Angpt2 levels in 128 adult
CKD patients across CKD Stage 4 and 5 on both HD and PD, and both vascular plaque
and arterial stiffness were quantified and compared to 20 healthy controls. Their data
indicated that, at baseline, CKD patients had increased levels of circulating Angptl
and Angpt2 compared with controls; however, whilst levels of Angptl did not vary
between CKD groups, Angpt2 levels were increased in patients on dialysis compared
with CKD Stage 4 patients (David ef a/ 2012). Dialysis modality did not alter Angpt2
levels. Additionally, sTie2 increased across controls, CKD Stage 4 patients and
dialysis CKD patients respectively (David et a/ 2012). This demonstrated that Angpt2
was an independent predictor of mortality in CKD patients and correlated with markers
of CVD (cholesterol, hsCRP, and osteoprotegerin) but not vascular calcification or

arterial stiffness.

Interestingly, previous work from the same group did not find any association between
Angptl or Angpt2 and vascular calcification; however, sTie2 levels were shown to
significantly correlate with arterial stiffness (David ef al 2010). The authors suggested
that the discrepancy between these two studies with regard to the relationship between
calcification and Angpt2 might have been due to differing disease severity in the CKD
cohorts examined; whilst the 2010 study was based on CKD Stage 5 patients, the 2012
study included less severe CKD Stage 4 patients.

1.3.4.4 Angiopoietins in paediatric CKD patients

Few studies to date have examined the expression of angiopoietins in the paediatric
population. However, a recent study from Shroff ez al (2013) confirmed that paediatric
patients exhibit the same angiopoietin imbalance as is seen in adults with CKD; this

study set the groundwork (and subsequent funding) for the current project. Utilising a
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cohort of 75 children (25 healthy controls, 20 pre-dialysis CKD patients, 16 CKD
patients undergoing PD, and 14 CKD patients undergoing HD) from GOSH, Shroff et
al (2013) investigated circulatory levels of Angptl and Angpt2 in paediatric CKD
patients and their correlation with markers of cardiovascular health. Given the young
age of this cohort (mean age in years: pre-dialysis = 10.7+4.1, dialysis = 14.2£3.9,
healthy control = 13.1£2.8), many of the traditional cardiovascular risk factors were
minimised thereby reducing external factors with potential to influence the

development of CVD.

Blood samples and measurements of vascular parameters were done during routine
clinical visits. Serum was utilised to measure circulating levels of Angptl, Angpt2,
VEGFA, Flt-1, E-selectin, P-selectin, intracellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1); vascular scans were conducted to

measure the cIMT and PWV (Shroff ef al 2013).

Circulating Angpt1 was decreased in pre-dialysis CKD patients compared with healthy
controls (p = 0.02), whilst dialysis patients exhibited levels of Angptl similar to
healthy controls (Figure 1.16A) (Shroff ef al 2013). However, circulating Angpt2 was
significantly increased in patients receiving dialysis compared with both healthy
controls and pre-dialysis CKD patients (p<0.0005, Figure 1.16B) (Shroff ef al 2013).
Given that the effects of the angiopoietins are driven by the ratio between the two
factors, the Angpt2: Angptl ratio was calculated for all groups (Figure 1.16C). Whilst
there was no difference in the ratios between the control and pre-dialysis groups, the
ratio was significantly increased in patients undergoing dialysis as compared with both
pre-dialysis patients and controls; this suggests that the balance of the angiopoietins
favours increased Angpt2 in this cohort (Figure 1.16C) (Shroff ef a/ 2013). Angpt2
levels were shown not to correlate with age, gender, the length of CKD duration, or
mode of dialysis; however, Angpt2 did show a positive linear relationship with the
length of time spent on dialysis (Shroff ef al 2013). Additionally, samples taken from
before and after dialysis showed no significant difference between circulating levels
of Angpt2 (p = 0.7), indicating that Angpt2 is not cleared by dialysis; this is likely due
to the multimeric protein structure of Angpt2 (Shroff et al 2013).
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Figure 1.16: Circulating levels of Angptl and Angpt2 in CKD patients

A: Circulating Angptl is modestly but significantly reduced in pre-dialysis CKD
patients, whilst there is no significant change between dialysis patients and healthy
controls. B: Circulating Angpt2 is significantly increased in CKD patients on dialysis,
whilst there is no change between pre-dialysis CKD patients and healthy controls. C:
The Angpt2: Angptl ratio is significantly increased in patients undergoing dialysis,
compared with healthy controls, with a tendency for levels to be elevated in pre-
dialysis CKD patients; this suggests that Tie2 binding of Angpt2 is favoured over the
binding of Angptl. Results are presented as mean + standard deviation, and p-values
were calculated using analysis of variance (ANOVA) to compare between groups.

Figure redrawn from Shroff et a/ (2013).

To determine whether the elevated levels of Angpt2 were accompanied by a
surrounding milieu which favoured vascular regression or sprouting, circulating levels
of VEGFA and the soluble VEGFA receptor (sFlt-1) were also measured in both pre-
dialysis and dialysis patients (Figure 1.17 A and B) (Shroff ef a/ 2013). sFlt-1 has been

previously shown to be elevated in patients with CKD; this soluble receptor inhibits
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angiogenic activity by binding VEGFA with similar affinity to the VEGFA receptor,
as it contains the same VEGFA binding domain as VEGFR but without the

transmembrane and cytoplasmic regions (D1 Marco et a/ 2009).
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Figure 1.17: Angpt2 correlates with markers of vascular health

A: VEGFA levels were measured in the patient cohort; mean VEGFA levels are
significantly decreased in patients on dialysis, compared to pre-dialysis CKD patients.
B: Levels of VEGFA receptor (sFltl) were also measured in the patient cohort and
sFLT1 was significantly increased in patients on dialysis compared to pre-dialysis
CKD patients. The decreased VEGFA levels along with the increase of sFltl favour
the destabilising effects of Angpt2 in patients on dialysis. Results are presented as
mean * standard deviation, and p-values were calculated using ANOVA to compare

between groups. Figure redrawn from Shroff et a/ (2013).

In dialysis patients, endogenous VEGFA levels were significantly lower than in pre-
dialysis patients (p = 0.003), whilst sFlt-1 levels were significantly higher (p<0.0001)
(Shroff et al 2013). Although neither VEGFA nor sFlt1 exhibited correlation with any
physiological markers of CVD, circulating Angpt2 itself was shown to positively
correlate with several markers in dialysis patients, namely systolic blood pressure,
serum urate levels and cIMT (Shroff et a/ 2013). This positive correlation was not
observed in healthy controls or pre-dialysis patients (Shroff ef al 2013). Interestingly,
Angpt2 did not correlate with PWV, suggesting that an alteration in the angiopoietins

may occur prior to early signs of endothelial dysfunction.
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Given that Angpt2 is known to have pro-inflammatory effects, inflammatory factors
E-selectin, P-selectin, sVCAM-1, and ICAM-1 were measured and correlated with
circulating Angpt2. Whilst the former three molecules were significantly elevated in
children on dialysis, there was no change in [CAM-1 (Shroff et a/ 2013). Additionally,
Angpt2 showed a positive correlation with VCAM-1 but not with any of the other
factors (Shroff et al 2013). The results of this study indicate that Angpt2 may act as a
biomarker for CVD in children undergoing dialysis; however, it is also questioned as
to whether Angpt2 may also play a role in actively driving vascular calcification in
these patients given the close correlation between the growth factor and some markers

of vascular health.

1.4 Summary

Vascular calcification is a key manifestation of CVD, caused by hydroxyapatite
deposition within the blood vessel. Although calcification can occur in either the tunica
intima or the tunica media, the main form observed in paediatric CKD patients is
medial calcification. This highly regulated process is similar to bone formation and is
driven by a combination of matrix vesicle release, cellular apoptosis and osteogenic

gene expression.

Endothelial dysfunction is one of the first events in the development of CVD and
precedes any clinical symptoms. One cause of endothelial dysfunction is change in
vascular growth factors, such as the angiopoietins, which help to maintain vascular
stability. The angiopoietins are shown to be altered in CKD, in both adult and

paediatric patients, and have been correlated with some markers of vascular damage.
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1.5 Aims and Hypothesis

1.5.1 Overall Aim of this Thesis

The overall aim of this PhD thesis was to examine the role of the vascular growth

factor Angpt2 in the progression of CVD in paediatric CKD patients on dialysis.

1.5.2 Hypotheses

Hypothesis 1: Angpt2 is not simply a biomarker of CVD, but a promoter of
vascular calcification. This hypothesis will be tested by stimulating intact arterial
rings and cultured VSMCs from paediatric CKD patients with Angpt2. Calcification
levels will be quantitatively determined using the o-cresolphthalein colorimetric assay,

and visually examined using histological staining.

Hypothesis 2: VSMCs express Tie2 providing a direct pathway by which Angpt2
acts on these cells (Figure 1.18). Tie2 expression will be investigated using both
intact arterial rings, and isolated SMCs from dialysis patients. This will utilise a

combination of molecular and historical techniques.

Hypothesis 3: Targeting the Angpt2 pathway can alter vascular calcification.
Angpt2 binding will be targeted using siRNA specific to the Tie2 receptor in cells,
whilst Tie2 of intact vessels will be targeted using a chemical inhibitor. Calcium

deposition will be quantified using the o-cresolphthalein colorimetric assay.

Hypothesis 4: Angpt2-mediated calcification is mediated by an increase in
osteogenic gene expression accompanied by vesicle release and apoptosis (Figure
1.18). The mechanism by which Angpt2 mediates calcification will be examined using
histological stains to detect cell number and apoptotic cells, while qRT-PCR will be

used to detect changes in gene expression levels in in-vitro monolayer VSMC studies.
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Figure 1.18: Hypothesis — Angpt2 promotes vascular calcification

Increased circulating Angpt2 in paediatric CKD patients on dialysis may act through
a Tie2-dependent mechanism on the endothelial cells of the vasculature, decreasing
vasodilation and increasing systolic blood pressure, which may indirectly contribute
to the progression of vascular calcification. Alternatively, it may act directly upon the
SMCs of the vasculature through a combination of mechanisms including cellular

apoptosis, upregulation of osteogenic gene expression, and release of matrix vesicles.
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Chapter 2: Materials and Methods

2.1 Statement of Materials

Unless otherwise specified, experimental reagents have been obtained from Sigma-

Aldrich (St. Louis, MO).

2.2 Acquisition of Human Vessel Samples

2.2.1 Definition of Vessel Types

All human tissue used in this study was obtained from paediatric patients at GOSH

NHS Foundation Trust. Paediatric vessels were classified into three primary

categories, depending on the health of the patient — this designation will be used

throughout the thesis:

)

2)

3)

Healthy (non-renal) controls — ‘Control’

These vessels were obtained from children with functional kidneys and no
underlying cardiac disease. These children were recruited through the
GOSH general surgery list on the basis that they were receiving intra-

abdominal surgery.

Pre-dialysis CKD patients — ‘Pre-dialysis’

These vessels were obtained from patients undergoing PD catheter
insertion or from patients receiving renal transplants who had not
previously been on dialysis. These patients were recruited through the

Nephrology Unit at GOSH.

Dialysis CKD patients — ‘Dialysis’
These vessels were obtained from patients who were receiving renal
transplants and had spent a time on dialysis. Again, these patients were

recruited from the Nephrology Unit at GOSH.
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2.2.2 Obtaining Paediatric Vessels from Surgery

Informed written consent was obtained from the patient’s guardian prior to surgery,
and the project was ethically approved by the London Research Ethics Committee and
GOSH Research and Development, Ref 12/L.O/1186. None of the patients were on

anti-hypertension medication at the time of the study.

Vessels were obtained for intact arterial ring in vifro modelling, and for isolation of
VSMCs. The medium-sized muscular arteries obtained from paediatric CKD patients
during renal transplantation were all inferior epigastric arteries. The inferior epigastric
artery is a medium-sized muscular artery located in the lower abdominal cavity that
arises from the iliac artery. Surgical procedures requiring lateral incisions rather than
medial incisions routinely ligate this artery when accessing the abdominal cavity,
which makes it a suitable target to remove for research purposes. Additionally, the
muscularity of this artery makes it a suitable comparative artery to the carotid artery

that is usually measured during vascular scans in patients.

If a midline incision was used rather than a lateral incision, the accessible arteries were
obtained from excised omental tissue. As paediatric controls were undergoing bowel
surgery, the accessible vasculature was obtained from excised mesentery, which was
removed from dissected tissue. Under most circumstances, the omentum only
contained small vessels that were suitable for isolation of VSMCs but were not suitable
for intact vessel ring modelling. Medium-sized muscular arteries from control patients
were obtained from the mesentery. Although different blood vessels (inferior
epigastric arteries versus mesenteric arteries) were collected for each group, both types
of arteries are medium-sized muscular arteries and exhibit no significant differences
in their histology (Shroff ez al 2008). Overall, I collected 32 samples. A list of samples
and their subsequent use is provided (Table 2.1).
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Sample ID | Disease State | Artery

2 |Predialysis | Omental | 7days |-

Pre-dialysis

Omental

Vessels

7days

Cells

Pre-dialysis

Omental

7 days

Pre-dialysis

Omental

7 days

17 Pre-dialysis Omental -
22 Pre-dialysis Omental X
23 Pre-dialysis Omental X

26 Pre-dialysis Omental X
28 Control Mesenteric X
29 Pre-dialysis Omental X
31 Control Mesenteric X
32 Control Mesenteric X
33 Control Mesenteric X
34 Pre-dialysis Omental X
36 Pre-dialysis Omental X

43 Control Mesenteric -
44 Control Mesenteric
45 Control Mesenteric

Table 2.1: Samples collected and their use in vessel or cell experiments

In total, 32 samples were collected. The first six samples that were collected (two
dialysis, four pre-dialysis) were cultured for seven days, rather than 14 days, and were
used to determine that a longer culture timeline was necessary. The sample numbering
is not sequential; this is because patient blood samples were obtained simultaneously
and added to the same list. This table is colour-coded with green representing control
patients, yellow representing pre-dialysis patients and red representing dialysis

patients. This same colouring is used in all subsequent graphs.
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2.3 Whole Vessel Ring Modelling

2.3.1 Experimental Design

Arteries were obtained directly from theatre following surgical excision; intact arteries
were both collected and cultured in serum-free medium 199 (M199, M2154). The basal
level of calcium in M199 is 1.8 mM, whilst the basal level of phosphate is 1.0 mM.
Whenever possible, vessels were set up for in vitro modelling and VSMC explants
immediately following collection (within 1 hour); however, vessels occasionally had

to be left refrigerated overnight.

Inferior epigastric arteries were obtained with minimal fat attached. However,
mesenteric arteries and omentum samples required dissection from surrounding
adipose tissue using individually packed sterile scalpels (Swann-Morton, Sheffield,
UK) carried out in a Safe FAST Elite Class 2 biological safety cabinet (Faster S.R.L,
Ferrara, Italy). The artery was stripped of the adventitia and cut into Imm wide rings;
these rings were then placed in a 6-well plate (Falcon, Newcastle, UK) with the culture
medium (Figure 2.1). Due to the varying arterial length, 10-15 rings were typically
obtained from each vessel. When these vessel rings were divided between the culture
conditions, this typically equated to 1 arterial ring from each vessel (for each
subsequent assay (calcium assay, paraffin histology, cryosections) per culture
condition, including the rings collected for baseline measurements. Any remaining

tissue was used for explant culture of VSMCs.

Calcium and phosphate concentrations (2.7 mM and 2.0 mM) were chosen as the pro-
calcaemic conditions, as these have been previously shown to be the minimum
concentrations required to induce calcification of vessel rings in vitro (Shroff et al
2010). In a patient, these concentrations would equate to a serum calcium
concentration of 10.8 mg/dL and a serum phosphate concentration of 6.2 mg/dL, levels

at the high end of what one would expect after prolonged HD (Block et al 1998).
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Sample is collected from theatre.
Vasculature is dissected from the surrounding tissue.

Inferior epigastric

Omentum Mesentery
artery

=

-
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Adipose and adventitia are stripped from vessel.
Vessel is chopped into 1-2 mm rings.

Arterial rings are set up in serum-free Medium 199
(One well per condition, multiple rings per well)

. . Medium
nedlurcn ??d';'g +2.7mM Ca
.8 mM Ca +2.7m a +2.0mM P

1.0mMP +2.0 mM P

+25 ng/ml Angpt2

[ Control J[ Pro-calcaemic J[Pro-calcaemic + AngptZJ

Figure 2.1: Dissection of artery from mesentery and culture set-up
The vessel was obtained from surgery and dissected down to the bare vessel. It was
then diced into 1-2 mm rings, and cultured for 14 days. Each well contains three vessel

rings, with one for each subsequent experiment: calcium assay, paraffin histology, and

cryosections.
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Carrier-free human recombinant Angpt2 (923-AN-025/CF; R&D Systems, Abingdon,
UK) was added to the pro-calcaemic medium (at a final concentration of 25 ng/mL) to
test the effects of Angpt2 in the presence of high calcium and phosphate. This dose of
Angpt2 was chosen as the dose for the in vitro experiment as it was the maximum
circulating level measured in paediatric CKD patients on dialysis (Shroff et al 2013).
Angpt2 was obtained as a lyophilised protein, reconstituted at 100 pg/mL in sterile
Dulbecco’s phosphate-buffered saline (DPBS, 14190-094; Invitrogen, Paisley, UK),
and stored in aliquots at -20°C; the predicted molecular mass of Angpt2 is 50 kDa.

For most experiments, vessel rings were left for 1 day in a New Brunswick Galaxy®S
series CO» incubator (Eppendorf, Hamburg, Germany) and maintained at 37°C with
5% CO,. The medium was replaced every 3 to 4 days, over a period of 14 days (Figure
2.2). This time-course was established following preliminary experiments that
indicated that there were no quantifiable differences between calcium deposition in
vessel rings cultured in pro-calcaemic medium with and without Angpt2 after 7 days
in culture, whilst reproducible differences could be quantified after 14 days in culture.
It has been previously determined that vessel rings can survive for up to 28 days under
these culture conditions (Shroff ef a/ 2008). Note that unless otherwise specified, all
media and wash solutions used in tissue culture were pre-warmed to 37°C in a water

bath prior to use to avoid vessel rings being exposed to rapid changes in temperature.

Tissue obtained
from theatre Arterial rings collected

Arterial rings placed . .
in 6-well plate Medium change Medium change Medium change

R |

Day 0 Day 3 Day 7 Day 10 Day 14
Samples collected for: Samples collected for:
Baseline calcium Calcium deposition

Baseline histology Vessel histology

Arterial ring removed
and set up for cell outgrowth

Figure 2.2: Timeline of in vitro intact vessel ring culture experiment
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2.3.2 Extraction and Quantification of Calcium from Intact Arterial Rings

Following 14 days in culture, arterial rings were removed from the medium and frozen
at -80°C for later quantification of calcium content. The calcium content was measured
quantitatively by the o-cresolphthalein colorimetric assay, which was then normalised
to the protein content of each individual ring. Each patient was run individually, with
all vessel rings from the same patient run at the same time to maintain consistency

across a single patient.

Arterial rings were defrosted at room temperature, washed 3 times in DPBS and gently
blotted to remove excess liquid. Each arterial ring was then placed in an individual 3
mL borosilicate glass homogeniser (1153243; Fisher Scientific, Loughborough, UK),
along with 200 puL 0.1M hydrochloric acid (HCI). Arterial rings were ground every 15
minutes over the course of 2 hours to decalcify the samples, as per the protocol used
by Shroff et al (2008, 2010). For each experiment, a single arterial ring was used per

homogeniser; homogenisers were acid-washed and autoclaved between samples.

Following this homogenisation step, the supernatant and all arterial remnants were
transferred into 1.5 ml microcentrifuge tubes (Eppendorf) and centrifuged at 17000g
for 2 minutes in an AccuSpin" microcentrifuge (Fisher Scientific). The calcium-
containing supernatant was transferred to a fresh 1.5 mL microcentrifuge tube; the
remaining arterial tissue was washed 3 times with DPBS and saved for protein

quantification.

To quantitatively measure the calcium content of the supernatant, samples were loaded
in duplicate on a 96-well flat-bottomed plate (Falcon) alongside a calcium chloride
(CaCly) standard curve. The standard curve was run in triplicate, and consisted of serial
dilutions of 1 mg/mL CaCl.. Each individual well contained 55 pL of sample or
standard, 200 pL ammonium chloride buffer (NH4Cl, 0.48 g NH4Cl dissolved in 191
mL distilled water and 9 mL 1M sodium hydroxide (NaOH) titrated to pH 10.5), 25
uL MilliQ water, and 10 pL fresh 0.1% cresolphthalein solution. Cresolphthalein
solution (0.1%) consisted of 50 mg phthalein purple dissolved in 14 mL NH4Cl and
made up to 50 mL with distilled water. Given that this solution is light sensitive, it was

wrapped in aluminium foil and dissolved on a rolling rack. Solution was made fresh
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for each experiment and discarded after use. The plate was immediately read at 540
nm on a Synergy HT spectrophotometer (Bio-Tek, Winooski, VT), and absorbance
values were exported to Microsoft Excel (Microsoft, Redmond, WA) for subsequent

analysis.

The arterial remnants from the calcium extraction were used to determine the amount
of protein present in each individual arterial ring. This allowed me to normalise pg of
calcium to pg of protein, thereby allowing direct comparison of calcium content across
samples. After the arterial remnants were washed in DPBS to remove traces of acid,
they were transferred into clean glass homogenisers and 100 pL 0.1M NaOH/1%
sodium dodecyl sulphate (SDS) was added to each sample. Samples were
homogenised every 10 minutes over the course of 1 hour, as per the protocol used by
Shroff et al (2008; 2010). The supernatant and remaining material were then
transferred to 1.5 mL microcentrifuge tubes and spun at 17000g for 1 minute. The
protein-containing supernatant was transferred to a clean 1. SmL microcentrifuge tube
for quantification using a Pierce™ bicinchoninic (BCA) Protein Assay Kit (Thermo

Scientific, Waltham, MA).

To quantitatively measure the protein content, samples were loaded in duplicate on a
96-well flat-bottomed plate alongside a BSA standard curve. In each well, 25 pL of
sample or standard was loaded along with 200 uL of ‘working solution’ (BCA Protein
Assay Kit). The working solution contains two components, A and B (as labelled in
the kit), in a 50:1 ratio (20 puL in 1 ml), which were mixed just prior to use. Working
solution was added to the plate using a multichannel pipette to ensure that the
colorimetric reaction began simultaneously in all wells. All bubbles were removed,
and the plate was incubated at 37°C for 30 minutes. The plate was shaken well (5
seconds, variable speed) before reading at 562 nm on a spectrophotometer.
Absorbance readings were exported to Microsoft Excel, where data was subsequently

analysed.

A standard curve was created using the absorbance readings (plotted along the x-axis)
and the known concentration of the standards (plotted along the y-axis). The equation
of the linear trend line was then used as the formula for which all other concentrations

were calculated using the absorbance value. The calcium content of an individual ring

85



was then divided by the protein content of that vessel ring to give pug of calcium per
ng protein. The data has been presented as both ‘raw calcium values’ as calculated and

as ‘fold-change’ from the vessel ring cultured in the control medium (M199 alone).

2.3.3 Paraffin Histology

Arterial rings for paraffin embedding were removed from culture, washed in DPBS
and fixed overnight in 10% formalin. The following day, the arterial rings were
transferred to 70% ethanol and dehydrated through a gradient of increasing ethanol
(Haymankimia, Witham, UK) concentrations (two 30-minute washes in 70%, 80%,
90% and 100% ethanol). Vessel rings were cleared in two 30-minute Histoclear II
(National Diagnostics, Atlanta, Georgia) washes, followed by two 30-minute 50:50

Histoclear: paraffin wax washes, and finally two 30-minute liquid paraffin washes.

When rings were fully paraffin-permeated, they were embedded in paraffin blocks
(one ring per block) taking care to position the vessel as to allow for a cross-section of
lumen and tissue layers. Blocks were stored at room temperature; however, blocks
were chilled on ice prior to sectioning. Sections (5 um) were cut using an HM330
microtome (Microm, Bicester, UK), floated on a water bath, and mounted on
SuperFrost Plus slides (BDH, Poole, UK). Slides were left on a warming tray to allow
the wax to adhere to the slides; sections were then stored at room temperature until

use.

2.3.4 Preparation of Frozen Sections

Arterial rings for frozen sections were removed from culture, washed in PBS, fixed for
1 hour in 10% formalin and washed again in PBS. The rings were then left in 30%
sucrose (w/v) in PBS overnight. When initially placed into sucrose, the arterial rings
floated; when completely saturated with sucrose solution, the arterial rings sank.
Excess sucrose was delicately blotted off, the vessel ring was placed into a plastic
embedding cup containing Tissue-Tek® Optimal Cutting Temperature (O.C.T.; Sakura
Finetek, Torrance, California) medium, and the sample was rapidly frozen in dry ice.
Blocks were stored at -80°C until sectioning, at which point they were allowed to warm

to -20°C. Sections (5 um) were cut using a cryostat (Leica Microsystems, Milton
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Keynes, UK), and mounted on SuperFrost Plus slides. Slides were stored at -20°C until
use. Slides were brought to room temperature and rehydrated in PBS for 10 minutes

prior to staining.

2.3.5 Immunohistochemistry

For immunohistochemistry (IHC) procedures, all paraffin slides were deparaffinised
before staining using the same protocol. Slides were first heated in a 56°C oven to melt
the paraffin, followed by two 5-minute Histoclear immersions and rehydration through
an ethanol gradient (two 5-minute washes in 100% ethanol and two 5-minute washes

in 70% ethanol). The deparaffinised slides were then left in distilled water until use.

Citrate buffer (2.94 g sodium citrate, dissolved in 22 mL 0.2 M HCl and 978 mL water)
was used as the method of antigen retrieval. Citrate buffer was heated until boiling (10
minutes on HIGH in an 800W microwave); the slides were then added to the boiling
solution and microwaved for a further 15 minutes on MEDIUM. The slides were
cooled down to room temperature, washed twice in PBS, and incubated in 1.6%
hydrogen peroxide block (10.6 mL 30% hydrogen peroxide made up to 200 mL PBS)

for 10 minutes.

Slides were washed in running water for 5 minutes and dipped in 0.1% PBS-Tween.
Each sample was marked with a wax pen to form a hydrophobic barrier around the
sample, and 100 pL block (10% FBS, 2% BSA, and 0.1% Tween-20 in PBS) was
added to cover the sample for 30 minutes at room temperature in a humid chamber.
Block was tipped off the slide, and 50 uL of the primary antibody alpha (o) smooth
muscle actin [Clone 1A4] (70 mg/mL, M0851, DAKO, Glostrup, Denmark) (1:150,
diluted in block) was added to the sample. Slides were incubated overnight at 4°C in a

humid chamber.

The following day, the slides were washed 3 times for 5 minutes each with PBS-
Tween. The secondary antibody diluted in block (100 puL) was then added to each
sample, and the slides were incubated in a humid chamber for 30 minutes at room
temperature. Horseradish peroxidase (HRP)-conjugated anti-mouse secondary

antibody (K4006; DAKO) was used from the Mouse EnVision® Kit (DAKO). The
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HRP-conjugated anti-rabbit secondary antibody was used from the Rabbit EnVision®
Kit (DAKO). The slides were then washed three times for 5 minutes each in PBS-
Tween, and HRP was visualised using 3,3’-diaminobenzidine (DAB) made up in 5 mL
distilled water. Development of the brown colour was initially watched under a light
microscope, and when the optimal time was determined, all other slides (for that
antibody) were developed for the same length of time. The slides were placed in
distilled water to stop the reaction and washed for 5 minutes in running water. Slides
were counterstained with Mayer’s Haematoxylin for 1 minute to indicate the nuclei
and were then washed in running water for 5 minutes to clear excess haematoxylin
from the slides. The slides were dehydrated through an ethanol gradient, and
coverslipped using Histomount as the mounting medium. Slides were visualised under

a Zeiss Axiophot II light microscope (Carl Zeiss, Oberkochen, Germany).

2.3.6 Fluorescent Immunohistochemistry

Tissue sections were permeabilised with 0.1% Triton-X in PBS for 5 minutes,
incubated in block for 1 hour, and the primary antibody was applied overnight at 4°C
in a humidified chamber. The following primary antibodies were used for
immunofluorescence: alpha (o) smooth muscle actin [Clone 1A4] (70 mg/mL, M0851,
DAKO), and an affinity-purified rabbit polyclonal IgG raised against a peptide
mapping to the C-terminus of Tie2 (C-20) (200 pg/mL, c-324; Santa Cruz
Biotechnology, Dallas, TX). The a-smooth muscle actin antibody was used at a 1:500
dilution, for a final concentration of 140 pg/mL. The Tie2 antibody was used at the

recommended starting dilution of 1:200, for a final concentration of 1 pg/mL.

Slides were washed three times in PBS, and secondary antibody was applied for 1
hour in a dark humidified chamber. The secondary antibodies used for
immunofluorescence were: AlexaFluor®594 (donkey anti-rabbit IgG, 2 mg/mL,
A21207, Invitrogen), and AlexaFluor®488 (goat anti-mouse IgG, 2 mg/mL, A11001,
Invitrogen). Both antibodies were used at a 1:150 dilution, for a final concentration of

13.3 pg/mL.

Slides were washed three times with PBS, incubated in 0.1% Sudan black in 70%

ethanol for 10 minutes, washed twice with PBS, and incubated in 32 uL Hoechst
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33342, trihydrochloride trihydrate (10 mg/mL, H3570, Life Technologies, Carlsbad,
CA) in 200 mL PBS for 5 minutes. Slides were washed 3 times in PBS, dipped in
distilled water, and mounted using aqueous mounting solution SlowFade Gold
(S36936, Life Technologies). Slides were visualised under a Zeiss Axioplan II

fluorescent microscope (Carl Zeiss).

A blocking peptide for Tie2 (200 pg/mL, sc-324P, Santa Cruz Biotechnology) was
used to ensure that the secondary antibody was specifically binding to the Tie2
antibody. The Tie2 antibody was incubated overnight at 4°C with an equal volume of
blocking peptide; this mixture of the Tie2 antibody and blocking peptide was used in
place of the primary antibody as a negative control. For this experiment, both the Tie2
antibody and blocking peptide were used at a 1:200 dilution, for a final concentration

of 1 pg/mL.

2.3.7 Quantification of Nuclei Number and Morphology

For each vessel ring, the number of nuclei was quantified per 0.25 mm?® of the tunica
media. To do this, one section per vessel ring was stained using only Hoechst 33342
(10 mg/mL) and 6-8 regions of the tunica media (per section) were photographed
under a fluorescent microscope. The internal and external elastic laminas are

autofluorescent and clearly denote the boundaries of the tunica media (Figure 2.3).

Fiji Is Just ImagelJ (FIJI), an open source image-processing package (Schindelin et al
2012), was used to outline the tunica media and calculate the area in pixels, which
could then be converted to millimetres. The nuclei within the tunica media were
counted to give the total number of nuclei; these were then divided into two groups
(elongated or condensed) based on the nuclear morphology. The nuclei number has
therefore been presented as the total number of nuclei, the number of elongated nuclei
and the number of condensed nuclei within 0.25 mm? of the tunica media for each

vessel ring.
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Figure 2.3: Representative region of tunica media as utilised for the
quantification of nuclei

The tunica media of fluorescently stained (using Hoechst) was traced in FIJI to select
the area to quantify (highlighted in yellow). This area was then measured in pixels
(output is shown in the inset). The nuclei (which appeared bright blue when visualised
under a fluorescence microscope) were counted and distinguished based upon their
morphology. Nuclei that appeared small and rounded (as indicated by yellow arrows)

were assessed separately to those that were elongated (as indicated by red arrows).
2.3.8 Haematoxylin and Eosin

Arterial rings were stained with haematoxylin and eosin (H&E) to examine the basic
morphology of the vessels. The tissue sections were rehydrated and washed in running

tap water for 5 minutes. They were then incubated in Harris’s haematoxylin for 5

minutes, and rinsed well in tap water until the water ran clean. To differentiate the
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haematoxylin, the slides were dipped in acid alcohol (1% HCI in 70% ethanol). Slides
were then washed in running water for 5 minutes before staining with eosin for 3
minutes. Slides were briefly washed in tap water and then dehydrated, cleared in

Histoclear, and mounted using Histomount.

2.3.9 Von Kossa

Von Kossa staining acts through replacing the calcium ions with silver ions, which is
subsequently reduced to produce a black-brown stain. Von Kossa alone does not
indicate the presence of calcium but rather indicates a substitution reaction, and is
therefore typically used in conjunction with further stains or tests to confirm
osteogenic changes. Following rehydration, slides were rinsed in several changes of
distilled water and incubated with 2% silver nitrate solution in a clear glass Coplin jar
under a 150W light bulb for 1 hour. To amplify the light, the Coplin jar was wrapped
in aluminium foil with the reflective side inwards. Slides were then rinsed in several
changes of distilled water, rinsed twice in 3% sodium thiosulfate and rinsed again in
distilled water. Slides were counterstained in neutral red for 30 minutes, rinsed in
distilled water and dehydrated to mount. Vessels cultured in calcium and phosphate
have low levels of extraneous calcium surrounding the adventitia; this calcium stains

positive for Von Kossa, acting as an internal positive control.

2.3.10 VasoTACs Apoptosis Staining

Staining for apoptosis was done using a commercially-available VasoTACS™ In Situ
Apoptosis Detection Kit (4826-30-K; Trevigen, Gaithersburg, MD). Like terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), this kit works to
detect apoptotic cells by detecting DNA end-labelling using terminal deoxynucleotidyl
transferase (TdT). Though originally fluorescent labelling was attempted, the natural
auto-fluorescence of the vessel elastic tissue provided a high background that made it
difficult to determine which cells were truly apoptotic. Therefore, an HRP conjugate

was utilised.

Slides were rehydrated and washed twice in PBS. Samples were incubated in a 1:50

dilution of 100 pg/mL Proteinase K (from the kit) for 1 hour (50 pL per section), before
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being washed twice in distilled water for 2 minutes each. Sections were then incubated
for 5 minutes in a methanol-hydrogen peroxide solution to quench any endogenous
HRP activity. Sections were washed twice in distilled water to remove the peroxide
solution, and immersed in the TdT labelling buffer (from the kit) for 5 minutes. Slides
were then covered with the labelling reaction mix (50 pL per slide) and incubated in a
humidified chamber for 1 hour at 37°C. To stop the reaction, slides were immersed for
5 minutes in TdT stop buffer (from the kit) and again washed twice in distilled water.
Each section was then covered with 50 pL of HRP-Strep and incubated for 10 minutes
at room temperature. Slides were washed 3 times with distilled water and covered with
the labelling solution (from the kit) for 10 minutes; this development time was initially
determined after watching a few slides develop under the microscope. Slides were
washed several times in distilled water. Slides were immersed in Red Counterstain C
for 5 minutes, washed briefly in distilled water to remove excess counterstain and
dehydrated through an increasing alcohol gradient. Slides were cleared with Histoclear

and mounted using Histomount.

As a positive control, one vessel section was treated for 1 hour with a nuclease (from
the kit) to artificially induce breaks in the DNA before continuing the protocol from
the incubation in the methanol-hydrogen peroxide solution. For each vessel ring
collected and stained, 68 regions of the tunica media were photographed under a
bright field microscope and analysed in FIJI. TUNEL was quantified by counting the
number of TUNEL-positive (blue-stained) nuclei within a given region of the tunica
media. This region of the tunica media was defined as the area between the internal
and the external elastic lamina (Figure 2.4), which was measured (in pixels) using the
Analyse > Measure function, and converted to millimetres based on the scale of the
microscope. The number of positive nuclei was then calculated per 0.25 mm?, and the

mean of the 68 photographs was taken per each vessel.
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Figure 2.4: Representative area of tunica media in a nuclease-treated section

The tunica media was traced in FIJI to select the area to quantify (outlined in yellow),
and this area was then measured in pixels (output is shown in the inset). The positive
nuclei (stained dark blue, some of which are indicated by the black arrows) were
counted within this region. Unlike the vessel sections stained with Hoechst, the nuclei
in the TUNEL-stained sections were counted, but not further distinguished based on
their morphology. Note that as this section is nuclease-treated, all nuclei are positive

for TUNEL—including elongated nuclei.

2.4 Isolation and Culture of VSMCs

2.4.1 VSMC Culture Medium

Primary VSMC cultures were grown in M199 supplemented with 20% (v/v) heat-

inactivated South American-derived foetal bovine serum (FBS, 10500-064; Gibco,

UK), 1% (v/v) penicillin/streptomycin (5000 units of penicillin and 5 mg streptomycin
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per ml, 4458), and 0.1 g/L. L-glutamine (G7513). This complete medium will be
referred to as “VSMC growth medium’ throughout this thesis.

2.4.2 Isolation of VSMCs from Intact Arteries

VSMCs were isolated from medium-sized muscular arteries and omental vasculature
using the explant method previously described by Proudfoot and Shanahan (2012).
Vessels were gently scraped to remove as much of the adventitial layer as possible; the
vessel was then bisected along the longitudinal axis of the vessel to reveal the
endothelium (Figure 2.5). Endothelium was gently removed with a pipette tip; this was
observed as a thin gelatinous membrane that was pulled away from the elastic smooth
muscle layer. The tissue was then dissected into 1 mm x 1 mm segments. A minimal
amount of VSMC growth medium was added to the 60 mm tissue culture dish (430166,
Corning, Corning, NY) so as to not disrupt or detach the explants; the tissue was then
left for 3—5 days to allow it to adhere to the dish. VSMC growth medium was then
replaced every few days until the plate was confluent with cells proliferating from the
explants. The initial culture of proliferating cells was labelled PO, and any subsequent

passages were PO+1 (therefore referred to as Px, where x = the number of passages).

2.4.3 Passaging of VSMCs

VSMC s require close proximity to one another to allow for optimal growth; therefore,
harsh splits (in which the resulting cells are not in close proximity to each other) are
inadvisable as they result in reduced proliferation and cells often do not recover from
the trauma. As such, cells were passaged when 70% confluent at a 1:2 split. When
passaging, cells were washed twice in Earle’s Basic Salt Solution (EBSS, E6267) and
detached from the culture surface using an appropriate amount (0.5 mL in a T25/60
mm? dish, 2 mL in a T75/100 mm? dish) of 0.25% Trypsin-ethylenediaminetetraacetic
acid (Trypsin-EDTA, 25200-072; Life Technologies). Trypsin is a protease, which
cleaves the adhesion proteins that attach cells to the culture surface; EDTA 1is a chelator
and mops up divalent cations, such as Ca>* and Mg Together, this is a potent
disassociation treatment and therefore cells were left in trypsin-EDTA only until
detached (3—5 minutes). Cells were deemed detached when they rounded up from the

plate and were free-floating in the medium. Following detachment, protease activity
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was neutralised with an equivalent or greater volume of medium as the calcium and
magnesium ions inhibit further enzymatic activity. The cell suspension was divided to

new tissue culture plates, and fresh VSMC growth medium was added.

Scrape blood vessel Cut vessel along longitudinal axis :
to remove adventitia to reveal endothelium. Intima
(endothelium)
intact blood vessel Unfolded vessel
Gently scrape off endothelium
using a pipette tip
Dice medial layer into Tunica media
1mm segments (smooth muscle)

Endoaelium

Plate tissue sections on TC-coated plate.
Add 1-2 mLs medium to cover, and allow tissue to adhere.

Time
(2-4 weeks)

Figure 2.5: Isolation of VSMCs from arterial explants

When arteries had been dissected from surrounding tissue and stripped of all
extraneous material, they were sliced longitudinally, stripped of the endothelium, and
placed lumen side down. They were then finely diced, and tissue pieces were
distributed in a small tissue culture dish with just enough VSMC growth medium to
cover the sections. VSMC growth medium was initially changed only after tissue had
adhered to the culture surface, usually 3—5 days after tissue was dispersed. Migration

of cells from the tissue usually began within 1-2 weeks of tissue attachment.
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2.4.4 Cell Counting

Determining cell number is important for seeding cells in the same density across
experiments; this allows for reproducibility across samples, and limits variation in
results due to varying cell number. A well-mixed cell suspension (10uL) was added to
90uL 0.4% trypan blue (15250-061; Life Technologies) and allowed to stand for 2
minutes. When cells are incubated with trypan blue, the live cells appear bright and
refractive, as the dye cannot penetrate the intact cell membrane. However, dead cells
will take up the dye and appear dark blue when visualised under a light microscope.
The cell count should be done within 5 minutes of incubating cells as trypan blue is
also a toxin and will instigate cell death in the sample. Cell-trypan blue suspension
(10uL) was added to each counting chamber of a Bright-Line™ haemocytometer
(Z359629) of a depth of 0.1 mm (Figure 2.6). Live cells within the red squares were

counted, and the total number of cells was determined using the following formula:

Total viable cell number:

number of viable counted cells
number of red squares counted

x 10* x dilution factor

X volume of original cell suspension (mL)

Cover slip Counting chamber 1 mm
0.1mm depth | [r—
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Figure 2.6: Counting cells and determining total cell number

A: A haemocytometer consists of a counting chamber, containing a 3 mm x 3 mm grid,
which has a total depth of 0.1 mm when a cover slip is affixed. When the cell
suspension is added to the edge of the cover slip, the suspension is pulled into the
counting chamber using capillary action. B: Counting chamber consists of 9 squares,

4 of which are counted (outlined in red) and included in the calculation.
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2.4.5 Cryopreservation of Cells

To cryopreserve cells for future use, cells were first trypsinised and neutralised as per
the passaging protocol (Section 2.4.3). The cell suspension was then centrifuged in a
Labofuge 400 centrifuge (Heraeus, Hanau, Germany) at 1950g for 5 minutes to obtain
a pellet. After removing the supernatant, the cell pellet was resuspended in cold (4°C)
fresh ‘freezing medium’ consisting of 70% (v/v) FBS, 20% (v/v) VSMC growth
medium and 10% (v/v) tissue culture grade dimethyl sulfoxide (DMSO, D2438).
Cryovials (1.8mL) were obtained from Thermo Scientific. Vials were quickly wrapped
in paper towels taking care to keep the cells upright, and the cell parcel was left at -
80°C for three days to allow cells to freeze slowly. Cryovials were then transferred to

the vapour phase of liquid nitrogen for long-term storage.

2.4.6 Defrosting Cryostocks

Cryovials from liquid nitrogen storage were rapidly defrosted at 37°C in a water bath,
and the cell suspension was transferred to a 15mL centrifuge tube (Falcon). VSMC
growth medium (9mls) was added slowly to the DMSO suspension. The suspension
was then centrifuged at 1950g for 5 minutes, the supernatant was gently aspirated and
the cell pellet was agitated to disrupt the cells. The pellet was resuspended in fresh
growth medium and seeded into a fresh T25 vented cap flask (430639, Corning). The
cells were left to attach and proliferate; VSMC growth medium was changed every 2—

3 days to encourage proliferation.

2.4.7 HUVEC and HuAoFib Culture

HUVECS (2519; Lonza, Walkersville, MD) were cultured in Endothelial Basal
Medium-2 (EBM-2, 3156; Lonza) and supplemented with 5% FBS (v/v) and
Endothelial Growth Medium™-2 SingleQuots® (EGM-2, 4176; Lonza). SingleQuots
were composed of recombinant long R insulin-like growth factor 1 (R3-IGF-1),
ascorbic acid, recombinant human (rh) fibroblast growth factor B (FGF-B), VEGFA,
hydrocortisone, epidermal growth factor (thEGF), and gentamycin sulphate

amphotericin-B (GA-1000). The exact concentrations of these growth factors are not
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defined as it is a proprietary blend. These HUVECs were pooled cells, obtained from

multiple umbilical cords.

Human aortic fibroblasts (HuAoFibs, C-12380; PromoCell, Heidelberg, Germany)
were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F-12 medium
(DMEM/F12; 12634-010; Life Technologies), supplemented with 10% (v/v) FBS and
1% (v/v) penicillin/streptomycin. All wash steps for both HUVECs and HuAoFibs
were done using DPBS. Otherwise, all protocols for culturing these cells were the same

as outlined for VSMCs.

2.5 Characterisation of VSMCs

2.5.1 Examination of VSMCs in this Thesis

Isolated cells were assessed for their SMC characteristics through PCR, real-time PCR,
western blotting and immunocytochemistry. All investigations were done with low
passage (<6 passages) cells, and both ribonucleic acid (RNA) and protein were isolated

from flasks at 70-80% confluence.

2.5.2 Extraction and Assessment of RNA

There were two methods of RNA extraction used in this thesis. RNA was extracted
using either guanidinium thiocyanate-phenol-chloroform extraction (TRI Reagent®,
T9424), or an RNeasy Mini Kit (74106; Qiagen, Venlo, Netherlands). When using the
RNeasy kit, an on-column DNase digestion was carried out for all samples using an
RNase-free DNase set (79254; Qiagen). While the protocol for RNA extraction using
TRI Reagent® is outlined below, the protocol for RNA extraction using the RNeasy
Mini Kit is outlined in Section 2.6.4 as the TRI Reagent® method did not work well if

cells were treated with calcium.

All centrifugations in the RNA extraction method using TRI Reagent® were done at
17000g using a Centrifuge 5414 R microcentrifuge (Eppendorf) at 4°C. The medium
was aspirated, and cells were washed twice with ice-cold DPBS. All DPBS was

removed, and 1 mL TRI Reagent® was added to each dish. The dish was left for 2-3
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minutes at room temperature to lyse the cells; the cells were scraped down using a
sterile cell scraper (Greiner Bio-One, Stonehouse, UK), and the suspension was
transferred to an RNase/DNase-free 1.5 mL microcentrifuge tube. The tubes were left
at room temperature for 10 minutes. Chloroform (200 puL) was added to each tube,
vortexed to mix, and left for 15 minutes. The tubes were centrifuged for 40 minutes to
separate the organic, interface, and aqueous phases containing the protein, DNA and
RNA, respectively. The aqueous phase was then transferred to a new tube, mixed well
with 500 pL isopropanol, allowed to stand for 15 minutes and centrifuged for 40
minutes. RNA formed a ‘feather-like’ pellet at the bottom and side of the
microcentrifuge tube. The supernatant was removed, the pellet was washed with
RNase-free 70% ethanol and the sample was vortexed. The sample was spun for 10
minutes at 4°C, and ethanol was removed to allow the pellet to air dry. The pellet was

resuspended in 30 pL of RNase-free water, and RNA was stored at -80°C until use.

2.5.3 Quantification of RNA Quality and Quantity

The quality and quantity of the extracted RNA were assessed using agarose gel

electrophoresis and spectrophotometric analysis, both of which are detailed below.

Agarose gel electrophoresis.: The physical quality of RNA was determined by running
a RNA sample (1 pL RNA, 1 pL loading dye, 8 puL distilled water) on a gel composed
of 2 g UltraPure™ agarose (16500-500; Invitrogen) in 100 mL of 1x Tris-Acetate-
EDTA (TAE) buffer. TAE buffer is composed of 0.04 M Tris-Acetate and 0.0001 M
EDTA. The gel was run at 100V for 30 minutes. When run on an agarose gel, high-
quality RNA exhibits two crisp bands corresponding to the 28S and 18S ribosomal
RNAs. Ideally, the 28S band is approximately twice as intense as the 18S band due to

their relative ratios.

Spectrophotometric analysis: Absorbance levels of RNA were measured at the
wavelengths 260 nm and 280 nm. For each RNA sample, 2 uL. RNA was loaded into
a well of a 96-well UV star plate (Greiner Bio-One), and diluted with 98 uL distilled
water (1:50 dilution). Blank (100 pL distilled water) was loaded into 3 wells.

Absorbance at 260 nm and 280 nm was measured using a spectrophotometer, and the
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mean blank absorbance was subtracted from each sample. The concentration of RNA
was calculated as follows:

Concentration of RNA (ug/mL) = A,y X 1 x C
n

Where »n = dilution factor; C = 40.
For some experiments, RNA concentrations were measured using a NanoDrop™

(Thermo Scientific), which only required 1 uL of RNA.
2.5.4 Synthesis of cDNA

Complementary deoxyribonucleic acid (cDNA) was synthesised from extracted RNA
using reverse transcriptase. All reactions were conducted using the iScript cDNA
synthesis kit (170-8891, Bio-Rad, Hercules, CA). Each reverse transcription reaction
to produce cDNA contained 4 pL 5x iScript reaction mix, 1 pL iScript reverse
transcriptase and the desired quantity of RNA (100-500ng). The total reaction volume
was made to 20 pL using nuclease-free water. The reverse transcription synthesis
reaction utilised the following cycling program: 5 minutes at 25°C, 30 minutes at 42°C,
and 5 minutes at 85°C. The reaction was held at 4°C until samples were removed and
subsequently stored at -20°C. All cDNA reactions and subsequent polymerase chain
reactions (PCRs) were run in a Mastercycler Epgradient S thermocycler (Eppendorf),

using 0.2 mL low profile thin-walled PCR tubes (Thermo Scientific).
2.5.5 Primer Design

Primers for each gene investigated were designed from the mRNA transcripts, as found
on the online database ENSEMBL (ensembl.org). ENSEMBL is a joint project
between the Wellcome Trust Sanger Institute and the European Molecular Biology
Laboratory — European Bioinformatics Institute and compiles information on targeted
eukaryotic genomes. Ideal primers were designed to be between 1822 base pairs (bp)
in length, 50-55% GC content, and have low self-complementarity. To ensure single
sequence homology, forward and reverse primers were run through the Basic Local
Alignment Search Tool (BLAST), produced by the National Centre for Biotechnology
Information (NCBI). Reverse e-PCR (also by NCBI) was used to test that the primers

were specific to the human transcript, as well as verify the expected amplicon size.
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Where possible, primers were designed to be exon spanning and given that the same
primers were to be used for both conventional PCR and qRT-PCR, all primers were

designed to produce amplicons less than 300 base pair in length.

Primers arrived as lyophilised nucleic acids (Sigma); DNase/RNase-free water was
added to make 100 uM stock solutions. The volume of DNase/RNase-free water
required was given for each primer on the manufacturer’s specification sheet. Working
primer solutions were made up at 10 uM by adding 20 uL stock solution to 180 puL
DNase/RNase-free water (1:10 dilution). Both stock and working primer dilutions

were stored at -20°C until use. All primer details are given in Table 2.2.
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ACTA2 alpha smooth muscle actin (eSMA) TACTACTGCTGAGCGTGAGATT CATGATGCTGTTGTAGGTGGTT 247 60
ANGPT1 angiopoietin-1 GAAGGGAACCGAGCCTATTC GCTCTGTTTTCCTGCTGTCC 108 60
ANGPT2 angiopoietin-2 TGCAAGTGCTGGAGAACATC GTTAACTTCCGCGTTTGCTC 190 60
BMP2 bone morphogenic protein 2 TCAAGCCAAACACAAACAGC ACGTCTGAACAATGGCATGA 197 60
CNN1 calponin GTGAAGCCCCACGACATTTT TGATGTTCCGCCCTTCTCTT 193 60
FETUA fetuin-A (AHSG) TCTACACCCAAGTTCCACATCA CAATCGCCTTGTCCTTCTGAAT 176 60
HPRT hypoxanthine phosphoribosyltransferase 1 CCACGAAGTGTTGGATATAAGC GGCGATGTCAATAGGACTCCAGATG 205 60
MGP matrix gla protein CCCTCAGCAGAGATGGAGAG CGCTTCCTGAAGTAGCGATT 162 60
OCN osteocalcin CTCACACTCCTCGCCCTATT GTCAGCCAACTCGTCACAGTC 246 60
OPN osteopontin AGCTGGATGACCAGAGTGCT TGAAATTCATGGCTGTGGAA 151 60
PECAM1 platelet endothelial cell adhesion molecule 1 (CD31)  TCTACACCCAAGTTCCACATCA CAATCGCCTTGTCCTTCTGAAT 136 60
RUNX2 runt-related transcription factor 2 CCTTGACCATAACCGTCTTCAC GGACACCTACTCTCATACTGGG 192 60
SP7 transcription factor SP7 (osterix) CATGGTGTTCCAAACACAGC CTGGAGGAGCTGCCAGTAAC 161 60
TAGLN transgelin (SM22¢) GGCTGAAGAATGGCGTGATT CTGCCATGTCTTTGCCTTCA 210 60
TIE1 tyrosine-protein kinase receptor Tiel GACTGACCCAGCTTTTGCTC CTGCAATCTTGGAGGCTAGG 182 60
TIE2 tyrosine-protein kinase receptor Tie2 TACACCTGCCTCATGCTCAG ATGGCAGACACCATTGTTCA 176 60
VEGFA vascular endothelial growth factor A GGAGGAGGGCAGAATCATCACG CTCAGTGGGCACACACTCCAG 201 60
VEGFR1 vascular endothelial growth factor receptor 1 TTACTTGCAGGGGACAGAGG TTCCCGGTAGAAGCACTTGT 221 60
VEGFR2 vascular endothelial growth factor receptor 2 TGGGACTGTGGGAAGAAACATA GCTCCTTAGTGATGGCCATTTT 170 60

Table 2.2: Primers used in this thesis
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2.5.6 PCR and gRT-PCR

All PCRs were run using an iTaq DNA polymerase kit (170-8870; Bio-Rad),
supplemented with deoxynucleotide triphosphates (ANTPs, 201900; Qiagen). Each
individual reaction contained 2.5 pL iTaq buffer, 0.75 pL. MgCl, 0.5 pL dNTPs, 1uL
of 10 uM forward and reverse primers, 18.125 pL RNase/DNase-free water, 0.125 pL
1Tag DNA polymerase and 1 pL ¢cDNA. A gradient PCR programme was carried out
for all primers to determine the optimum run temperature; the annealing temperatures
tested were (in °C) 51.1, 52.5, 54.3, 56.2, 58.3, 60.3, 62.0 and 63.5. The gradient
cycling programme was composed of: 3 min at 95°C, followed by 40 cycles of
denaturation at 95°C for 30 seconds, annealing at one of the queried temperatures (as
given above) for 30 seconds, and extension at 72°C for 30 seconds. PCR products,
supplemented with loading dye (Promega, Madison, WI), were run on a 2% agarose
gels. SYBR® Safe DNA Gel Stain (2 uL, S33102; Life Technologies) was added to
each gel to visualise PCR products; gels were imaged on a Gel Doc EZ system (Bio-
Rad). A 100 bp DNA ladder (G210A; Promega) was run alongside all samples to

determine product band size.

Quantitative real-time PCRs (qQRT-PCR) were run on a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad), using SsoAdvance Universal SYBR® Green Supermix
(172-5271; Bio-Rad) and 96-well qRT-PCR plates (HSP-9601; Bio-Rad). A standard
gRT-PCR well contained 10 pL SYBR® Green, 1 uL forward primer, 1 pL reverse
primer, 7 pL RNase/DNase-free water, and 1 uL. cDNA for a total volume of 20 uL.
HPRT was used as the housekeeping gene to which all other genes were normalised,
and was run for each sample on every plate. The amplification curves of samples with
HPRT remained consistent across experimental conditions, and thus this gene was
determined to be a suitable housekeeping gene. Each sample was run in duplicate to
account for any pipetting inaccuracies; any further calculations were done using the
mean of these replicates. The RT cycle was composed of 3 minutes at 95°C, followed
by 45 cycles of denaturation at 95°C for 30 seconds, annealing at either 64°C /62.5°C

for 30 seconds, and extension at 72°C for 30 seconds.

Whole human adult kidney cDNA was made from MVP Total Human Kidney RNA
(Agilent Technologies, Santa Clara, CA). Human kidney RNA was derived from a
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single 71-year old male donor, and provided by Agilent in 0.1 mM EDTA (pH 8.0).
This cDNA was used to establish the optimal annealing temperature for each primer
and was used as a positive control in each qPCR. DNase/RNase-free distilled water

was used in all reactions as a negative control.

gRT-PCR files were exported as cfx files for analysis with CFX manager (Bio-Rad).
Melting curves were examined before analysing the data to ensure that all reactions
had worked and that there was a single peak corresponding to a single product. The
number of cycles chosen for quantitative analysis was based on the amplification curve
and the number of cycles was picked within the exponential of the PCR amplification,
rather than the plateau. mRNA levels of each gene of interest were assessed relative to

HPRT expression levels using the A ACt (dCt) method.

gRT-PCR was conducted for: (i) contractile genes aSMA, calponin (CNNI), and
transgelin (SM22«); (i1) endothelial and angiogenic genes angiopoietins 1 and 2
(ANGPTI, ANGPT2), receptor tyrosine kinases (7/EI, TIE2), vascular endothelial
growth factor (VEGFA), and cluster of differentiation marker 31 (CD31); and (iii)
osteogenic genes runt-related protein-2 (RUNX2), osteopontin (OPN), matrix Gla
protein (MGP), fetuin-A (AHSG), bone morphogenic protein-2 (BMP2), and osterix
(SP7).

Firstly, expression levels of these genes were compared between HUVECs,
HuAoFibs, human aortic smooth muscle cells (HuAoSMCs) and isolated VSMCs
from healthy controls (n = 3). This experiment examined the relative expression of
these genes between cell types, therefore expression levels are presented as dCt values,
indicating the difference in amplification cycles between the gene of interest and the
housekeeping gene HPRT. When reading these values, it should be noted that negative
dCt values indicate that the gene of interest is expressed at higher levels than HPRT,
whilst positive dCt values indicate that the gene of interest is expressed at lower levels

than HPRT.

The second qRT-PCR experiment compared gene expression between VSMCs

isolated from paediatric controls (n =4), pre-dialysis CKD patients (n =4), and dialysis
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CKD patients (n = 4). The number of amplification cycles was normalised to the
housekeeping gene HPRT to give dCt values. Each sample was then compared with
the mean of the control VSMCs, which was given an arbitrary value of 1. Therefore,
all gene expression is shown as fold-change as compared with paediatric control

VSMCs.

Finally, the third qRT-PCR experiments examined relative levels of gene expression
in cells transfected with control siRNA (n=3) and Tie2 siRNA (n = 3), across different
medium conditions. This experiment was analysed as above; however, the baseline to
which all other cells were compared was the expression level in cells that were
transfected with control siRNA and cultured in control medium (M199, containing no
supplemental calcium, phosphate, or Angpt2). All gene expression is therefore shown

as fold-change as compared with control-cultured control-transfected VSMCs.

2.5.7 Sequencing

PCR products were purified before sequencing using the protocol provided with the
QIAquick PCR purification kit (28106; Qiagen). Five volumes (100 pL) Buffer PB
were added to 1 volume (20 puL) of the PCR reaction and mixed well. This mixture
was then added to the QIAquick column, which was placed in a 2ml collection tube
and centrifuged at 17000g for 1 minute; flow-through was discarded. The column was
then washed twice with 750 pL. Buffer PE. It was centrifuged at 17000g for 1 minute
between washes, with flow-through discarded after each centrifugation. The column
was then removed from the collection tube, placed in a 1.5 mL microcentrifuge tube,
and the purified product was eluted from the column using 50 pL. DNase/RNase-free
water. Product concentrations were measured using the NanoDrop™ and diluted with
DNase/RNase-free water to 1 ng/uL per 100 bp of product (~1.7 ng/uL). Purified
products were sent, along with the forward primer, to the Wolfson Institute for
Biomedical Research (part of UCL core facilities; Gower Street, London) for
sequencing; primers were diluted to 5 pM/uL. Sequencing results were obtained as

.abl files and viewed using 4Peaks (Nucleobytes, Aalsmeer, Netherlands).
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2.5.8 Protein Extraction, Quantification, and Western Blotting

To extract protein, growth medium was first aspirated and cells were washed twice
with ice-cold DPBS. Protein was then extracted in radioimmunoprecipitation assay
(RIPA) buffer, which was composed of 150 mM sodium chloride, 1% Igepal CA-630
(I3021), 0.5% sodium deoxycholate (D6750), 0.1% SDS, and 50 mM Tris buffer (pH
8.0). Stock RIPA buffer was stored at 4°C, and fresh inhibitors (66 pg/mL aprotinin,
100 pg/mL sodium orthovanadate, and 0.1 mM phenylmethylsulfonyl fluoride
(PMSF)) were added immediately before use. The volume of RIPA buffer used in each
extraction was dependent on the size of the dish (100 pL for 60 mm? dishes/T25 flasks,
300 pL for 100 mm? dish/T75 flasks). The dish was left on ice for 5 minutes, and cells
were scraped down using individually packaged cell scrapers. The cell suspension was
transferred to a 1.5 mL microcentrifuge tube, and passed 5—6 times through a 25-gauge
needle to mechanically shear the cells; the resulting lysate was centrifuged at 17000g
for 30 minutes at 4°C. A pellet, consisting of non-soluble cellular debris, was formed
at the base of the tube, and the protein-containing supernatant was transferred to a

clean 1.5 mL microcentrifuge tube. All protein samples were stored at -80°C until use.

Protein concentrations were calculated using the Pierce™ BCA Protein Assay Kit as
described for the calcium assay protocol (Section 2.3.2) with two notable exceptions.
First, the standard curve was diluted in RIPA buffer, rather than NaOH/SDS. Second,
the samples were diluted 1:4 with RIPA buffer to ensure that the reaction occurred
slowly and fit within the range of the standard curve. Protein samples were denatured
using 6x electrophoresis buffer, which was composed of 60% glycerol, 12% SDS, 60
mM Tris-HCI, 0.03% bromophenol blue, and 5% [p-mercaptoethanol. Volume
equating to 20 pg of protein was added to a PCR tube and the equivalent volume of
electrophoresis buffer was added. Samples were heated for 10 minutes at 95°C using

a thermocycler and cooled for 5 minutes on ice.

Gel electrophoresis was conducted in a Bio-Rad Mini-PROTEAN® electrophoresis
chamber, using pre-cast 10-well 4-15% Mini-PROTEAN® TGX denaturing
polyacrylamide gradient gels (456-1084, Bio-Rad). Running buffer (1x) was
composed of 25 mM Tris, 190 mM glycine, and 0.1% SDS, pH of 8.3. Protein samples

were loaded into the individual wells of the gel, with care taken to ensure that each
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sample was added in its entirety. Additionally, SuL. 100 kDa Precision Plus Protein
Dual Xtra protein ladder (161-0377, Bio-Rad) was loaded into the first well of every
gel. This ladder has 12 pre-stained protein bands with molecular weights of 2, 5, 10,
15, 20, 25, 37, 50, 75, 100, 150, and 250 kDa. Each gel was run for 50 minutes at
150V, which allowed the loading dye to reach the bottom of the gel. Earlier gels were
run at 200V for 30 minutes; however, by decreasing the voltage and thus the speed at

which the proteins migrated, the curvature of the bands was reduced.

Gels were then removed from the tank, drained of the residual buffer, and removed
from the plastic casing. Proteins were transferred from the gel to a nitrocellulose
membrane using the Trans-Blot® Turbo™ transfer system (Bio-Rad). For most
proteins, the Turbo function (1.3A, 25V, and 7 min) was sufficient for adequate
transfer; however, to improve the transfer of higher molecular weight proteins (i.e.
Tie2) the amperage and transfer time was increased to 1.3A, 25V, and 10 min. The
efficacy of transfer was observed by staining the membrane briefly (~5 minutes) in

Ponceau S.

The membrane was briefly washed in PBS to remove excess Ponceau S stain, before
blocking with 5% Marvel in PBS-0.01% Tween at room temperature for 1 hour. The
membrane was transferred to a 50 mL centrifuge tube (Falcon), and the primary
antibody diluted in 5 mL 5% Marvel in PBS-0.01% Tween was added. This was left
to incubate overnight at 4°C on a rolling platform. In this thesis, primary antibodies
specific to Tie2 and glyceraldehyde-3-phosphate dehydrogenase (GADPH) were used
where Tie2 was the protein of interest and GAPDH was the loading control. The
antibody used for Tie2 was the same antibody that was used for immunohistochemistry
and immunofluorescence (sc-324; Santa Cruz Biotechnology). Although the
molecular weight of Tie2 is 125 kDa, the observed protein size was 140 kDa as a result
of glycosylation. It was used at a dilution of 1:200 for Western blotting, for a final
concentration of 1 pg/mL. To ensure that it worked correctly, samples were run
alongside an equivalent volume of HUVEC protein that was known to be positive for
Tie2. Mouse monoclonal antibody to Anti-GAPDH (MAB374; Merck Millipore) was
chosen as a loading control, and was used at a dilution of 1:2000 for a final

concentration of 1 ng/mL. The non-reduced GAPDH protein size is 46 kDa, while the
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reduced product is 36 kDa. This antibody is known to react in pig, dog, human, mouse,

rabbit, fish and cat.

The following day, membranes were washed twice in PBS-T for 20 minutes each; this
was followed by one wash with 5% Marvel in 0.01% PBS-Tween for 20 minutes. The
secondary antibody (1:1000 dilution in 10 mL 5% Marvel in 0.01% PBS-Tween) was
then added and rotated for 30 minutes at room temperature. The secondary antibody
used against Tie2 (raised in rabbit) was HRP-conjugated Rabbit EnVision® (DAKO),
whilst the secondary antibody used against GAPDH was anti-mouse (DAKO). The
membranes were then washed three times in PBS-T (20 minutes each), followed by
two washes in PBS (30 minutes each). The membrane was removed from the 50 mL

centrifuge tube, gently blotted to remove excess PBS, and placed on plastic wrap.

Proteins were detected using the SuperSignal West Pico Chemiluminescent Substrate
Kit (Thermo Scientific) using a 1:1 working solution of Solution A (Stable peroxide
solution) and Solution B (Luminol/Enhancer solution). When mixed, 4 mL working
solution was added directly to the membrane and left for 5 minutes. Excess liquid was
removed, and the membrane was wrapped in a smooth layer of plastic wrap. As
chemiluminescence is time-limited, the wrapped membrane was quickly exposed to
Amersham Hyperfilm ECLB film (GE Healthcare Life Sciences, Pittsburgh, PA) in a
darkroom; the length of film exposure was initially set at 1 minute and
increased/decreased depending on the signal intensity. Maximum exposure time was
set at 30 minutes. For Tie2, the best results were obtained following a 30-minute
exposure to film, although weak bands could be detected after 10 minutes of exposure.
For GAPDH, results were obtained with a 15-second exposure to film. The film was
developed in an ECOMAX X-ray film processor (PROTEC, Obserstenfeld, Germany).
For strong signals, such as those emitted by housekeeping genes, the film was exposed

to chemiluminescence for seconds before developing.

To re-blot a membrane with a different antibody, the membrane was stripped of the
initial antibody and chemiluminescence. To do this, the membrane was first washed
in PBS for 10 minutes followed by a 10-minute wash in ReBlot Plus Strong Solution

(1:10 dilution of a 10x solution, 2504; Merck Millipore, Temecula, CA). This was
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followed by three 10-minute washes in PBS, and a 30-minute wash in 5% Marvel. The

next primary antibody was then added as described earlier.

2.5.9 Immunofluorescent Cell Staining

Cells for immunofluorescence staining were cultured in 4- or 8-well glass chamber
slides (PEZG50416, PEZG50816; Merck Millipore) and were fixed in ice-cold
methanol for 10 minutes. The cells were washed twice in DPBS, and stained using the
immunofluorescence protocol described in Section 2.2.6; however, unlike the vessel
sections, the cells were not incubated in Sudan black. The primary antibody for a SMA
was earlier described in Section 2.2.6, and it was used at a 1:150 dilution for
immunocytochemistry. The primary antibody specific to fibroblast specific protein
[1B10] (FSP; 200 pg/mL, ab11333, Abcam) was a mouse monoclonal antibody and
was utilised at a 1:150 dilution. Two secondary antibodies (described previously in
Section 2.2.6) were used, both at 1:250 dilutions: AlexaFluor® 594 (donkey anti-rabbit
IgG), and AlexaFluor® 488 (goat anti-mouse IgG). Slides were coverslipped using the
aqueous mounting medium SlowFade Gold and visualised under a fluorescent

microscope.

2.6 Stimulation of Cells

2.6.1 Experimental Set-up and Design

Cell culture experiments were designed to mirror the conditions experienced by the
intact vessel rings in vitro in a monolayer culture environment. As such, the calcium,
phosphate, and Angpt2 concentrations remained the same as in the intact vessel ring
studies. Serum was reduced from 20% (v/v) FBS in the VSMC growth medium to 5%
(v/v), as previously done by Reynolds et al (2004); however, the time period for
stimulation was reduced to 5 days as the VSMCs would not survive in the low-serum
culture medium for any longer duration. Attempts to reduce the serum further resulted
in extensive cell death with the addition of calcium and phosphate and no quantifiable
data. Due to this time-frame, the medium was changed on day 2.5 of the experiment,

as shown in the experimental timeline (Figure 2.7).
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Medium (xCa/P, tAngpt2)
(low serum) added to cells

Medium removed.
Cells washed with EBSS
Medium (xCa/P, tAngpt2, low serum) added to cells

I

Cultured cells
at 70% confluence
Cells harvested for:
RNA

Protein
Calcium quantification

Figure 2.7: Experimental set-up and timeline for VSMCs stimulated with Angpt2
in a pro-calcaemic medium

In this figure, the medium was M199 containing low serum (5% FBS), penicillin,
streptomycin and L-glutamine. Calcium concentration was 2.7 mM, phosphate

concentration was 2.0 mM and Angpt2 concentration was 25 ng/mL.

2.6.2 Quantitative Measurement of Calcification

Calcium in cells was quantitatively measured by the o-cresolphthalein complexosome
colorimetric assay as performed in the vessels. While the majority of the protocol is
the same, the original extraction of supernatant differs. Ten thousand cells per well
were seeded in flat-bottomed 24-well tissue culture plates (353047, Falcon). Once the
cells had attached, VSMC growth medium was removed, wells were washed, and
500uL medium was added per well. The medium was changed halfway through the 5-
day time-course, and cells were collected after 5 days. HC1 (200 uL, 0.1M) was added
to each well and the cells were left to decalcify for 45 minutes at room temperature;
the supernatant was collected and centrifuged at 17000g for 5 minutes. The supernatant
was then used in the calcium assay as previously described (Section 2.3.2). Wells were
washed with PBS and incubated with 0.1% NaOH in 10% SDS to lyse cells and retain
protein. Protein was then quantified using the BCA kit (as described in Section 2.3.2);

calcium was normalised to the amount of protein across the course of the experiment.
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2.6.3 Alizarin Red Cell Staining

VSMCs were seeded in 6-well plates and treated with pro-calcaemic medium with or
without 25 ng/mL Angpt2, alongside an untreated control. The cells were cultured for
5 days before being fixed in 4% paraformaldehyde (PFA) in PBS for 10 minutes,
washed with DPBS, and incubated in Alizarin red stain for 30 minutes at room
temperature. Alizarin red stain was removed, and cells were washed in DPBS before

visualising under a light microscope (as mentioned in Section 2.3.5; Carl Zeiss).

2.6.4 Extraction of RNA and gqRT-PCR

Isolating RNA from calcium-stimulated cells proved difficult as calcium precipitated
with the RNA pellet when using TRI Reagent®, thus decreasing both the yield and the
purity of the RNA. Additionally, these cells could not be trypsinised for subsequent
RNA extraction as the presence of calcium impeded the activity of trypsin. Therefore,
RNA was extracted from these cells by lysing them directly in culture and using an
RNeasy extraction column. Cells were washed twice in ice-cold DPBS; DPBS was
removed completely before adding 350 pL Buffer RLT (from the Qiagen RNeasy Mini
Kit) containing 3.5 pL B-mercaptoethanol per well of a 6-well plate. Cells were then
scraped off the culture surface using a sterile cell scraper, and cell-containing RLT
was then transferred to a 1.5 mL microcentrifuge tube. Samples in lysis buffer were

frozen at -80°C until ready to process.

Samples stored at -80°C were defrosted, and the cell suspension was passed 5—6 times
through a fine 26-gauge (26G) needle attached to a 1 mL syringe to homogenise cells.
Ethanol (350 nL, 70%) was added to the suspension, mixed well, and the total volume
was added to the RNeasy spin column. The spin column was then centrifuged at 6500g
for 15 seconds and flow-through was discarded. The column was then washed with
350 uL Wash Buffer RW1, centrifuged at 6500g for 15 seconds, and flow-through

discarded.

On-column DNase-digestion was carried out for all samples using an RNase-free
DNase set (79254; Qiagen); 80 uL DNase mixture (10 uL. DNase, 70 pL Buffer RDD)

was added to the O-ring of the spin column and left at room temperature for 15
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minutes. Wash Buffer RW1 (350 uL) was then added to the column and spun at 6500g
for 15 seconds; flow-through was discarded. Buffer RPE (500 pL), made up with
ethanol, was added to the column and spun at 6500g for 15 seconds; again, the flow
through was discarded. Another 500 pL Buffer RPE was added, and the column was
spun at 17000g for 2 minutes. The column was transferred into a new collection tube
and centrifuged at 17000g for 1 minute to remove all traces of ethanol. RNase-free
water (30 puL) was then added to the column and allowed to sit for 5 minutes before
spinning at 6500g for 1 minute. The eluted 30 uL sample was run through the column
again and spun at 17000g for 1 minute. The eluted RNA was stored at -80°C.

2.6.5 Effect of Exogenous Angptl on Vascular Calcification

In most biological contexts, Angptl and Angpt2 act as an agonist-antagonist pair
(Maisonpierre et al 1997, Yuan et al 2009). To explore this relationship with regard to
vascular calcification, VSMCs exposed to pro-calcaemic conditions were stimulated
with Angptl. Cells were stimulated with calcium and phosphate as described in
Section 2.5.1; however, some cells were also supplemented with an additional 25
ng/mL carrier-free recombinant human Angptl (923-AN-025/CF; R&D Systems).
Angptl was obtained as lyophilised protein, reconstituted prior to use at 100ug/mL in
sterile DPBS and stored in aliquots at -20°C. Calcium content was then measured as

described in Section 2.6.2.

2.6.6 Tie2 Inhibition Using siRNA

To inhibit the expression of the Tie2 receptor, cells were transfected with small
interfering RNA (siRNA) specific to human Tie2 (sc-33677; Santa Cruz
Biotechnology). Tie2 siRNA (human) contains three 19-25 nucleotide siRNA
sequences specific to TIE2. Cells transfected with Tie2 siRNA were compared with
cells transfected with control siRNA-A (sc-37007; Santa Cruz Biotechnology);
siRNA-A is a non-targeting scrambled sequence of 20-25 nucleotides. Control siRNA
and Tie2 siRNA arrived lyophilised, and were resuspended to give a final

concentration of 10 pM.
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Cells were set up in 24- or 6-well plates as for previous stimulation experiments
(Section 2.6.1) and left overnight to attach. VSMC growth medium was removed, cells
were washed twice with EBSS, and 500 pL Opti-MEM®I (1x) reduced serum medium
(31985-062; Gibco), containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 2.6 g/L sodium bicarbonate, and L-glutamine was added to each well.
Lipofectamine RNAiMax (Invitrogen) was used as the lipid carrier, and 3.3 pL was
added to each well, along with x uL (dependent on the desired siRNA concentration)
of either control siRNA or Tie2 siRNA.

To determine the optimal concentration of siRNA, a preliminary experiment was
conducted with four different concentrations (10 nM, 30 nM, 50 nM, or 100 nM), from
which the concentration was chosen for subsequent experiments. The concentration
(10 nM) was chosen, as this provided a 75% knockdown of 77/E2 mRNA at the lowest
possible concentration. The effect of lipofectamine was compared against VSMCs
with no lipofectamine added to verify that the chosen concentration had no effects on
cell survival. Furthermore, to determine how frequently the cells needed to be
transfected to ensure 7/E2 mRNA downregulation was maintained throughout the
experiment, a brief time-course experiment was conducted in which cells were

collected at 48 hours, 72 hours, and 5 days post-transfection.

This preliminary experiment indicated that, whilst 7/E2 was downregulated at the 48-
hour time-point, cells needed to be transfected again to maintain downregulation
across the 5-day period. Two hours post-transfection, Opti-MEM®I was removed and
replaced with low-serum (5% FBS) VSMC medium and in the final protocol cells were
cultured for 48 hours before removing the medium. Cells were washed in EBSS and
re-transfected. Fresh medium was added 2 hours post transfection, and cells were left
until the 5-day time-point. RNA and protein were harvested. The experimental

timeline is shown in Figure 2.8 and the medium conditions are shown in Figure 2.9.
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Cells transfected Cells washed with EBSS

with siRNA Re-transfected with siRNA
Medium (+Ca/P, tAngpt2) Medium (+Ca/P, tAngpt2)
(low serum) added to cells (low serum) added to cells

Cultured cells
at 70% confluence

Cells harvested for:
RNA
Protein
Calcium quantification

Figure 2.8: Experimental set-up and timeline for VSMC:s transfected with control
siRNA and 77E2 siRNA

Cells were transfected with siRNA twice in the duration of the 5-day experiment, on
Day 0 and Day 2.5. Medium was M199 containing low serum (5% FBS), penicillin,
streptomycin, and L-glutamine. Calcium concentration was 2.7 mM, phosphate

concentration was 2.0 mM, and Angpt2 concentration was 25 ng/mL.

+ Control siRNA

. . Medium Medium
?’;ed,'\;"cn I\;I;:dn;r(r: +2.7 mM Ca +2.7mM Ca
iomMPa +2'0m Mpa +2.0mM P +2.0mM P
om el +25 ng/ml Angpt2 +25 ng/ml Angptl
[ Control ][ Pro-calcaemic ][Pro—calcaemic + AngptZ] [Pro—calcaemic + Angptl]
+ Tie2 siRNA
. . Medium Medium
ﬂed:\r:‘ |\2A7ed|':r2 +2.7 mM Ca +2.7 mM Ca
iomM Pa +2'0m Mpa +2.0mM P +2.0mM P
il el +25 ng/ml Angpt2 +25 ng/ml Angptl
[ Control ][ Pro-calcaemic ][Pro—calcaemic + AngptZ] [Pro—calcaemic + Angptl]

Figure 2.9: Medium conditions for transfection studies
In each well, cells were transfected with 500 uL Opti-MEM®I, 3.3 pL Lipofectamine,
and 2 uL of either control or Tie2 siRNA. The experimental groups (medium only [1.8
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mM Ca, 1.0 mM P], pro-calcaemic medium [+2.7 mM Ca, +2.0 mM P], and pro-
calcaemic medium with Angpt2 [+2.7 mM Ca, +2.0 mM P, +25 ng/mL Angpt2]) were
the same as those outlined in Figure 2.1, barring the addition of a single well stimulated
with Angptl rather than Angpt2 (pro-calcaemic + Angptl [+2.7 mM Ca, +2.0 mM P,
+25 ng/mL Angptl]).

2.6.7 TUNEL Staining to Detect Apoptosis in VSMCs

VSMCs were seeded in 4-well chamber slides and treated with either control siRNA
or Tie2 siRNA before adding pro-calcaemic medium with or without 25 ng/mL
Angpt2. The cells were cultured for 24 hours or 5 days before being fixed in 4% PFA
in PBS for 10 minutes, washed with DPBS, and stained for apoptosis using a
Fluorescein In Situ Cell Death Detection Kit (11684795910, Roche, Mannheim,
Germany). The cells were washed twice with DPBS and permeabilised using 0.1%
Triton-X in 0.1 M citrate buffer (500 puL per well, for 2 minutes at room temperature).
The cells were again washed twice with DPBS and 50uL ‘TUNEL Reaction Mixture’
(‘Enzyme Solution’ diluted 1:30 in ‘Label Solution’, both from the Roche kit) was
added for 1 hour in a humidified chamber. The slides were then washed twice with
PBS, followed by incubation in 32 pLL Hoechst 33342 (10 mg/mL) in 200 mL PBS for
5 minutes, and washed twice more in PBS. Slides were mounted using SlowFade gold

and sealed with nail polish. All slides were examined using a fluorescent microscope.

2.7 Inhibition of Tie2 in Vessel Rings

Tie2 kinase inhibitor (sc-356156, Santa Cruz Biotechnology), otherwise known as 4-
(6-methoxy-2-naphthyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole,

was used as a synthetic chemical inhibitor of Tie2 activity in the vessel rings, rather
than siRNA (Semones et a/ 2007). The Tie2 kinase inhibitor (100 ug/mL) was added
to the vessel culture medium, along with 2.7 mM calcium, 2.0 mM phosphate, and 25
ng/mL Angpt2. The vessel rings were cultured for 14 days, with medium changed

every 3—4 days, and rings were taken for calcium quantification and histology.
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2.8 Statistics

Within this thesis, [ have utilised two-tailed Student’s #-tests in preference to ANOVA
tests to compare the means between experimental groups. By choosing a two-tailed
Student’s #-test, I have chosen to examine the possibility that the mean of one group is
either significantly greater or significantly less than the mean of the other group, using

a significance level of 0.05.

When using an ANOVA test, two of the underlying assumptions are that the data are
normally distributed, and that variance is heteroscedastic — the data within this thesis
do not comply with these assumptions, due to the small sample size and large degree
of biological variance between individual samples. Whilst I could have used non-
parametric tests, which have no distributional assumptions, the Student’s z-test is
robust to departures from normality; this is partially due to the fact that the #-test
utilises the standard error of the sample means, and remains consistent irrespective of
the distribution of the data. Increasing the sample size would bring the standard error
closer to standard deviation; however, the distribution of the data does not affect this
and, given the small number of samples from each disease state (control, pre-dialysis
CKD, or dialysis CKD) and the large degree of variation between individual samples,

this was a crucial consideration.

Although my small sample size was one reason as to why the Student’s #-test was
chosen, this test was also chosen in preference to a non-parametric test given that I
wanted to compared the means of the sample groups, rather than the median values
(which is what the non-parametric tests would have compared). An artefact of the
small sample size is the high variation between samples. As an ANOVA test utilises a
test statistic based upon the difference between the variance of the samples, it is more
readily affected by outliers than the Student’s #-test. Comparatively, the Student’s ¢-
test utilises a test statistic that is based upon comparison of the mean values. Where a
non-parametric test would be more robust with respect to issues arising from data

quality, the small sample sizes would continue to have a noticeable effect.

The small sample size also increases the likelihood of inducing a Type-I error, in which

the data falsely suggests that there is a difference between groups. However, a larger
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number of samples would be required to reduce this risk. All of the possible tests have
their flaws and, given the multiple considerations discussed, the Student’s #-test was
chosen for the analyses in this thesis. However, given a larger sample size, [ would

reassess the utilised statistical test potentially in favour of an ANOVA test.

All calculations were done using Microsoft Excel, and all graphs were made using
GraphPad Prism® 6 (GraphPad Software Inc., La Jolla, California). In this thesis, all
graphs present the mean of n samples (specific n is denoted in each figure), as well as

the standard error of the mean.
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Chapter 3: Results — The Effect of Angpt2 on Calcification

3.1: Quantification of Calcium Deposition in Intact Vessel Rings

3.1.1 Experimental Overview: Calcium Quantification

The first aim of this thesis was to determine whether exogenous Angpt2 had any effect
on calcification deposition using intact vessel rings. To examine this, medium-sized
muscular arteries were obtained from control, pre-dialysis, and dialysis paediatric
patients (as described in Section 2.2). These arteries were cut into 10—15 1 mm rings.
One ring was used to assess baseline calcium content in each individual. The
remaining rings were cultured in one of three conditions: control medium (medium
only), pro-calcaemic medium (2.7 mM Ca/2.0 mM P), and pro-calcaemic medium with

25 ng/mL Angpt2 (as described in Section 2.3.1).

The concentrations of calcium and phosphate used for the ‘pro-calcaemic’ medium
were chosen as they are the minimum concentrations required to induce calcification
in dialysis vessels in vitro (Shroff et al 2010). Similarly, the Angpt2 dosage was
determined from the results of the paper leading to this studentship (Shroff et a/ 2013),
which indicated that 25 ng/mL was the highest level of circulating Angpt2 observed

in paediatric dialysis patients.

3.1.2 Baseline Calcium Content

One arterial ring was collected prior to culture from each patient’s vessel to determine
the baseline level of calcium in that individual. Shroff and colleagues (2010) have
previously shown that paediatric patients on dialysis exhibit a significantly higher

baseline level of calcium than healthy paediatric controls.

Comparatively, the baseline calcium measurements in this study (Table 3.1) suggested
that there was a tendency for calcium deposition to be increased in arterial rings from
pre-dialysis (36.3£21.1 pg calcium/ pg protein, n = 3) and dialysis (36.8+35.9 ug
calcium/pug protein, n = §) patients when compared with healthy paediatric controls

(15.7£13.7 pg calcium/ pg protein, n = 3). However, there were no statistically
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significant differences between the groups (Figure 3.1). The discrepancy between
these findings and those of Shroff and colleagues (2010) is likely due to the wide

variability between patients and the low patient number.

150
1404 p=0.358
130
120 p=0.981
—~ 1101 A
£ 100+

807 p=0.229

Calcium Deposition in Vessel Wall
(ug calcium/ug protein

0 .~
Healthy Control (n=3) Pre-Dialysis CKD (n=3) Dialysis CKD (n=8)

Figure 3.1: Baseline calcium levels in arterial rings

Calcium loads of arterial rings obtained at baseline are shown in pg calcium per pg
protein for healthy renal controls (n = 3), pre-dialysis CKD patients (n = 3), and
dialysis CKD patients (n = 8). Only one ring was obtained per patient due to the limited
quantity of vessel rings. Note that baseline calcium levels could not be obtained from
one pre-dialysis sample due to the technical difficulties when the vessel rings were cut.

There are no statistically significant differences between the groups.
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Control A28  Mesenteric 28.54 29.28 30.32 41.91
Control A43  Mesenteric 17.13 21.22 21.14 20.68
Control A44  Mesenteric 1.35 3.00 2.81 2.80
CKD A15 Omental 60.61 87.98 117.75 120.83
CKD A17 Omental - 54.82 95.51 114.86
CKD A36 Omental 22.12 130.03 173.82 150.35
CKD A39 Omental 26.18 27.38 33.37 32.92
Dialysis A14 Inf. Epi. 51.32 32.85 122.94 171.74
Dialysis A37 Inf. Epi. 27.30 40.26 136.23 355.97
Dialysis A40 Inf. Epi. 108.90 128.85 343.73 604.28
Dialysis A42 Inf. Epi. 10.91 12.02 85.53 118.45
Dialysis A41 Inf. Epi. 63.96 65.63 211.60 424.43
Dialysis A46 Inf. Epi. 7.56 11.03 36.40 57.73
Dialysis A47 Inf. Epi. 7.47 10.20 23.07 75.37
Dialysis A48 Inf. Epi. 17.34 42.12 61.24 91.54

Table 3.1: Calcium deposition in control, pre-dialysis CKD and dialysis vessel
rings at baseline and following 14 days in culture under treated conditions

Types of arteries utilised are the mesenteric artery, the omental artery, and the inferior
epigastric artery (shortened to ‘Inf. Epi.” in the table above). All raw calcium values

are given in pug calcium per pg protein. M199 = serum-free M199.
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3.1.3 Stimulation with Exogenous Angpt2

Initially, a pilot study was performed to assess the time-course of calcium deposition
in pre-dialysis (n = 3) and dialysis vessels (n = 2) exposed to pro-calcaemic medium
with and without Angpt2, using the o-cresolphthalein colorimetric assay (as described
in Section 2.3.2). Due to the limited length of the vessel, only one ring was available
for each condition; therefore, for all calcium assays, n equals the number of patients
in the given category (i.e. healthy control, pre-dialysis, or dialysis). However, the
digested vessel ring was measured in duplicate for both the calcium assay and protein
assay to account for any pipetting variation observed in the measured absorbance
levels. After 7 days of exposure, there was no statistically significant difference in the
calcium deposition in either pre-dialysis or dialysis vessels cultured in control or pro-

calcaemic medium with or without Angpt2 (Figure 3.2).

200+
Pre-Dialysis CKD (n=3)
== Dialysis CKD (n=2)

100+

(Mg calcium/ug protein)

L I —
-

Media Ca/P Ca/P/Angpt2

Calcium Deposition in Vessel Wall

Culture Conditions

Figure 3.2: Calcium deposition in arterial rings after 7 days in culture

Calcium content, normalised to the protein content, of arterial rings from pre-dialysis
(n = 3) and dialysis (n = 2) patients was measured (ug calcium per pg protein) after 7
days exposure. There were no statistically significant differences in calcium deposition
between conditions in pre-dialysis vessels. As there were only two dialysis samples,
p-values were not calculated between the conditions due to the problems that such a

small sample would cause with the underlying assumptions of the test.
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I subsequently extended the duration of my experiments and examined the effect of 14

days exposure to a pro-calcaemic environment with, and without, 25 ng/mL of Angpt2

on the arterial rings (Table 3.1, Figure 3.3).

Control vessels (n = 3) cultured in the pro-calcaemic medium had a similar calcium
load to those exposed to control medium (18.09+8.09 g calcium/ pg protein versus
17.83+7.77 ng calcium/ pug protein respectively, p = 0.983). The addition of Angpt2
to the pro-calcaemic media did not have any effect on calcium deposition in control

vessels (21.80+11.31 ug calcium/ pg protein, p = 0.803).

7001 p=0.803
== Healthy Control (n=3)

Pre-Dialysis CKD (n=4) p=0.193
6007 - Dialysis CKD (n=5)
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4001
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2001

Calcium Deposition in Vessel Wall

1001

e ——

Media Ca/P Ca/P/Angpt2
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Figure 3.3: Calcium deposition of intact arterial rings (nug Ca/ug protein)

Calcium content, as measured using the o-cresolphthalein colorimetric assay, was
normalised to the protein content of the respective arterial ring after 14 days in culture.
Control (n = 3) and pre-dialysis CKD (n = 4) vessels do not exhibit any significant
difference in calcium load between culture in M199 medium alone and culture with
calcium and phosphate (control: p = 0.983, pre-dialysis: p = 0.442). There was a strong
trend for calcium deposition to be increased in dialysis vessels exposed to pro-
calcaemic conditions, which nearly reached significance (p = 0.053), compared with
M199 medium alone. Dialysis vessels (n = 8) also exhibit a further increase in calcium
load when treated with 25 ng/mL Angpt2 in pro-calcaemic medium, although this

trend is not statistically significant (p = 0.193).
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Each pre-dialysis vessel (n = 4, Figure 3.3) cultured in pro-calcaemic media had an
increased calcium load compared with vessel rings incubated in normal media, though
this was not significant (105.12+£29.04 pg calcium/ pg protein versus 75.05+22.12 ug
calcium/ pg protein respectively, p = 0.442). The addition of Angpt2 to the pro-
calcaemic media had no further effect on calcium deposition in pre-dialysis vessels
when compared with pre-dialysis vessels cultured in pro-calcaemic media alone

(104.74£25.17 pg calcium/ pg protein, p = 0.993).

Each dialysis vessel (n = 8, Figure 3.3) also had an increased calcium load when
exposed to pro-calcaemic media (as compared with dialysis vessels cultured in control
medium); this was very close to statistical significance (127.59+37.63 pg calcium/ ug
protein versus 42.97£14.05 pg calcium/ pg protein, p = 0.053). Furthermore, when
each dialysis vessel was exposed to Angpt2, calcium deposition in the pro-calcaemic
medium was further enhanced, compared with dialysis vessels cultured in pro-
calcaemic media alone, although this did not reach significance (237.44+70.95 pg
calcium/ pg protein, p = 0.193).

Displaying the data as raw values has the limitation of not taking into account the
variation in baseline calcium levels between patients. Therefore, I re-examined the
data using each vessel as its own internal control. In this analysis, the change in
calcium content is represented as the fold-change compared with the vessel rings

cultured in medium alone, which was given an arbitrary value of 1 (Figure 3.4).

The control vessels (n = 3) showed no increase in fold-change of calcium load when
exposed to a pro-calcaemic medium (0.99+0.03, p = 0.746); similarly, fold-change
remained the same with the addition of 25 ng/mL Angpt2 to control vessels in pro-
calcaemic medium (1.11£0.16, p = 0.491). The pre-dialysis vessels (n = 4) exhibited
a 1.4+0.11-fold increase in the calcium load when cultured in the pro-calcaemic
medium, compared with pre-dialysis vessel rings cultured in control medium (p =
0.012). However, the calcium load was not further enhanced in the pre-dialysis vessel
rings cultured with the addition of Angpt2 (1.46+£0.22, p = 0.853 when compared with
pre-dialysis vessel rings cultured in pro-calcaemic media alone). The culture of the
dialysis vessels (n = §8) in a pro-calcaemic medium resulted in a significant fold

increase in calcium load (3.39+0.59, p = 0.001), compared with dialysis rings cultured
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in control medium. Calcium deposition in dialysis vessels was further augmented with
the addition of Angpt2 to the pro-calcaemic medium; there was a significant fold-
change (6.23+0.87), compared to vessels cultured in pro-calcaemic medium without

Angpt2 (p = 0.019).

151

-o- Healthy Control (n=3)
Pre-Dialysis CKD (n=4) p=0.491

=+ Dialysis CKD (n=8) .

p=0.019

p=0.746

104

Fold Change in Calcium
(compared to media alone)

Media Ca/P Ca/P/Angpt2

Culture Conditions

Figure 3.4: Calcium deposition of intact arterial rings (fold-change)

Calcium content, normalised to the protein content, of each arterial ring was measured
(ng calcium per pg protein). Each vessel was used as its own control, and the calcium
content in each arterial ring was compared to the calcium content in the arterial ring
that was cultured in the medium alone, which was given an arbitrary value of 1.
Control (n = 3) and pre-dialysis (n = 4) blood vessels exhibited no significant changes
in calcium load when treated with pro-calcaemic medium with and without Angpt2
(control: p = 0.491, pre-dialysis: p = 0.853). Vessel rings from patients on dialysis (n
= &) exhibited a significant increase in calcium load when cultured in a pro-calcaemic
medium, compared with normal medium (p = 0.001); treatment with Angpt2 further
increased the calcium load in these vessels significantly compared with calcium and

phosphate alone (p = 0.019).

As the calcium assay indicated that calcium deposition increased within arterial rings
from dialysis patients with the addition of calcium and phosphate to the culture
medium, [ then examined the cultured arterial rings that had been fixed for

immunohistochemistry for localisation of the calcium deposition using the Von Kossa

124



staining method. However, staining of the vessel rings (Figure 3.5) indicated that none
of the arterial rings contained any visually detectable calcium depositions, even when
the arterial rings were cultured in pro-calcaemic medium with or without Angpt2.
Shroff and colleagues (2008) have previously found that very few paediatric patients
exhibit calcium deposition in the tunica media as detected using the Von Kossa
staining method; instead, this method appears to be preferable for detection of large

calcium depositions in the atherosclerotic plaques of adult patients.

Medium only Medium/Ca/P Media/Ca/P/Angpt2

Figure 3.5: Von Kossa staining of intact vessels to detect calcium

Healthy Controls

Pre-Dialysis CKD

Dialysis CKD

Arterial rings cultured from healthy control vessels, pre-dialysis vessels, and dialysis
vessels were negative for Von Kossa staining to detect calcium deposition when

cultured for 14 days in control medium alone (A, D, G respectively). Arterial rings
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from healthy control vessels stained positive for Von Kossa along the outer edge of
the adventitia when cultured in pro-calcaemic medium (B) and when cultured in pro-
calcaemic medium with Angpt2 (C). However, this staining is not localised within the
arterial ring itself. Positive staining is also observed along the edge of the adventitia in
pre-dialysis patients cultured in calcium-containing medium, with and without,
Angpt2 (E, F). Arterial rings obtained from dialysis vessels exhibit minimal Von
Kossa positive staining when cultured in the pro-calcaemic medium, with and without,
Angpt2 (H, I). Although Von Kossa positive staining along the adventitia indicates
that the protocol worked, the vessels themselves are negative for detectable calcium

depositions within the tunica media.

3.2: Isolation and Immunocytochemistry of Primary VSMCs

3.2.1 Experimental Overview: VSMCs

Given that arterial rings from paediatric patients on dialysis exhibited an increase in
calcium deposition when treated with exogenous Angpt2 for 14 days under pro-
calcaemic conditions, compared with pro-calcaemic conditions alone, I decided to
investigate whether exogenous Angpt2 would increase calcium deposition in isolated
VSMCs. VSMCs were explanted from the medial layer of fresh patient vessels (as
described in Section 2.4.2). All VSMCs used in this project are primary cells; however,
each individual cell population (cells isolated from one particular patient) will be

referred to as a cell ‘line’.

3.2.2 Isolation of Primary Paediatric VSMCs

Nineteen vessels were set up for explant cell isolation (as shown in Table 2.1). Of
these, two did not attach and were discarded. Explants from 17 vessels attached and
resulted in proliferating cells. Of these, two lines were destroyed due to a systemic
incubator malfunction at passage one while a third line was infected at passage one.
This left 14 independent cell lines: five control lines, four pre-dialysis lines, and five

dialysis lines.
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For each sample, VSMCs proliferated in a radial manner outwards from the attached
medial explants (Figure 3.6A, B, and C). The cell density was highest near the explant
and became increasingly sparse as the distance from the explant increased (Figure
3.6C). VSMC:s isolated from the healthy controls proliferated at a more rapid rate (2—
3 weeks to reach confluence) than VSMCs obtained from either pre-dialysis or dialysis
vessels (4-6 weeks to reach confluence). The cells were visualised using light
microscopy, and all isolated VSMCs exhibited classical SMC morphology (Figure
3.6D, E, F); that is, the cells appeared spindle-like and elongated and, when confluent,
formed a ‘hill and valley’ structure. These cells were also mono-nucleated, with small
rounded nuclei. There were no obvious morphological differences between control,

pre-dialysis, and dialysis VSMCs.

Explant Outgrowth

Isolated Cells

Figure 3.6: Isolation of VSMCs from explants of paediatric tunica media

VSMCs were isolated from the explants of the tunica media obtained from paediatric
arteries. VSMCs were isolated from medial explants obtained from dialysis vessels
(A, B, C). Photos were taken 4 weeks after seeding the tissue, highlighting the different

patterns that these cells can take as they reach confluence. Arrowheads in C indicate
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regions in which the cells are beginning to condense; when this begins to occur, cells
need to be passaged immediately to prevent the release of apoptotic bodies and
spontaneous calcification due to over confluence. The long arrow in C denotes the
decreasing density of the cell population as the distance from the explant increases.
Control, pre-dialysis, and dialysis VSMCs exhibit typical VSMC morphology at low
passages (shown here at passage 4; D, E, F). Cells are representative of their respective
populations (control: n = 5, pre-dialysis: n = 4, dialysis: n = 5). Cells were passaged
and utilised in experiments until passage 9 as long as they retained this morphological

phenotype. All cells were photographed at 40x magnification.

3.2.3 Immunocytochemistry of VSMCs

Blood vessels contain several different cell types (VSMCs, endothelial cells, and
fibroblasts). Therefore, I wanted to check the purity of the cells that I had isolated
before using them for detailed experiments. I utilised immunocytochemistry to
compare the expression pattern of aSMA and FSPI between my isolated cell
populations and a commercially purchased population of primary huAoFibs.
Differentiating between VSMCs and fibroblasts is difficult, as there is no clear marker
that differs between them; both aSMA and FSP1 are expressed in both cell types.
However, literature has suggested that the pattern and localisation of these proteins
differ between VSMCs and fibroblasts and therefore by using immunocytochemistry,
the identity of the cells could be indicated (Brouty-Boye et al 1992, Chamley et al
1977).

The isolated VSMC:s (all lines) express aSMA in discrete filamentous structures, with
strong staining in the stress fibres of the cells (Figure 3.7A, C). In contrast, aSMA
staining is more diffuse across the HuAoFibs (Figure 3.7D, F). FSP1 expression is
condensed around the nucleus in the isolated VSMCs (Figure 3.8A, C), whilst the
HuAoFibs exhibit diffuse FSP1 positivity throughout the cytoplasm (Figure 3.8D, F).
Although not a definitive indicator, these staining patterns suggest that the isolated

cells are indeed VSMCs (Brouty-Boye et al 1992, Chamley et al 1977).
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Smooth Muscle Actin

Isolated VSMCs

HuAoFibroblasts

Figure 3.7: Inmunocytochemistry for aSMA in VSMCs and HuAobFibs

Isolated dialysis VSMCs and HuAoFib were stained for aSMA, to highlight the
characteristic actin structures of the cells. Both VSMCs (A, B, C) and fibroblasts (D,
E, F) stain positive for aSMA (A, D); however, when staining VSMCs the actin fibres
are clearly defined along the stress fibres in the isolated VSMCs (A) in comparison to
the filamentous structures observed in HuAoFib (D). VSMC staining is representative
of nine independent cell lines (control: n = 3, pre-dialysis: n = 3, dialysis: n = 3), while
fibroblast staining is representative of a single commercial cell line. All cells were

photographed at 200x magnification.
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Figure 3.8: Immunocytochemistry for FSP1 in VSMCs and HuAoFibs

Isolated VSMCs and HuAoFib were stained for FSP1 to indicate the overlap in
markers between the two cell types. VSMCs (A, B, C) and HuAoFib (D, E, F) both
stained positive for FSP1, with strong nuclear exclusion in the staining. VSMC
staining is representative of nine independent cell lines (control: n = 3, pre-dialysis: n
= 3, dialysis: n = 3), while fibroblast staining is representative of a single commercial

cell line. All cells were photographed at 200x magnification.
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3.3: Gene Expression Profiling of VSMCs from Healthy Controls

3.3.1 Experimental Overview: Gene Expression Analysis

VSMCs have a propensity to lose some markers of SMC identity in culture; therefore,
it was also important to ensure that these isolated VSMCs expressed transcripts which

encode markers of smooth muscle identity following isolation.

Using qRT-PCR (as described in Section 2.5.6), I constructed an expression profile
for isolated control VSMC:s that I then examined with respect to HUVECs, HuAoFibs,
and human aortic VSMCs (HuAoVSMCs). I examined mRNA expression of genes
indicative of SMC lineage (aSMA, CNNI, SM22a,), markers of the endothelium
(CD31, TIEI, TIE2), angiogenic growth factors and their receptors (ANGPTI,
ANGPT2, VEGFA), and regulators of osteogenesis (4HSG, BMP2, MGP, RUNX2,
OPN, SP7). The expression levels were normalised to the expression of the
housekeeping gene HPRT for each individual cDNA sample. For each primer,
RNase/DNase-free distilled water was run as a negative control whilst whole adult

human kidney cDNA was used as a positive control.

3.3.2 RNA Quality and Concentration

RNA was extracted from four healthy control VSMC cell lines and subsequently
examined for RNA quality and quantity prior to use in PCR and qRT-PCR (as
described in Sections 2.5.2 and 2.5.3). The concentration of RNA obtained from
control VSMCs was typically between 100-250 ng/uL.. When run on an agarose gel,
high-quality RNA samples exhibit two distinct bands corresponding to 28S ribosomal
RNA and 18S ribosomal RNA. The 28S band should appear approximately twice the
intensity of the 18S band (Figure 3.9A). The purity of the sample is also measured
using spectrophotometry in which the absorbance (‘A’) of the sample is measured at
wavelengths 260 nm and 280 nm. The absorbance ratio (A260/280) should ideally be
~2.0 for pure RNA (Figure 3.9B). All of the samples isolated from control VSMCs
yielded high-quality RNA.
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Figure 3.9: RNA isolated from primary VSMC cultures

RNA quality was assessed by two primary methods: agarose gel electrophoresis and
spectrophotometry. A: Three RNA samples from healthy control VSMCs (2uL for
each sample) were run on a 2% agarose gel. These three samples demonstrate high-
quality RNA, as both the 28S and the 18S band are strong, distinct, and exemplify the
2:1 28S/18S ratio. B: A spectrophotometric reading of an RNA sample from a
NanoDrop™ shows a smooth curve, with a single peak. A2s0250 is near 2.0, indicating
that the RNA sample is free of protein contaminants while Axso2301s above 2, which
indicates that the sample is free of chemical contaminants such as the phenol utilised
for extraction. This sample yielded high quality, high quantity RNA; this is
representative of the typical RNA sample obtained from control VSMCs.
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3.3.3 Optimising PCR Conditions

Each primer pair (as described in Section 2.5.5) was optimised on whole adult human
kidney RNA prior to use in qRT-PCR. Gradient PCR results indicated the ideal
annealing temperature necessary to produce a simple specific amplicon and reveal any
non-specific amplification or excessive primer-dimer formation; examples of primer
gradients for 7/E] and ANGPTI are given in Figure 3.10. All primers that were
subsequently used for this thesis produced single products; however, the strongest
bands (suggesting increased product) were observed between 60—62°C. Following
this, primers were used in qRT-PCR. For each primer in an individual 96-well plate,
two wells were allocated for the positive control (whole human kidney), and two wells
were allocated for the negative control (RNase/DNase-free distilled water). Upon
completion of the qRT-PCR cycle, the melt curves for these samples were examined
to ensure that only a single peak was observed; representative melt curves for 7/E2,

aSMA, RUNX2 and HPRT are given in Figure 3.11.

Gene Size (bp) Temperature °C Amplicon (bp)
51.1 525 543 56.2 583 60.3 62.0 63.5
MWM
1000 —
TIE1 500
MWM
ANGPT1 | so0—

Figure 3.10: Representative gradient PCR results from 7/El and ANGPT2

The temperature gradient ran from 51.1°C to 63.5°C. The optimal annealing
temperature was chosen based on the ability to produce a strong single product of
correct length. In these examples, the optimal temperature was between 60.3°C and

62°C for TIE] and ANGPT1I.

133



5000 400
4500 /
300 I
o~ o 5 /
2 2 /i
"'-l © 2 200 /]
— 3500 ¥ //
500 100 /
2500 0
65 0 75 80 85 % 9
Temperature, Celsius
5500
500
5000
400
< - .
3
> 5 a0
E E 4000 g
(%2 3500 200
B 3000 100
2500 0
65 0 75 80 85 % %
Temperature, Cel
5500 600
N i .
x 4500 & 40
2 5
2 2 4000 & 300
¥
: 3500 200
& - o
2500 0
% %
700
5500
600
5000
500
|~ 4500 § 40
||z i
z 2
. 4000 £ a0
I 3500 200
3000 100
2500 0
65 0 75 80 85 % %
Temperature, Cel

Figure 3.11: Representative qRT-PCR melting curves from four primers
The quality of the qRT-PCR was determined by the quality of the melt curve. A good
quality melt curve as seen above for 7/E2, aSMA, RUNX2 and HPRT exhibited a single

peak, corresponding to a single product.

3.3.4 Contractile Gene Expression

I then compared the expression of contractile genes (aSMA, CNNI, and SM22 )

between paediatric control VSMCs, HuAoVSMCs, HuAoFibs, and HUVECs. To do

this, I used the dCt method, which provided an expression level for each gene relative
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to the housekeeping gene HPRT. A negative dCt indicated that a gene was more highly
expressed relative to HRPT, whilst a positive Ct showed lower expression relative to
HPRT. HuAoVSMCs expressed high levels of aSMA and transgelin (SM22a) mRNA
relative to HPRT, with similar levels of calponin relative to HPRT (Figure 3.12A).
HuAoFibs expressed higher levels of all three contractile proteins relative to HPRT
(Figure 3.12B) as compared with HuAoVSMCs. Comparatively, HUVECs expressed
lower mRNA levels for CNNI, aSMA and SM22 « relative to HPRT (Figure 3.12C) as
compared with both HuAoVSMCs and HuAoFibs. The expression in the VSMCs
isolated from paediatric controls was similar to HuAoVSMCs and HuAoFibs with
high levels of aSMA, transgelin and calponin mRNA relative to HPRT (Figure 3.12-
D).

3.3.5 Angiogenic and Endothelial Gene Expression

Next, [ examined markers of the endothelium (CD31, TIEI, TIE2) and vascular growth
factors (ANGPTI1, ANGPT2 and VEGFA). As expected, HUVECs expressed high
levels of CD31 and TIE] relative to HPRT, with TIE2 expressed at similar levels to
HPRT (Figure 3.13C). HUVECs expressed similar levels of ANGPT?2 relative to
HPRT, indicative of Angpt2 production in the Weibel-Palade bodies of the endothelial
cells. These HUVECs also express low levels of both ANGPTI and VEGFA (Figure
3.13C). HuAoVSMCs (Figure 3.13A) and HuAoFibs (Figure 3.13B) had a similar
expression profile with low expression of CD31, TIE] and TIE2 compared with
HUVEC:s. These cells both expressed higher levels of VEGFA and ANGPT]1 relative
to HPRT, compared with HUVECs, and lower levels of ANGPT2 (Figure 3.13A and
B). In VSMC:s isolated from paediatric controls (Figure 3.13D), the majority of the
expression profile resembled HuAoVSMCs and HuAoFibs with low TIE1, ANGPT?2,
CD31 and high VEGFA relative to HPRT. Interestingly, the levels of TIE2 relative to
HPRT were higher than either HuAoVSMCs or HuAoFibs, whilst the expression of
ANGPTI was low.
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Figure 3.12: Expression of contractile genes

ACt values have been plotted to show mRNA expression levels of genes normalised
to HPRT, where no difference to HPRT is equal to 0. Low values (negative dCt values)
indicate high levels of gene expression relative to HPRT whilst high values (positive
dCt values) indicate low levels of gene expression relative to HPRT. HuAoVSMCs
exhibit decreased CNNI expression relative to HPRT when compared to other
VSMCs; however, aSMA and SM22« expression levels remain increased relative to
HPRT (A). HuAoFibs (B) and control VSMCs (D) express increased levels of
contractile genes aSMA, CNNI, and SM22« relative to HPRT. HUVECs exhibit
decreased levels of CNNI relative to HPRT, whilst aSMA and SM22« are expressed
at similar levels to HPRT (C). Mean expression levels were plotted for control (n = 3)
VSMC s, and error bars indicate standard error of the mean. HUVECs, HuAoVSMCs,
and HuAoFibs were all obtained commercially and therefore only one independent
line was tested. Each cDNA sample was run in duplicate during qRT-PCR, and the

mean value was used in dCt calculations.
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Figure 3.13: Expression of endothelial and angiogenic genes

ACt values have been plotted to show mRNA expression levels of genes normalised
to HPRT, where no difference to HPRT is equal to 0. Low values (negative dCt values)
indicate high levels of gene expression, and low values (positive dCt values) indicate
low levels of gene expression. HuAoVSMCs (A) express decreased levels of CD31,
TIEI, and ANGPT?2 with respect to HPRT, as do the HuAoFibs (B). HUVECs (C)
express increased levels of CD31 relative to HPRT, while expression of 7/E2 is similar
to HPRT. HUVECs are the only cells examined to express increased ANGPTI and
TIE] with respect to HPRT, all VSMC populations express decreased 7/E! with
respect to HPRT (A, D). Mean expression levels were plotted for control (n = 3)
VSMCs, and error bars indicate standard error. HuAoVSMCs, HuAoFibs, and
HUVECs were all obtained commercially and therefore only one independent line was
tested. Each cDNA sample was run in duplicate during qRT-PCR, and the mean value

was used in dCt calculations.
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Figure 3.14: Expression of osteogenic genes

ACt values have been plotted to show mRNA expression levels of genes normalised
to HPRT, where no difference to HPRT is equal to 0. Low values (negative dCt values)
indicate high levels of gene expression, and low values (positive dCt values) indicate
low levels of gene expression. All cell types express increased mRNA levels of anti-
osteogenic MGP withrespect to HPRT (A, B, C, and D). Apart from the HuAoVSMCs
(A), which expressed increased mRNA levels of pro-osteogenic factor BMP2 with
respect to HPRT, all cell types express very low levels of pro-osteogenic genes. Mean
expression levels were plotted for control (n = 3) VSMCs, and error bars indicate
standard error. HUVECs, HuAoVSMCs, and HuAoFibs were all obtained
commercially and therefore only one independent line was tested. Each cDNA sample

was run in duplicate during qRT-PCR, and mean value was used in dCt calculations.
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3.3.6 Osteogenic Gene Expression

HuAoVSMCs expressed low levels of the pro-osteogenic genes OPN, RUNX2, SP7
relative to HPRT (Figure 3.14A). In contrast, expression of another pro-osteogenic
gene BMP2 was higher relative to HPRT. In these HuAoVSMCs, MGP mRNA
expression was high relative to HPRT suggesting that these cells actively maintain an
anti-osteogenic phenotype. Additionally, HuAoVSMCs expression of the anti-
osteogenic gene AHSG (fetuin-A) was very low relative to HPRT (Figure 3.14A).
Given that fetuin-A is produced in the liver and is actively taken up by VSMCs as an
osteoprotective mechanism, we expect to see low levels of expression in these cells

(Reynolds et al 2005).

The majority of the profile of HuAoFibs was similar to HuAoVSMCs, with equivalent
levels of OPN, MGP and SP7 relative to HPRT (Figure 3.14B). The levels of BMP2,
RUNX?2 and AHSG relative to HPRT in HuAoFibs were lower than in HuAoVSMCs.
The expression levels of RUNX2, OPN, AHSG and BMP?2 relative to HPRT in
HUVECs were similar to HuAoVSMCs (Figure 3.14C), whilst MGP and SP7 were
higher. Finally, paediatric control VSMCs contained similar levels of OPN, MGP, and
SP7 relative to HPRT compared with both HuAoVSMCs and HuAoFibs (Figure
3.14D). The level of RUNX2 relative to HPRT in paediatric control vessels was higher
than both HuAoVSMCs and HuAoFibs, whilst the expression level of AHSG was
similar to the expression level observed in the HuAoVSMCs. Interestingly, the
paediatric control vessels also exhibited lower levels of BMP2 relative to HPRT when

compared with the HuAoVSMCs.

3.4: Effects of Angpt2 on Calcium Deposition in VSMCs

3.4.1 Experimental Overview: Angpt2 Calcification in VSMCs

The intact arterial ring experiments indicated that exogenous Angpt2 promoted
calcium deposition in vessels obtained from dialysis patients in the presence of
calcium and phosphate when compared with vessels cultured in calcium and phosphate
alone. The aim in using monolayer primary VSMC cultures was to determine whether

this same augmentation of calcification occurred when the VSMCs were isolated from
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the tunica media. To investigate this, VSMCs isolated from control and dialysis
patients were cultured for 5 days under the same conditions that the intact arterial rings
were cultured in: (i) control (media only), (i1) pro-calcaemic medium (2.7 mM Ca/2.0
mM P), and (ii1) pro-calcaemic medium with 25 ng/mL Angpt2. Cells from pre-
dialysis vessels were not used, as they did not respond to Angpt2 in the vessel ring
experiments. Similarly to the vessels, calcium content was measured using the o-
cresolphthalein colorimetric assay and normalised to the protein content of each well
(as described in Section 2.6.2). For both control and dialysis individuals, three
independent patient VSMC lines were examined and each patient cell line was run in

triplicate for each condition.

3.4.2 Angpt2 Increases Calcium Deposition in Dialysis VSMCs

When cultured in medium alone (M 199 containing 1.8 mM Ca and 1.0 mM P), VSMCs
isolated for paediatric controls exhibit very low levels of calcification (Figure 3.15).
Comparatively, VSMCs isolated from paediatric CKD patients exhibit increased
calcium deposition when compared with the control VSMCs, even when cultured
under control conditions. However, under baseline conditions (M199 only), there is no
significant difference in calcium content between control and dialysis cell populations.
When cultured in the presence of high calcium (2.7 mM) and high phosphate (2.0
mM), both control and dialysis VSMCs calcify significantly when compared to cells
cultured in medium alone (p = 0.043 and p = 0.0002 for control and dialysis cells
respectively; Figure 3.15). The dialysis cells calcify more readily than the control cells
when cultured in the pro-calcaemic medium; the difference between the two
populations is near statistical significance (p = 0.065). When cultured in pro-calcaemic
medium with addition of 25 ng/mL Angpt2, the control VSMCs calcify to the same
degree as in the pro-calcaemic environment alone (p = 0.0852). Comparatively, when
VSMCs from dialysis patients are cultured in pro-calcaemic medium containing
exogenous Angpt2, the VSMCs accumulate almost twice the calcium than when
cultured in the pro-calcaemic medium alone (p = 0.005). The differential response
between the control and dialysis VSMCs when cultured in pro-calcaemic medium (p
= (.065) and pro-calcaemic medium with exogenous Angpt2 (p = 0.001) suggests that
there is an intrinsic element of the dialysis cells that heightens their propensity to

calcify in response to Angpt2.
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Dialysis VSMCs cultured in pro-calcaemic medium, with and without Angpt2, clearly

exhibit the formation of calcium-containing nodules (Figure 3.15 B).

A

2500 |:| Control VSMCs
p=0.0852

[l Dialysis VSMCs 0=0.005

2000 |
p=0.001

p=0.043
15004 p=0.0002

10004

Calcium Deposition
(ug Calcium/mg protein)

5004

===
M199 Ca/P Ca/P/Angpt2
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Medium alone Medium/Ca/P Medium/Ca/P/Angpt2

Figure 3.15: Calcium deposition in monolayer VSMC cultures

Calcium deposition in VSMCs after 5 days in culture was measured using the o-
cresolphthalein colorimetric assay and normalised to protein content (A). Three
independent cell lines for each group (control: » = 3, dialysis: n = 3) were used, and
each of these was run in triplicate to ensure reproducibility within the cell line. Both
control and dialysis VSMC populations exhibited a significant increase in calcium
deposition when cultured under pro-calcaemic conditions; however, only dialysis cells
exhibited a significant further increase when stimulated with 25 ng/mL Angpt2 under
pro-calcaemic conditions. Dialysis VSMCs were stained with Alizarin red to highlight
calcium-containing nodules, indicated by the yellow arrows (B). Images are
representative of three dialysis VSMC lines, and cells were visualised at 40x

magnification.
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3.5: Conclusion

Using the intact arterial ring model, I have shown that there is a trend towards an
increase in baseline levels of calcium deposition in arterial rings in patients with CKD,
both pre-dialysis and on dialysis. This corroborates with previous research conducted
by Shroff et al (2010) but suggests that an increased number of samples would be
beneficial in this study as, although there was a trend for calcium deposition to increase

in patients with CKD, there was no statistical significance between the groups.

Preliminary experiments showed no significant differences in calcium deposition
between pre-dialysis vessels and dialysis vessels cultured with and without the
addition of exogenous Angpt2 after 7 days in pro-calcaemic media. In contrast, after
14 days in culture, the arterial rings from control patients exhibited no significant
increases in calcium deposition when exposed to a pro-calcaemic medium with or
without Angpt2 when compared with control arterial rings cultured in media alone.
Pre-dialysis arterial rings exhibited a significant increase in calcium deposition when
cultured in pro-calcaemic conditions but did not exhibit a further increase in calcium
deposition when cultured in pro-calcaemic conditions with the addition of Angpt2.
However, arterial rings obtained from dialysis patients calcified significantly when
cultured in the pro-calcaemic media and this calcification was further augmented to a

significant degree when cultured with the addition of Angpt2.

These data suggest that Angpt2 may potentiate calcification in a calcium- and
phosphate-rich environment. However, as this effect is only observed in the dialysis
vessels and not observed in either the control or pre-dialysis vessels, this augmentation
effect may potentially be mediated by intrinsic changes that occur in the vessels

themselves because of dialysis.

VSMCs were readily isolated from the tunica media of paediatric medium-sized
muscular arteries. This allowed this project to utilise a rare resource for further in vitro
work. Unlike commercially-available VSMCs, these isolated cells have been exposed
to the uremic environment and the environmental stressors induced by dialysis.
Additionally, the healthy control VSMCs are isolated from age-matched (paediatric)

controls, making them a more appropriate comparison than healthy adult VSMCs. The
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staining patterns of aSMA and FSPI in the isolated VSMCs were indicative of this
SMC lineage. These isolated paediatric control VSMCs express high levels of mRNA
for SMC markers CNNI, aSMA, and SM22« relative to HPRT. However, these
VSMCs also express T/E2, a transmembrane receptor that is typically associated with
endothelial expression. Despite this, they do not express CD3 1, another marker of the

endothelium, and otherwise exhibit SMC morphology.

In a pro-calcaemic environment, both control and dialysis VSMCs calcify. However,
the dialysis VSMCs exhibit twice the calcium deposition as the control VSMCs and
this calcification is further augmented with the addition of Angpt2; Angpt2 does not
further increase calcium deposition in control VSMCs. This response is similar to the
response observed in the paediatric vessel rings and suggests that Angpt2 may be a

driver of calcification in children on dialysis.
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Chapter 4: Results — Pathological and Molecular

Mechanisms Following Angpt2 Stimulation

4.1: Gene Expression Between Disease States
4.1.1 Experimental Overview: Gene Expression in VSMCs

Vessels from healthy paediatric patients do not calcify in culture, and it has been
suggested that these vessels possess the intrinsic ability to protect against vascular
calcification (Shroff ef a/ 2010). One potential suggestion is that VSMCs from healthy
control patients express higher baseline levels of contractile genes (aSMA4, SM22 )
whilst VSMCs from dialysis patients express higher levels of pro-osteogenic genes
(RUNX2, BMP2). Similarly, there is potential for a discrepancy between the
expression levels of osteogenic inhibitors such as MGP. To test this hypothesis, |
compared the expression of contractile, angiogenic, and osteogenic genes in VSMCs

as categorised by disease state from control, pre-dialysis, and dialysis individuals.

cDNA was isolated from control (n = 4), pre-dialysis (n = 3), and dialysis VSMCs (n
= 4). Primers for angiogenic growth factors (ANGPTI, ANGPT?2) and their receptors
(TIEI, TIE2), smooth muscle marker SM22¢ and endothelial cell marker CD31, as
well as osteogenic genes (BMP2, MGP, SP7, OPN) were used in qRT-PCR. Each
sample was run in duplicate and normalised to the expression level of HPRT. Mean
dCt value was taken from the control VSMCs, and all other dCt values were
subsequently compared to this value. For each primer, RNase/DNase-free distilled
water was run as a negative control while whole human kidney was run as a positive

control.
4.1.2 Baseline Gene Expression in Paediatric VSMCs
VSMCs isolated from healthy paediatric vessels, pre-dialysis CKD vessels, and

dialysis CKD vessels exhibited no significant differences in gene expression levels in

the tested angiogenic genes (TIE1, TIE2, ANGPTI, ANGPT2; Figure 4.1 A, B, C, D).
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No significant differences in gene expression were detected between VSMCs
populations for either receptor tyrosine kinase, 7/E/ (Figure 4.1A) or TIE2 (Figure
4.1B). Additionally, there were no significant differences in expression levels for
either angiopoietin, ANGPTI (Figure 4.1C) or ANGPT2 (Figure 4.1D), between
VSMC populations. There was a trend towards a mean increase in contractile SMC
marker SM22« (Figure 4.1E) as disease severity increased; however, the difference
was not statistically significant. Similarly, the endothelial marker CD3/ remained

present across all isolated VSMCs despite the disease state (Figure 4.1F).

Next, I explored the hypothesis that the VSMCs from patients on dialysis might
express differential levels of the osteogenic genes BMP2, MGP, OPN, or SP7.
Although no statistically significant differences in osteogenic gene expression (of the
measured genes) were detected between these VSMC populations, the mean fold-
change of pro-osteogenic gene BMP2 (Figure 4.2A) was marginally increased in
VSMCs from vessels obtained from patients on dialysis. Pro-osteogenic genes OPN
(Figure 4.2B) and SP7 (Figure 4.2C) are minimally higher in VSMCs from control
vessels, whilst the pre-dialysis VSMCs exhibit an increase in MGP (Figure 4.2D)
when compared with both control and dialysis VSMCs. There was wide variation in
expression levels between individual patients within a given category, suggesting that
each patient has an individual baseline level of expression from which any deviation
may qualify as an increase or decrease. Due to the wide variation in expression levels
in individual patients within a given category, the standard error for each sample is

very large.
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Figure 4.1: Expression of angiogenic genes in VSMCs across disease states

Expression levels of angiogenic-related genes (71E1, TIE2, ANGPTI, ANGPT2) and
markers SM22a and CD31 were quantified in cultured (baseline, untreated) paediatric
VSMC:s isolated from control (n = 4), pre-dialysis (n = 3) and dialysis (n = 4) vessels.
Note that the endothelial expression level is low (35-36 cycles compared to 20-21
cycles of HPRT) and has been included to determine if the cells acquired any
endothelial-like characteristics (given that they express 77/E2). Bars represent the mean
fold-change in gene expression, relative to the control VSMCs. Error bars indicate
standard error; note that there is a large variation between individual patients, thus

increasing the size of the error bars.
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Figure 4.2: Expression of osteogenic genes

Expression levels of osteogenic-related genes (BMP2, OPN, SP7, and MGP) were
quantified in cultured (baseline, untreated) paediatric VSMCs isolated from control (n
= 4), pre-dialysis (n = 3) and dialysis (n = 4) vessels. Bars represent the mean fold-
change in expression relative to control VSMCs. Error bars indicate standard error.
Note that there is a large variation between individual patients, thus increasing the size

of the error bars.

4.2: Effects of Angpt2 on Vessel Histology and Apoptosis

4.2.1 Experimental Overview: Histology of Intact Arterial Rings

The previous experiments (Chapter 3) have indicated that exogenous Angpt2 increases
the calcium deposition in both VSMCs and intact vessels from patients on dialysis and
that, given the presence of the Tie2 receptor on the VSMCs in both culture and in vivo,
Angpt2 may potentially act through the Tie2 receptor. However, the pathological
mechanism through which this occurs is not known. To explore this, when vessel rings
were set up in culture for calcium quantification, additional rings were also cultured

for embedding in paraffin and O.C.T (Sections 2.3.3 and 2.3.4). Sections (5um) were
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cut from each vessel ring, and H&E staining was performed to examine vessel

morphology (as described in Section 2.3.8).

4.2.2 Dialysis Vessels Exhibit Disrupted VSMC Arrangement

In a normal vessel, there are three defined structures: the tunica intima, the tunica
media, and the adventitia. After the vessel is collected and dissected from surrounding
tissue, the vessel is scraped with a scalpel in an attempt to remove the adventitia. There
is inevitably residual tissue, which can be observed in all of the histological images.
However, stripping the vessel of the adventitia also places stress on the thin endothelial
lining of the vessel causing the endothelium to be damaged and often removed from
the vessel prior to explant culture. As such, very few endothelial cells are observed in

the histological images.

In a healthy vessel ring, the VSMCs of the tunica media exhibit elongated nuclei that
run parallel to the external elastic lamina; these maintain a well-organised linear
arrangement (Figure 4.3A, Moe ef al 2002). 1 found that healthy control paediatric
vessels maintain this morphology, even when challenged with a high calcium and
phosphate environment with, and without, Angpt2 (Figure 4.3B and C, respectively).
Pre-dialysis vessels again exhibit this well-aligned arrangement of VSMCs (Figure
4.3D), although they begin to exhibit a slightly haphazard arrangement of nuclei
following treatment with calcium and phosphate with and without Angpt2 (Figure
4.3E and F, respectively). Dialysis vessels exhibit increased disarrangement of nuclei
(Figure 4.3G); this disarrangement is further increased following culture in high
calcium and phosphate media (Figure 4.3H). Along with the misaligned nuclei,
dialysis vessels also exhibit an increase in regions devoid of cells (as depicted by the
black arrows, Figure 4.3G, H, and I) and rounded condensed nuclei that are believed

to be apoptotic (as depicted by the red arrows, Figure 4.3).
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Figure 4.3: H&E staining of intact vessel rings

Vessel rings from control patients exhibit even medial staining and aligned elongated
nuclei, even following treatment with pro-calcaemic medium and Angpt2 (A, B, C).
Vessel rings obtained from pre-dialysis CKD patients still exhibit elongated nuclei
when cultured in control medium (D) and pro-calcaemic medium (E). However, with
the addition of Angpt2 (F), there are an increased number of condensed nuclei (as
indicated by the red arrow). The alignment of nuclei within the tunica media is also
less organised than when cultured in medium alone. Rings from dialysis vessels (G,
H, I) exhibit disorganised nuclei alignment when cultured in medium alone (G), and
have regions of cell loss (as indicated by black arrowheads). When cultured in pro-
calcaemic medium (H), vessels exhibit large areas of cell loss; with the addition of
Angpt2 in the pro-calcaemic medium, there are large areas of cell loss along with an

increase in condensed nuclei (I). Tm = tunica media, Ad = adventitia.
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Initially, the total nuclei were counted per vessel (represented as the number of cells
per 0.25 mm?, Figure 4.4A) with 6-8 images counted per arterial ring. Despite the
phenotypic differences between the arterial rings from patients at different stages of
disease (as visualised in Figure 4.3), no significant differences in total nuclei number
were observed between disease states or culture conditions although there was a high
degree of variation in cell numbers between individual vessels. Although not
significant, each individual vessel exhibited a downward trend in the total number of
nuclei with the addition of calcium and phosphate, and the number of nuclei further
decreased with the addition of Angpt2 (control: 185.514+39.00, 180.66+33.00,
163.44427.64; pre-dialysis: 197.26+32.77, 194.454+32.08, 181.474+27.54, dialysis:
212.65+34.86, 180.38+30.30, 172.04£28.19; where x, y, z are the total number of
counted nuclei cultured in control medium, medium with calcium and phosphate, and

medium with calcium, phosphate and Angpt2 respectively).

To reconcile the difference between the phenotypic observations and the quantified
nuclei, I then classified each nucleus, based on its morphology, into one of two groups:
elongated, or condensed (Figure 4.4B, C). The elongated nuclei followed the same
downward trend observed when quantifying the total number of nuclei in which the
addition of calcium and phosphate reduced the number of elongated nuclei in the
vessel ring (Figure 4.4B). Again, this trend was further augmented with the addition
of Angpt2 to the arterial rings (control: 171.24+37.40, 164.44+31.15, 141.33£27.96;
pre-dialysis: 175.39+£32.90, 166.11£29.65, 147.29+24.06; dialysis: 188.55+35.38,
145.804+31.46, 124.55+23.92; where x, y, z are the total number of counted nuclei
cultured in control medium, medium with calcium and phosphate, and medium with
calcium, phosphate and Angpt2 respectively). However, despite this trend, there were

no statistically significant differences between groups.

Most of the nuclei appeared elongated and phenotypically normal; however, small
numbers of nuclei appeared condensed and rounded, potentially indicative of cells
undergoing apoptosis. Quantification of these rounded and condensed nuclei indicated
that they increased in response to two variables: 1) disease severity and 2)

supplementation with 25 ng/mL Angpt2 (Figure 4.4C).
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Figure 4.4: Quantification of nuclei in intact vessel rings

A: After 14 days, the total number of nuclei remains consistent between intact arterial
rings cultured from paediatric vessels, despite the disease state of the patient or the
culture conditions. B: The number of elongated and aligned nuclei decreases as disease
severity increases; the number of elongated and aligned nuclei also decreases across
culture conditions (medium alone, pro-calcaemic medium, and pro-calcaemic medium
with 25 ng/mL Angpt2). C: The number of small rounded nuclei (suggestive of
apoptotic nuclei) increases in patients on dialysis, when compared to both healthy
control and pre-dialysis patients. There are an increased number of these
phenotypically smaller nuclei in arterial rings cultured in the pro-calcaemic medium,
and an even greater number in the arterial rings cultured in pro-calcaemic medium
with the addition of 25 ng/mL Angpt2. All cell numbers are represented as the number

of nuclei per 0.25 mm?, and have been counted from 68 images of the arterial ring.

*<0.05
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When arterial rings were cultured under control conditions (M199 only) for 14 days,
there was a trend towards an increase in condensed nuclei as CKD severity increased
(control: 14.27+£2.08 nuclei/0.25mm?, pre-dialysis: 21.87+2.62 nuclei/0.25mm?,
dialysis: 26.97+1.57 nuclei/0.25mm?). When cultured in medium alone, there were no
significant differences between the number of condensed nuclei between control and
pre-dialysis vessels (p = 0.086), or pre-dialysis and dialysis vessels (p = 0.137).
However, there was a significant difference in condensed nuclei between the control

and dialysis vessels (p = 0.004).

When arterial rings were cultured in the presence of calcium and phosphate, there was
a trend towards an increased number of condensed nuclei across all disease states
(control: 16.22+2.00 nuclei/0.25 mm?, pre-dialysis: 28.35+2.45 nuclei/0.25 mm?,
dialysis: 32.38+1.83 nuclei/0.25 mm?). However, while there were significant
differences in the number of condensed nuclei between control vessels and pre-dialysis
vessels (p = 0.019) as well as between control vessels and dialysis vessels (p = 0.002),
no significant difference was observed between the number of condensed nuclei pre-
dialysis and dialysis vessels (p = 0.245) when cultured in medium with calcium and

phosphate.

When arterial rings were cultured in medium supplemented with calcium and
phosphate with the addition of 25 ng/mL Angpt2, the same trend towards an increased
number of condensed nuclei held with increased disease severity (control: 22.12+0.35
nuclei/0.25 mm?, pre-dialysis: 35.79+3.55 nuclei/0.25 mm?, dialysis: 47.54+5.64
nuclei/0.25 mm?). Significant differences in the number of condensed nuclei were
observed between control and pre-dialysis (p = 0.019), as well as between control and

dialysis vessels (p = 0.013), and between pre-dialysis and dialysis vessels (p = 0.017).

Interestingly, when the number of condensed nuclei was compared by culture
condition within a single disease status, significant differences were not observed
between vessel rings cultured in M199 vs. vessel rings cultured with calcium and
phosphate in control and pre-dialysis vessels (p = 0.536 and p = 0.160, respectively;
depicted in Figure 4.4C). However, significant differences were observed between
vessel rings cultured with calcium and phosphate vs. those supplemented with

exogenous Angpt2 in the presence of calcium and phosphate for both control and
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dialysis vessels (p = 0.044 and p = 0.042, respectively; depicted in Figure 4.4C). These
data suggest that, along with the disease state of the patient, Angpt2 plays a
contributing role in the condensation and potential apoptosis of these VSMCs in the

vessel rings.

Vessels were also examined for increased apoptosis by terminal deoxynucleotidyl
transferase dUTP nick end-labelling (TUNEL) staining. Many different kits were
utilised prior to obtaining these images, as the arterial ring has a high level of
autofluorescence in the FITC spectrum. Most TUNEL kits use fluorescent staining to
identify apoptotic nuclei; however, this results in numerous false positive nuclei in
arterial rings. Therefore, I used the VasoTACS™ In Situ Apoptosis Detection Kit as
outlined in Section 2.3.10. In this kit, apoptotic nuclei are stained dark blue (Figure
4.5); the images presented are representative of an individual vessel cultured from each
media condition. Note that most apoptotic cells are near the intimal edge of the tunica
media. This is likely due to increased exposure to the pro-calcaemic medium. Vessels
were treated with a nuclease to create a positive control with artificial DNA damage
(Figure 4.5J). These nuclei are elongated (like healthy nuclei) because the artificially-
induced damage does not result in condensation of the DNA. Comparatively, the
apoptotic nuclei shown in Figure 4.5 are mostly small and rounded. The negative
control (Figure 4.5K) omitted the nick-end labelling enzyme; therefore, any positive

staining in this sample is due to the non-specific reaction of the HRP labelling mix.

To determine whether the data showing an increase in condensed nuclei represented
apoptotic cells in vessels treated with Angpt2 and vessels from patients on dialysis,
the number of apoptotic nuclei in intact arterial rings after 14 days in culture was
quantified utilising TUNEL staining. However, quantification of the number of
apoptotic cells per unit area (um of tunica media) indicated that there was no consistent
relationship between the number of apoptotic nuclei and the culture condition (Figure

4.6).

153



Medium only Medium/Ca/P Medium/Ca/P/Angpt2

A Ad B Ad C Ad
L
o
S
ren)
[ =
8 Tm Tm Tm
>
<
=
8 Lumen Lumen Lumen
I
100pum 100pm 100pm
L] | L
A D; E F
v . 5 3
~ * Ad ' “Ad Ad
(] Tm Tm S Tm
7
D » » ; Y
= » ’
o 5 w'¥
'? -
() = -
E ‘ Lumen Lumen . ) Lumen
“ 100um 100um » o 100um
4 . L P _"_ L ]
[
- Ad
G "< H |
o Ad Ad p ’
2z 7 #
o Tm v Tm Tm
) ot b o
g . J = - ¢
© 7 s
~ Lumen & Lumen = Lumen
= ¥ i 'y
» ; y ’ s/ 74
100pm s 100pm P A S 100pm
— '. I S ——
Nuclease-treated (+) No enzyme (-)
Positive Control Negative Control
¢ ' 1 B S0
J i K
P, 5
g M ply 2 M
g Ad / +
/
o I s \" Lumen Lumen
> |« fe 9
= IR B <
= »
© A
(<)) Rt
I LAY P
¥ s Aft 100pm 100pm
'\ A ETESE——] e e ]

Figure 4.5: Vessel sections stained with TUNEL

Paraffin-embedded histological sections of arterial rings were stained with TUNEL
following 14-day culture. Arterial rings obtained from healthy controls exhibited little
to no TUNEL-positive nuclei when cultured in medium only (A), pro-calcaemic

medium (B), or pro-calcaemic medium with Angpt2 (C). Both arterial rings obtained
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from pre-dialysis (D, E, F) and dialysis patients (G, H, I) exhibited apoptotic nuclei
within the tunica media across all culture conditions (as indicated by blue, rounded
nuclei and highlighted by the red arrows). To ensure that the reaction was specific, a
positive control (control vessel, pre-treated with nuclease to induce artificial DNA
damage) was run alongside each set of samples (J); conversely, a negative control
(control vessel, stained without an active [nick-labelling] enzyme) was run to ensure

that non-specific labelling did not occur (K).

Arterial rings from healthy paediatric controls exhibited a mean number of 1.16x10
+£1.16x10° apoptotic cells per unit area (as indicated by TUNEL positivity) when
cultured in medium alone (Figure 4.6). Comparatively, healthy paediatric control
arterial rings cultured in pro-calcaemic medium exhibited 2.51x10%+£1.40x10¢
apoptotic cells per unit area. This decreased to 0.8x10°+0.45x10 apoptotic cells per

unit area when cultured in pro-calcaemic medium with the addition of Angpt2.

When cultured in medium alone, the pre-dialysis CKD vessels exhibit 3.52x107
+3.47x10 apoptotic cells per unit area, and this increases to 4.58x10°+4.26x107
apoptotic cells per unit area when cultured in pro-calcaemic medium (Figure 4.6). The
number of apoptotic cells further increases when pre-dialysis rings are cultured in pro-
calcaemic medium with the addition of Angpt2, to a total of 7.86x10°+6.58x107
apoptotic cells per unit area. Again, the difference between conditions is not

significant.

Finally, the number of TUNEL-positive cells in cultured arterial rings from patients
on dialysis is 5.10x10°+3.61x107 apoptotic cells per unit area when cultured in
medium alone, as compared with 4.33x10°+£2.85x10"> apoptotic cells per unit area
when cultured in pro-calcaemic medium (Figure 4.6). This further decreases when
cultured in pro-calcaemic medium with the addition of Angpt2, as the total number of

apoptotic cells per unit area is 3.21x10°£1.94x10.
Each individual vessel has considerable variation from the next, even when from the

same disease state. Although both pre-dialysis and dialysis CKD arterial exhibit

slightly higher levels of apoptosis when compared with arterial rings from the healthy

155



controls across all culture conditions, there is no significant difference between disease

states for any of the culture conditions.

® Control (n=3)

0.00025+ Pre-Dialysis (n=3)
® Dialysis (n=4)
o
& 0.00020- p=0.50 p=0.32
5
g p=0.91 p=0.36
c 0.00015- ° I |
]
o )
S
B 0.00010-
(7]
o
8 —_
o
=2 0.00005-
>
-
0.00000-—8ee—s! P -t
M199 CaP Angpt2

Culture Conditions

Figure 4.6: Quantification of apoptosis using TUNEL in arterial rings

TUNEL staining has been quantified as the number of apoptotic cells per unit area
(um?), where bright blue staining of the nucleus indicates a TUNEL positive cell. Both
pre-dialysis and dialysis VSMCs exhibited outlying samples, and there was no

significant difference between groups.

4.2.3 Apoptosis in Cultured VSMCs

Isolated VSMCs from healthy paediatric controls and dialysis vessels were then
examined to determine whether cultured cells could provide any additional insight into
the apoptotic response (Figure 4.7 and 4.8). Interestingly, the cultured cells exhibited
the inverse response as to what was expected as there was a decrease in the percentage
of apoptotic cells in cultured VSMCs isolated from patients on dialysis, when
compared with VSMCs isolated from healthy paediatric controls. This held true across
all culture conditions, although the difference was not significant between populations

and there was large variation between individual samples (Figure 4.8).
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When cultured in medium alone, 5.934+5.76% of control VSMCs were TUNEL-
positive. Comparatively 0.61+0.08% of dialysis VSMCs were TUNEL-positive (p =
0.41). When cultured in pro-calcaemic medium, 9.474+6.54 of control VSMCs were
TUNEL-positive whilst only 3.144+1.40% of dialysis VSMCs were TUNEL-positive
(»p = 0.40). Finally, control VSMCs cultured in pro-calcaemic medium with the
addition of Angpt2 were 13.95+6.25% TUNEL-positive while the dialysis VSMCs
were only 5.38+0.15% TUNEL-positive (p = 0.24). However, it should be noted that
the number of TUNEL-positive cells increased with pro-calcaemic medium, and was

further increased with the addition of Angpt2 in both disease states.
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Figure 4.7: Quantification of apoptosis in cultured VSMCs treated with pro-
calcaemic medium and Angpt2

VSMCs were cultured in pro-calcaemic medium with and without Angpt2, and
apoptosis was quantified using TUNEL. Large variation between samples was
exhibited in VSMCs isolated from control children, whilst VSMCs isolated from
dialysis patients exhibited little variation but lower levels of apoptosis. Although there
i1s no significant difference in apoptosis between control and dialysis patients, a
significant difference in apoptosis is observed when directly comparing dialysis

VSMCs cultured in medium alone, and pro-calcaemic medium.
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Figure 4.8: TUNEL quantification of apoptosis in control and dialysis VSMCs

Control (A-I) and dialysis (J-R) VSMCs were cultured in M199, pro-calcaemic
medium, and pro-calcaemic medium with the addition of 25 ng/mL exogenous
Angpt2. Few cells stained positive for apoptosis using TUNEL staining. Cells were

viewed at 40x magnification.
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4.2.4 Smooth Muscle Actin Staining in Paediatric Arterial Rings

Vessel rings were stained with an antibody specific to aSMA (Figure 4.9). This
highlights the SMCs of the tunica media, as these cells express the contractile smooth
muscle protein, which is a key marker of smooth muscle cells. Previous studies have
indicated that increased expression of osteogenic genes, such as RUNX2 and BMP2
correlate with a loss of aSMA positivity (Shroff ez a/ 2008). The healthy control vessel
exhibits intense a SMA staining in the tunica media (Figure 4.9 A, B, C) across culture
conditions with few regions devoid of staining, indicative of strong positive
expression. Comparatively, the staining observed in pre-dialysis vessels (Figure 4.9 D,
E, F) is much weaker and, when cultured in calcium and phosphate with the addition
of 25 ng/mL Angpt2 (Figure 4.8 F), there are small regions of the tunica media that
lack aSMA staining that would otherwise be expected to express the contractile
protein. Finally, expression of aSMA in the dialysis vessel is notably weaker with
large regions devoid of staining across culture conditions (Figure 4.9 G, H, I). This
loss of aSMA positivity is indicative of SMC cell loss, or osteogenic changes resulting

in the loss of aSMA expression and SMC identity.

4.3: Effects of Angpt2 on Gene Expression

4.3.1 Experimental Overview: Examining the Role of Gene Expression

Although the findings in Section 4.1.2 indicated that, at baseline, there were no
differences in gene expression between control, pre-dialysis and dialysis VSMCs,
changes in gene expression in response to pro-calcaemic medium with the addition of
exogenous Angpt2 remained a potential mechanism for which calcification could
occur. Additionally, as the apoptosis findings (Section 4.2.3) indicated that vessel rings
did not undergo significant loss of total cell number, osteogenic conversion (i.e. the
increase in osteogenic genes and the loss of smooth muscle cell markers) was a

potential explanation for this result alongside an increase in calcium content.

To determine if these changes in calcium deposition in the dialysis cells were related
to changes in osteogenic gene expression, RNA was isolated from VSMCs cultured in

medium alone, pro-calcaemic medium, and pro-calcaemic medium with 25 ng/mL
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exogenous Angpt2. A concurrent experiment in which RNA was isolated from vessel

rings would have been beneficial; however, the volume of artery required to do so

would have prohibited any further experiments on the vessel.
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Figure 4.9: Vessel sections stained with aSMA

Paraffin-embedded histological sections of arterial rings were stained for aSMA

following 14-day culture. Vessel rings obtained from healthy paediatric controls

exhibited positive aSMA staining across culture conditions (medium only [A], pro-

calcaemic medium [B], and pro-calcaemic medium with the addition of Angpt2 [C]).

The intensity of a SMA staining decreased in arterial rings obtained from pre-dialysis

CKD patients when cultured in medium alone (D) or pro-calcaemic medium (E).

Vessels cultured in pro-calcaemic medium containing Angpt2 (F) exhibited small
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regions lacking aSMA-positive staining, although these regions were infrequent.
Dialysis vessels exhibited decreased aSMA staining when cultured in medium only
(G), pro-calcaemic medium (H), and pro-calcaemic medium containing Angpt2 (I), as

well as increased regions of tunica media devoid of aSMA positivity.

4.3.2 Osteogenic Gene Expression with Addition of Angpt2

There is a significant difference in the fold change of expression levels for contractile
marker aSMA in the dialysis VSMCs (n = 5) cultured in pro-calcaemic medium with
and without Angpt2, when compared to dialysis VSMCs cultured in media alone (n =
5, Figure 4.10A). However, there is no significant difference in the fold change of
aSMA between the dialysis VSMCs cultured in pro-calcaemic medium with Angpt2

and the dialysis VSMCs cultured in pro-calcaemic medium without Angpt2.

Given that the action of Angpt2 is traditionally through the receptor tyrosine kinases
Tiel and Tie2, I also examined mRNA expression of these receptors. There were no
significant differences in 7/E] expression between dialysis VSMCs cultured in
medium alone, pro-calcaemic medium, and pro-calcaemic medium with 25 ng/mL
Angpt2 (Figure 4.10B). Although there was a slight increase in 7/E2 expression in
dialysis VSMCs cultured in pro-calcaemic medium with and without Angpt2, there
were no significant differences in expression levels between culture conditions (Figure

4.100).

There is a significant increase in pro-osteogenic factor BMP2 in dialysis VSMCs
cultured in pro-calcaemic medium with and without Angpt2 (Figure 4.10D), when
compared to dialysis VSMCs cultured in medium alone. Whilst there is a trend towards
an increase in BMP2 expression in the dialysis VSMCs cultured in pro-calcaemic
medium with the addition of Angpt2, there is no significant difference when compared

to dialysis VSMCs cultured in pro-calcaemic medium alone.
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Figure 4.10: Gene expression in Angpt2-stimulated VSMCs.

Expression levels of genes aSMA, TIEI, TIE2, BMP2 and MGP were quantified in
cultured VSMCs isolated from patients undergoing dialysis (n = 5) following culture
in medium alone, pro-calcaemic medium, and pro-calcaemic medium with the addition
of 25 ng/mL Angpt2. Bars represent the mean fold-change in gene expression, relative
to the dialysis VSMCs cultured in medium alone. Error bars indicate standard error;
note that there is a large variation between individual patients, thus increasing the size

of the error bars.
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Conversely, there was a significant decrease in anti-osteogenic gene MGP in dialysis
VSMCs cultured in pro-calcaemic medium with and without Angpt2 (Figure 4.10E),
when compared to dialysis VSMCs cultured in medium alone. However, there is no
significant difference in MGP expression between VSMCs cultured in pro-calcaemic
medium with the addition of Angpt2, and VSMCs cultured in pro-calcaemic medium

without Angpt2.

4.4: Conclusion

Using primary VSMCs isolated from paediatric controls, pre-dialysis CKD patients,
and CKD patients on dialysis, I have shown that there are no significant changes in the
baseline levels of gene expression for either angiogenic genes (71E1, TIE2, ANGPTI
and ANGPT?) or osteogenic genes (BMP2, MGP, OPN, or SP7), as well as indicators
of smooth muscle identity SM22a and aSMA. However, the large variation in
expression between individual samples suggests that an increased sample size is

essential.

One of the potential mechanisms that propagate calcification of the tunica media is
apoptosis; therefore, I quantified the level of apoptosis in both arterial rings and
cultured primary VSMCs following stimulation with pro-calcaemic medium with and
without Angpt2. Whilst there were no significant changes in the total number of nuclei,
there was a trend towards an increase in condensed nuclei (suggesting apoptotic cells)
with the addition of Angpt2 across disease states. However, further quantification of
apoptosis using TUNEL staining gave variable results showing no clear association

between the addition of Angpt2 and calcification.

One of the potential reasons behind the static nuclear number was that, rather than
undergoing apoptosis, the cells were undergoing osteogenic changes. However, whilst
expression of osteogenic gene BMP2 increased and anti-osteogenic MGP decreased
following culture in pro-calcaemic medium (and aSMA decreased correspondingly),
there were no significant changes in expression between VSMCs cultured with Angpt2

and those cultured without.
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Chapter 5: Results — Tie2 Binding and Inhibition in

Vascular Calcification

5.1: Expression of Tie2 in VSMCs
5.1.1 Experimental Overview: Expression of Tie2

gRT-PCR analysis (Figure 3.12) indicated that the isolated paediatric VSMCs express
high levels of contractile proteins, indicative of their identity as VSMCs. Furthermore,
the paediatric VSMCs also express aSMA incorporated into stress fibres of the cell
(Figure 3.7). However, this data has indicated that although these paediatric VSMCs
express low levels mRNA for the endothelial marker CD31, they also express 7/E2 at
levels similar to those recorded in endothelial cells (Figure 3.13). Given that 7/E?2 is
traditionally described as marker of endothelial cells, I wanted to confirm the

expression in these VSMCs using a range of alternative techniques.
5.1.2 Expression of TIE2 RNA in VSMCs

Firstly, a standard PCR was run for the genes T/E1, TIE2, ANGPTI, and ANGPT? to
confirm that they were indeed present in VSMCs (Figure 5.1). VSMCs from dialysis
were used in these experiments, whilst HUVEC RNA was used as a positive control
and RNase/DNase-free water was used as a negative control. The HUVEC RNA
produced three strong bands at the correct size for TIE1, TIE2, and ANGPT2, while
the intensity of the band for ANGPTI was much weaker. Comparatively, both the
HuAoVSMC and the dialysis VSMCs exhibited strong bands at the correct size for
TIE2 and ANGPT1I. The absence of bands in the wells containing the negative controls
indicates that the results of these PCRs can be taken as valid and are not false positives

due to contaminated reagents.

To further confirm that the QRT-PCR previously performed in this thesis for 7/E2
amplified the correct gene, I sequenced 4 products from the PCR plate following qRT-
PCR for TIE2. Each product was from a difference cell population with one sample
each from HUVECs, control VSMCs, pre-dialysis VSMCs, and dialysis VSMCs.
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Remnant dNTPs and polymerases from the amplification reaction were removed (as
described in Section 2.5.7), and the products were sequenced using the forward primer
from the 7/E2 amplification. The product sequence was then compared to the sequence

of the intended 7/E2 amplicon (Figure 5.2).

Purified qRT-PCR products were run on a NanoDrop'" prior to sequencing to confirm
that they were of high quality and to measure the quantity (Figure 5.2A). All 4
sequencing reactions were 100% homologous to 7/E2 (Figure 5.2B), indicating that
the products produced in the qRT-PCR experiment were representative of 7/E2. The
full product of the qRT-PCR reaction is exon-spanning; as each of these sequencing
reactions exhibits clear single peaks, indicative of a single product, none of the
amplicons are DNA-derived, as a mismatch would otherwise be observed. The
sequenced region shown (Figure 5.2B) corresponds to the segment highlighted in red

(Figure 5.2C).

o
o

O &
V‘(\Q’Q V(\Q’Q

O & O & S
& z\\é"}o‘a’q Vo"oQ & <\0"‘P.<\Q’Q P.OQ’Q PP vs\%Q & ¢t

1000 =—
500 =

100m—

HUVECS HuAoVSMCs || Dialysis VSMCs ||  Water (-)

Figure 5.1: Standard PCR for TIE1, TIE2, ANGPTI and ANGPT2
Standard PCR for TIEI, TIE2, ANGPTI, and ANGPT?2 indicate that T/E?2 is expressed
by both HuAoVSMC and dialysis VSMCs, as well as by HUVECs. As there are no

bands in the negative control (distilled water), these products are not due to

contamination of the reagents.
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<

Reverse Primer

Figure 5.2: TIE2 sequencing products

A: Extraneous dNTPs were removed from the PCR products prior to sequencing; the
concentrations of cleaned-up products were measured using NanoDrop™
spectrophotometric software, and products were diluted to 1.7 ng/uL before
sequencing. B: The sequencing results for amplicons from HUVEC, control VSMC,
pre-dialysis VSMC, and dialysis VSMCs all correspond to the TIE2 sequence
spanning exons 4 and 5. C: The expected 7T/E2 sequence, as given by the forward and
reverse primer. The area highlighted in red corresponds to the sequence shown in the

sequencing products above.
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5.1.3 Expression of TIE2 protein in VMSCs

Expression of 7/E2 RNA in the isolated VSMCs does not guarantee translation of the
gene into protein. Therefore, protein isolates from control (n = 4), pre-dialysis (n = 4),
and dialysis (n = 4) VSMCs were run on a Western blot and probed for TIE2 (as
described in Section 2.5.8). HUVEC protein isolate was run with these samples as a
positive control; RIPA buffer (with no cell extract) was run with these samples as a
negative control. Note that the Western blot shown in Figure 5.3A shows only two of
four VSMC samples for each patient population; this was because the gel could only
fit 10 samples. Therefore, in this blot I have chosen to show the protein ladder as well
as both a positive and negative control. However, densitometry has been conducted on

4 samples from each patient population, utilising GAPDH as the loading control.

This Western blot for TIE2 (Figure 5.3 A) indicates that TIE2 is present across all
VSMCs isolated from paediatric patients. The mean expression level of TIE2/GAPDH
decreased as the level of disease severity increased (control: 1.49+0.46, pre-dialysis
CKD: 1.35+0.27, dialysis CKD: 0.75%0.25). Following densitometric analysis, there
were no significant differences between groups as determined by 2-tailed #-tests
(control versus pre-dialysis CKD, p = 0.802; control versus dialysis CKD, p = 0.207;
pre-dialysis CKD versus dialysis CKD, p = 0.155). There were also no statistical
differences in expression levels between any of the patient VMSCs and the
commercially obtained HUVECs (control, p = 0.383; pre-dialysis CKD, p = 0.356;
dialysis CKD, p =0.274).

5.2: Tie2 Localisation in the Intact Vessel Ring

5.2.1 Experimental Overview: Tie2 Localisation

The presence of TIE2 protein was detected in the isolated paediatric control, pre-
dialysis and dialysis VSMCs by Western blot. However, culture conditions can trigger
expression of genes in primary cells that may not otherwise be expressed in vivo
(Dozmorov et al 2007, Rensen et al 2007, Zaitseva et al 2006). Therefore, Tie2
expression was examined in frozen sections of intact vessel rings (as described in

Section 2.3.6) to determine if expression was localised to the endothelium, as indicated

167



in the literature, or whether it was also expressed in the tunica media as indicated by

the primary cell data.
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Figure 5.3: Western blot for TIE2

A: Representative samples from protein isolated from paediatric control VSMCs
(labelled “1°, shown n = 2; actual n = 4), pre-dialysis VSMCs (labelled ‘2°, shown n =
2; actual n = 4), and dialysis VSMCs (labelled ‘3°, shown n = 2; actual n = 4) was
examined for TIE2 expression using Western blotting. HUVEC protein isolate was
used as the positive control (labelled ‘4’, shown n = 1; actual n = 3) while the negative
control consisted of RIPA buffer that had gone through the same pre-loading process
as the samples (labelled ‘5°). The protein ladder is given in the first lane, labelled ‘L’.
GAPDH was used as a loading control for comparative purposes, and therefore loading
variability is accounted for in the densitometry. B: Densitometry was conducted to
determine the fold-change in intensity between bands, in relation to the loading control
GAPDH (control n = 4, pre-dialysis CKD n = 4, dialysis CKD n =4, HUVEC n =3).
t-tests were conducted between groups; however, there were no significant differences

between groups.
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5.2.2 Immunofluorescent Staining of the Blood Vessel

Tie2 staining of intact arterial rings exhibited specific expression of Tie2 within the
tunica media, with no staining in the adventitia of the vessel (Figure 5.4). Although
the shown figure is a representative image from a dialysis vessel, Tie2 staining was
also observed in vessel rings from paediatric controls. Incubating the Tie2 antibody
with a commercially-available blocking peptide to Tie2 prior to staining acted as a
negative control for Tie2 staining; the secondary antibody was then added, and staining
was carried out as described in Section 2.3.6. No staining was observed in the samples
treated with the blocking peptide, showing that the signal (of the utilised Tie2
antibody) could be specifically inhibited and that positive staining was not due to non-
specific binding of the secondary antibody (Figure 5.4 G, I). Hoechst was utilised to
highlight the nuclei of the cells which, when merged with the Tie2 staining (Figure 5.4

C) indicated that Tie2 expression was localised outside the nucleus.

The tunica media of the arterial rings also exhibited positive staining for aSMA
(Figure 5.5). As indicated by the extensive staining in the tunica media (Figure 5.5 A,
D), aSMA is highly expressed in the tunica media of the arterial rings. When merged
with Hoechst, the staining indicates cytoplasmic localisation of aSMA (Figure 5.5. C,
F). A paediatric kidney sample was utilised as a positive control for aSMA. The tunica
media of these arterial rings stain positive for both Tie2 and aSMA, confirming the

gene expression data from the primary VSMCs, derived from the paediatric vessels.

Whilst one would expect to see Tie2 expressed in the tunica intima, the intima of these
cultured vessels is damaged during processing of the vessel, and during culture of the
intact rings. As such, very few endothelial cells are detected in these sections, and
CD31 staining of vessel rings indicated lack of CD31 positive cells in the tunica intima
(Figure 5.6). It should be noted that, despite positive expression of Tie2, the tunica
media also exhibits no positive staining for CD31. A paediatric kidney biopsy sample
was used as a positive control, as CD31 stains the renal microvasculature (Figure 5.6

G, I).
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Figure 5.4: Intact arterial rings stained for TIE2

Frozen sections of intact arterial rings stained positive for TIE2 in the tunica media,
(A-F). Vessel adventitia did not show positive staining. Nuclei are stained with
Hoechst (B, E, H) and the merged TIE2 (red) and Hoechst (blue) images are shown in
C, F, and L. Tunica intima in arterial rings was damaged during explant culture and
processing, therefore few endothelial cells are observed in arterial sections for which
to compare Tie2 expression even at high (x630) magnification (A, B, C). Incubating
Tie2 antibody with a blocking peptide (BP) specific to Tie2 prior to staining
completely obliterated positive staining for Tie2 (G—I). Images D-I were visualised at

400x magnification. Ad = adventitia, M = tunica media, and L = lumen.
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Figure 5.5: aSMA staining of dialysis vessels

Frozen sections of intact arterial rings stained positive for aSMA in the tunica media.
aSMA (A, D) can be seen spanning the cell body with clear nuclear exclusion. Nuclei
are stained with Hoechst (B, E) and the merged aSMA (green) and Hoechst (blue)
images are shown in C and F. A paediatric kidney biopsy sample (G, H, I) was used
as a positive control for aSMA, as aSMA stains the large vessels in the renal structure
as indicated by the white arrowhead in G and I while the nuclei are detected by
Hoechst (H). The vessel adventitia does not exhibit positive staining for aSMA, unlike

cultured fibroblasts. Ad = adventitia, M = tunica media, and L = lumen.
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Figure 5.6: Intact arterial rings stained for CD31

Frozen sections of intact arterial rings did not exhibit CD31 staining (A, D) along the
tunica intima. The weak signal observed in A is due to high autofluorescence of the
internal elastic lamina. The vessel nuclei are stained with Hoechst (as shown in B and
E) and the merged CD31 (red) and Hoechst (blue) images are shown in C and F.
Although a few individual nuclei were detected on the lumen side of the internal elastic
membrane (as indicated by the red arrows in B and C), an intact monolayer of
endothelial cells was not detected. A paediatric kidney biopsy sample (G, H, I) was
used as a positive control for CD31, as CD31 stains the microvasculature in the kidney
(as indicated by white arrowheads in G and I). Nuclei in the kidney are stained with

Hoechst (H). Ad = adventitia, M = tunica media, and L = lumen.
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5.3: Targeting Tie2 in VSMCs and Intact Vessel Rings

5.3.1 Experimental Overview: Knockdown of Tie2

The work in this thesis has shown Angpt2 to have an additive effect on calcium
deposition within both intact blood vessels and VSMCs from patients undergoing
dialysis, when cultured in a pro-calcaemic environment. Furthermore, I have
demonstrated that Tie2 is expressed in the tunica media of paediatric inferior epigastric
arteries as well as in cultured VSMCs. Here, I will aim to determine whether the
acceleration in VSMC calcification (as induced by exogenous Angpt2) can be

modulated through alteration of Tie2 signalling.

My strategy was to modulate expression of the receptor Tie2 by downregulating
transcription of 7/E2, using siRNA specific to this gene (as described in Section 2.6.6).
If, as hypothesised, Angpt2 were to act through Tie2 to drive calcification,
downregulating the expression of 7/E2 (and thus limiting the production of TIE2)

should limit calcification in response to stimulation with exogenous Angpt2.

5.3.2 Optimising siRNA Conditions

siRNA transfection conditions were first optimised on a single dialysis VSMC
population to determine two primary objectives necessary for use in subsequent

calcification experiments:

1) Optimal siRNA concentration
—> The lowest concentration of siRNA that would produce an effective
knockdown of T7E2
2) Length of knockdown effect
- To determine how frequently cells would need to be re-transfected

to maintain 7/E2 downregulation over a 5-day experiment.

Each optimisation experiment was conducted in triplicate to show reproducibility of

the findings.
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Optimising Concentration: Addition of control siRNA to the culture media had low-
level effects on TIE2 expression; at 10 nM control siRNA, 7/E2 expression was
decreased to 81% of total T/E2 expression (as compared to non-transfected cells)
(Figure 5.7). TIE2 expression decreased in a linear fashion as the concentration of
control siRNA increased, with the maximum concentration of control siRNA (100 nM)
corresponding to an almost 50% decrease in TIE2 expression. Comparatively, the
specific effects of 77E2 siRNA at a concentration of 10 nM resulted in an 88% decrease
in TIE2 expression; this remained fairly consistent as 7/E2 siRNA concentration
increased, with the maximal dose of 77E2 siRNA (100 nM) corresponding to a 93%
decrease in T/E2 expression. Given that the minimum concentration of control siRNA
(10 nM) had the least non-specific reduction of 7/E2 expression (as compared with the
non-transfected cells) while the 77E2 siRNA at this concentration provided a near 90%
reduction in 7/E2 expression, 10 nM was chosen as the optimal concentration of

siRNA for further experiments.

Optimising Time-Course: All previous stimulation experiments with exogenous
Angpt2 on the VSMCs had used a 5-day time-course. Therefore, it would be ideal that
the inhibition experiments maintained the same conditions and timing. A brief
experiment was conducted to ensure that the knockdown effects of the TIE2
transfection could be maintained over the full 5-day period (Figure 5.8). Following a
single transfection, RNA was harvested after 48 hours, 72 hours, and 5 days to
determine 7/E2 expression levels. While TIE2 expression was still reduced by 80%
after 48 hours (using 10 nM Tie2 siRNA), there was only a 62% reduction after 72
hours and a 40% reduction after 5 days. This indicated that a single transfection could
not maintain a strong reduction over the full 5-day time-course as the effects were
partly diminished by the 3™ day. Therefore, to maintain reduced 7/E2 expression
across the course of 5 days, cells were transfected twice during the time-course: once
at the beginning of the experiment, and once at the midpoint of the experiment. 7/E2
expression was checked using qRT-PCR following each experiment to confirm that

the transfection had worked efficiently.
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Figure 5.7: Determination of the optimal concentrations of Tie2 siRNA

Four different siRNA concentrations — 10 nM, 30 nM, 50 nM, and 100 nM — of both
control siRNA and 77E2 siRNA were added to plated VSMCs that had reached 70%
confluence. Each well (of a 6-well plate) contained low-serum medium Opti-MEM®I.
All wells with siRNA also contained Lipofectamine, and one well contained
Lipofectamine only. One well contained medium alone (no transfection reagents).
After 48 hours, cells were harvested and RNA was extracted, reverse-transcribed, and
analysed for 7/E2 expression using qRT-PCR. Fold-change in T/E2 expression was
calculated as compared with non-transfected cells. Each experiment was done in
triplicate, and the mean value was used in dCt calculations (p<0.0005 ***,  p<0.005

% p<0.05%).
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Figure 5.8: Time-course of transfected primary VSMCs

The effectiveness of two different doses of siRNA (10 nM, 50 nM) was tested at three
different time-points (48 hours, 72 hours, and 5 days after transfection) to determine
the duration for which the siRNA was effective at each dose. RNA collected at 48
hours exhibited reduced 7/E2 expression in cells transfected with either 10nM or
50nM TIE2 siRNA (compared to non-transfected cells). At 72 hours, T/E2 expression
was greater than at 48 hours; however, expression was still reduced compared to non-
transfected cells. At 5 days post-transfection, 7/E2 expression was similar in both
control siRNA and 77E2 siRNA transfected cells. Each experiment was done in

triplicate, and the mean value was used in dCt calculations.
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5.3.3 Calcium Deposition in Transfected VSMCs

Like in previous calcification experiments with non-transfected cells (Chapters 3 and
4), cells from healthy control and dialysis patients were treated with pro-calcaemic
media (containing 2.7 mM calcium and 2.0 mM phosphate) with or without exogenous

Angpt2 over a 5-day time-course (as described in Section 2.6.6).

Control VSMCs (n = 3) transfected with a scrambled sequence (control) siRNA
exhibited a significant increase in calcium deposition when cultured in a pro-calcaemic
medium with or without Angpt2, as compared with those cultured in media alone.
When control VSMCs (n = 3) were transfected with 7/E2 siRNA and cultured in pro-
calcaemic medium with or without Angpt2, they also exhibited a significant increase
in calcium deposition compared with 77E2 transfected control VSMCs (n = 3) cultured
in medium alone (Figure 5.9A). There was no significant difference between VSMCs
cultured in pro-calcaemic medium without Angpt2 as compared with those cultured in

pro-calcaemic medium with Angpt2.

Comparatively, dialysis VSMCs transfected with a scrambled (control) siRNA
sequence exhibited a significant increase in calcium deposition when cultured in the
pro-calcaemic medium, as compared with control-transfected dialysis VSMCs
cultured in medium alone (Figure 5.9B). This increase in calcium deposition was
further and significantly increased when cells were cultured in the pro-calcaemic

medium with exogenous Angpt2.

When dialysis VSMCs were transfected with siRNA specific to 7/E2, there was again
a significant increase in cells cultured in the pro-calcaemic medium compared to
medium alone (Figure 5.9B). However, unlike the VSMCs transfected with the
scrambled siRNA, there was no significant difference between VSMCs cultured in
pro-calcaemic medium with Angpt2 and those cultured in pro-calcaemic medium
without Angpt2. Most importantly, the difference between control-transfected and
TIE2-transfected cells was significant, indicating that inhibiting 7/E2 may attenuate

the increase in calcium deposition induced by exogenous Angpt2.
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Figure 5.9: Control and dialysis VSMCs transfected with control and Tie2 siRNA
Calcium deposition was measured using the o-cresolphthalein colorimetric assay and
normalised to protein content. A: Control VSMCs (n = 3 independent cell lines)
calcified when exposed to a pro-calcaemic milieu, but did not calcify further when
stimulated with 25 ng/mL Angpt2; this did not change when cells were transfected
with either a control siRNA or 77E2 siRNA. B: Dialysis VSMCs (rn = 3) calcified
when exposed to pro-calcaemic medium; this was further enhanced in VSMCs
transfected with control siRNA when stimulated with 25 ng/mL Angpt2. VSMCs
transfected with 7/E2 siRNA exhibited no significant increase in calcium deposition
when stimulated with 25 ng/mL Angpt2 when compared to pro-calcaemic medium
alone. Each sample was run in triplicate, and the mean value was taken (p<0.0005 ***,

p<0.005 **, p<0.05.)
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These changes in calcification can also be observed visually, as depicted in the bright-
field images of VSMCs in culture shown in Figure 5.10. Panels A, B, and C show
dialysis VSMCs culture under low calcium and phosphate conditions (medium only),
high calcium and phosphate conditions, and high calcium and phosphate conditions

with exogenous Angpt2.

Using the same culture conditions, I cultured VSMCs transfected with control siRNA
and Tie2 siRNA. Transfection had no obvious effect on cell proliferation, morphology,
or attachment and all populations appeared healthy and proliferative after culture in
medium only (Figure 5.11 A, D, G). However, nodule formation is indicated by black
arrows at sites of cell interaction in all populations cultured in pro-calcaemic medium
(Figure 5.11 B, E, H). Finally, non-transfected dialysis VSMCs and control-
transfected VSMCs exhibited large calcium depositions (as indicated by red arrows)
when cultured in the presence of Angpt2 under pro-calcaemic conditions (Figure 5.11

C, F).

When cultured in pro-calcaemic conditions containing exogenous Angpt2, dialysis
VSMC:s transfected with T7TE2 siRNA exhibit reduced calcium deposits as compared
to those seen in the non-transfected or control siRNA-transfected VSMCs populations
(Figure 5.11 I). The images in this figure are representative of three dialysis VSMC

lines and confirm the quantitative differences given in Figure 5.9.
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Figure 5.11: Calcium deposition in non-transfected and transfected cells

Hydroxyapatite deposits can be visualised by bright field microscopy. For these
images, all medium was removed and cells were washed twice with PBS. Therefore,
all depositions observed in this image are attached rather than being precipitates in the
media. A, D, and G show cells from a patient on dialysis that are cultured in M199;
no phenotypic changes are detectable between non-transfected and transfected cells.
B, E and H show cells stimulated with 2.7 mM Ca and 2.0 mM P. The black arrows
indicate examples of calcium depositions. C and F exhibit regions of heightened
calcium deposition, as indicated by red arrows. Images are representative of three

dialysis VSMC lines.
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5.3.4 Gene Expression in Transfected VSMCs

Following transfection of the dialysis VSMCs with control and 7/E2 siRNA, the
expression of both receptor tyrosine kinases (7/E1, TIE2), as well as the contractile
gene aSMA and osteogenic genes OPN, BMP2, and MGP were examined to determine
if any of these genes were altered by downregulating T7E2.

Firstly, [ examined 7/E2 mRNA to determine the efficiency of my transfection (Figure
5.12A). TIE2 mRNA was significantly decreased in cells transfected with 7/E2 siRNA
as compared with cells transfected with control siRNA; this indicated that the
transfection was successful and 7/E2 expression remained downregulated at the end
of the experiment. However, transfection with 77E2 siRNA also appears to result in
decreased expression of T7E1 (Figure 5.12B). Whether this is an off-target effect of
the siRNA given the close homology of the two sequences, or an example of TIE2
controlling the expression of TIEI, is unclear. 7/E! is downregulated under all
medium conditions and this suggests that the change in expression occurs because of

the siRNA.

The contractile marker SM22 « was decreased in both dialysis VSMCs transfected with
Tie2 or scrambled (control) siRNA exposed to the pre-calcaemic medium. Transcript
levels of SM22a were significantly increased in dialysis VSMCs exposed to a pro-
calcaemic medium when compared with control siRNA (Figure 5.12C). This may
indicate a decreased osteogenic state; however, both OPN and BMP2 show slight (but
non-significant) increases in expression when transfected with 77E2 siRNA when the
VSMCs are cultured in either M199 or pro-calcaemic conditions with/without
exogenous Angpt2 (Figure 5.12D, E). Similarly, there are no significant changes in
MGP expression levels between calcification conditions (Figure 5.12F) although mean
MGP expression is increased in the VMSCs transfected with 7/E2 siRNA in pro-
calcaemic conditions with/without exogenous Angpt2. These results again support the
idea that, although Angpt2 promotes calcium deposition, it does not act through

enhancing these osteogenic genes.
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Figure 5.12: Gene expression in transfected dialysis VSMCs
Gene expression levels of T/E1 (A), TIE2 (B), aSMA (C), OPN (D), BMP2 (E), and
MGP (F) were measured in siRNA-transfected dialysis VSMCs cultured in control

medium, pro-calcaemic medium, and pro-calcaemic medium with 25 ng/mL Angpt2.

Each bar was based on n = 3, and error bars indicate standard error; note that there is

a large variation between individual samples, accounting for the large error bars

(p<0.0005***, p<0.005**, p<0.05*).
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5.3.5 Targeting Tie2 Using Angptl Manipulation

Under most conditions, Angptl and Angpt2 have an agonist/antagonist relationship
(Maisonpierre et al 1997, Yuan et al 2009). Therefore, I hypothesised that the addition
of exogenous Angptl to the medium may have the opposite effect of Angpt2 and
potentially reduce calcification levels. To test this, VSMCs were transfected with
either control or Tie2 siRNA and stimulated with control, pro-calcaemic medium, and
pro-calcaemic medium with 25 ng/mL Angptl. Cells were harvested after 5 days and

measured for calcium deposition and gene expression.

In control VSMCs, the addition of Angptl had no significant effect on calcium
deposition compared with VSMCs cultured in pro-calcaemic medium without Angptl1.
This held true if cells were transfected with either control siRNA or Tie2 siRNA
(Figure 5.13). Dialysis VSMCs transfected with control siRNA exhibited a significant
increase in calcium deposition when compared with cells cultured in low calcium and
low phosphate medium; however, there was no significant change between control
VSMCs cultured in pro-calcaemic medium with or without Angptl (Figure 5.13).
Dialysis VSMCs transfected with Tie2 siRNA again exhibited an increase in calcium
deposition when cultured in pro-calcaemic media with and without Angptl compared
to medium alone. However, there was no difference between VSMCs culture with and

without Angptl (Figure 5.13).

I then went on to look at gene expression levels of aSMA, TIEI, TIE2, BMP2 and MGP
in VSMCs stimulated with Angptl in the presence of high calcium and phosphate as
measured using qRT-PCR (Figure 5.14). As expected, TIE2 expression was
significantly downregulated across all media conditions with the addition of 7/E2
siRNA (Figure 5.14A). In accord, with my previous findings, I also found that 77E/
expression was also significantly downregulated across conditions with the addition
of TIE2 siRNA (Figure 5.14B). Interestingly, the expression level of aSMA was
significantly increased in 7/E2 siRNA transfected cells stimulated with calcium and
phosphate, and there was a slight, but not significant, increase in aSMA expression in
pro-calcaemic conditions with the addition of Angptl VMSCs when transfected with

TIE2? siRNA (Figure 5.14 C). This suggests that inhibiting Tie2 signalling within these
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culture conditions has the potential to attenuate the level of aSMA loss due to high

calcium and phosphate.
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Figure 5.13: Calcium deposition in VSMCs stimulated with Angptl

Control VSMCs (n = 3) transfected with either control or Tie2 siRNA exhibit no

significant changes when stimulated with 25 ng/mL Angptl. This does not differ

between cells transfected with control or Tie2 siRNA. Dialysis VSMCs (n = 3)

transfected with control or Tie2 siRNA exhibit no significant change when stimulated

with Angptl, although there is a trend towards increased calcium deposition with

Angptl stimulation in cells transfected with control siRNA. Each sample was run in

triplicate (p<<0.0005***, p<0.005**, p<0.05%*).
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There is no significant difference between OPN expression in VSMCs transfected with
either control siRNA or T/E2 siRNA in either VMSCs cultured in M199 alone, or
those cultured with calcium and phosphate. However, there is a significant increase in
the level of OPN expression in those cells transfected with siRNA to 77E2 when
stimulated with calcium, phosphate and Angptl (Figure 5.14 D). Finally, transfection
of VSMCs with siRNA to 7/E2 appears to have no significant effect on the expression
level of osteogenic promoter BMP2 or osteogenic inhibitor MGP in VMSCs cultured
in M199 alone, or those cultured with calcium and phosphate with or without the

addition of exogenous Angptl (Figure 5.14 E and F, respectively).

5.3.6 Inhibition of Tie2 Activity in Intact Vessel Rings

A second Tie2 inhibition method was utilised on the intact vessel rings when cultured
in vitro over a 14-day time-period. Rather than utilising siRNA, a synthetic inhibitor
of Tie2 was utilised in an attempt to reduce calcium deposition. When arterial rings
from vessels obtained from dialysis patients (n = 5) were cultured for 14 days in pro-
calcaemic medium containing both 25 ng/mL Angpt2 and the Tie2 inhibitor, four of
the vessels exhibited reduced calcium content when compared with their
corresponding rings cultured in pro-calcaemic medium with 25 ng/mL Angpt2
(without the Tie2 inhibitor); one of the dialysis vessels exhibited no change in calcium
deposition between these culture conditions (Table 5.1, Figure 5.15). However, the
decrease in mean calcium deposition (172.51+68.14 pg Ca/pg vs. 259.29+108.37 pug
Ca/ng, with, and without, the Tie2 inhibitor respectively) — as measured using pg
Ca/ng protein — was not statistically significant (p = 0.517); this is likely due to the

large variation between individual samples.

Two control vessels were treated with the Tie2 inhibitor for the course of the 14-day
experiment, and cultured in pro-calcaemic media with and without Angpt2. However,
as the vessels rings did not calcify in the presence of high calcium and phosphate and
there was low vessel availability, there are no statistics for this experimental group

(Table 5.1, Figure 5.15).
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Figure 5.14: Gene expression in transfected dialysis VSMCs

Gene expression levels of T/E1 (A), TIE2 (B), aSMA (C), OPN (D), BMP2 (E), and
MGP (F) were measured in siRNA-transfected dialysis VSMCs cultured in control
medium, pro-calcaemic medium, and pro-calcaemic medium with 25 ng/mL Angptl.
Each bar represents the mean + standard error of three individual VSMC samples (n =
3), equating to three different patients on dialysis. Each sample was run in duplicate
to ensure consistency of the qPCR. Note that there is a large variation between
individual samples, accounting for the large error bars (p<<0.0005 *** p<0.005 **,

p<0.05%).
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c‘;‘;‘?' Mesenteric ~ 17.13  21.22  21.14  20.68 32.21

Control  \tesenteric 135 300 281 280 6.10
A44

D':g’;'s Inf. Epi. 108.90 128.85 343.73 604.28 281.23

Dialysis Inf. Epi. 10.91  12.02 8553  118.45 60.37
A42

D':g’:'s Inf. Epi. 63.96 6563 211.60 42443  386.06

Dialysis | ¢ £pi 756  11.03 3640  57.73 47.67
A46

D':g’;'s Inf. Epi. 1734 4212 6124 9154 87.24

Table 5.1: Calcium deposition in control and dialysis vessel rings, following
culture in pro-calcaemic conditions, treated with Angpt2 and a Tie2 inhibitor

Arteries utilised are: the mesenteric artery, and the inferior epigastric artery (shortened
to ‘Inf. Epi.’ in the table above). All raw calcium values are given in pg calcium per
ug protein. M199 = serum-free M199, Ca = 2.7 mM calcium, P = 2.0 mM phosphate,
Angpt2 =25 ng/mL, and Tie2Inh = a synthetic Tie2 inhibitor. Note that data is repeated
from Table 3.1, with the addition of the last column, which shows calcium levels

following treatment with the synthetic Tie2 inhibitor.

However, as with the calcium deposition data in Section 3.1.3, the fold-change was
calculated for each vessel to account for individual patient variation. This standardises
the patient data and reflects the proportional magnitude of the changes. Change in
calcium content is therefore represented as the fold-change, compared with the vessel
rings cultured in medium alone, which was given an arbitrary value of 1 (Figure 5.16).
Again, there are no statistical calculations based upon the controls due to low sample
numbers (n = 2). However, there was a 3.9+£0.76 fold increase in calcium deposition

in dialysis vessels cultured with 25 ng/mL Angpt2 in a pro-calcaemic medium when
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treated with a Tie2 inhibitor, compared to dialysis vessels cultured in control medium.
Although this is a significant increase compared to arterial rings cultured in medium
alone (p = 0.012), this fold-change is decreased from the arterial rings cultured under
the same conditions without Tie2 inhibition (5.68+1.26), but not significantly different

between these two groups.

7007
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Figure 5.15: Calcium deposition of intact arterial rings, treated with Tie2
inhibitor (ng Ca/pg protein)

Calcium content, as measured using the o-cresolphthalein colorimetric assay, was
normalised to the protein content of the respective arterial ring after 14 days in culture.
The synthetic Tie2 inhibitor was only utilised on two control samples, of which one
sample calcium load increased while in the other calcium load decreased. All dialysis
samples (n = 5) showed either a reduction in calcium load when treated with the Tie2
inhibitor over the 14-day experiment, or no change (p = 0.517). Each sample was run

in duplicate to obtain an absorbance value.
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Figure 5.16: Calcium deposition in arterial rings treated with a synthetic Tie2
inhibitor (fold-change)

Calcium content, normalised to the protein content, of each arterial ring was measured
(ng calcium per pg protein). Each vessel was used as its own control, and the calcium
content was compared to the calcium content in the ring that was cultured in the
medium alone, which was given an arbitrary value of 1. Control (n = 2) and dialysis
vessels (n = 5) exhibited no significant differences in calcium load between key
conditions of interest (Ca/P/Angpt2 and Ca/P/Angpt2/Tie2Inh; dialysis: p = 0.258);
however, this may be due to the small sample size. No p-values are given for control

vessels as there were only two samples tested.

5.4: Conclusion

My previous work in this thesis indicated that 77E2 (typically an endothelial marker)
was detected in isolated VSMCs from the paediatric population. Therefore, the
presence of this receptor was further examined to confirm the legitimacy of its
expression. To do so, a combination of conventional PCR, qRT-PCR, sequencing of
the amplified production, and Western blotting of paediatric VSMC protein isolates
was utilised; each test indicated that Tie2 was indeed present in the isolated VSMCs,
which suggests that the receptor may be a potential pathway through which vascular
growth factor Angpt2 may act upon smooth muscle. Furthermore, immunostaining

indicated that the intact arterial rings also express TIE2 within the tunica media;
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therefore, the expression observed in the isolated VSMC:s is not likely to be an artefact

induced during explant culture.

In vitro downregulation of TIE2, utilising siRNA specific to 7/E2, indicated that
reduction of the receptor did not reduce overall calcification in response to culture in
a pro-calcaemic environment. However, when VSMCs were cultured in a pro-
calcaemic environment with 25 ng/mL Angpt2, the dialysis VSMCs transfected with
TIE2 siRNA did not exhibit the augmentation in calcium deposition that was otherwise
observed in the VMSCs transfected with control siRNA. This suggests that Tie2 is a
critical receptor with which Angpt2 interacts to enhance calcification in a pro-

calcaemic environment.

However, subsequent in vitro experiments utilising intact arterial rings were less
conclusive. Through use of a chemical inhibitor targeting Tie2 phosphorylation, a
slight trend was observed in which the calcium deposition in dialysis arterial rings was
decreased when the inhibitor was present in a 14-day culture in a pro-calcaemic
containing 25 ng/mL Angpt2. However, this result was not statistically significant and
it would be beneficial to look into this further with a larger sample size, as these
preliminary results suggest that Tie2 may play a key role in signalling for an increase

in calcium deposition in paediatric dialysis VSMCs.
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Chapter 6: Conclusion and Discussion

6.1: Overall Conclusions
6.1.1 Main Conclusions
The main conclusions of the work performed in my PhD thesis are:

Conclusion 1: Exogenous Angpt2 significantly increases calcium deposition in
arterial rings and VSMCs from dialysis CKD patients cultured in a pro-
calcaemic environment. Under pro-calcaemic conditions (2.7 mM Ca, 2.0 mM P),
representing hypercalcaemia and hyperphosphataemia in vivo, Angpt2 can drive
calcification in both arterial rings and isolated VSMCs from patients with CKD that
have undergone dialysis. Although, at a cellular level, I found no significant
differences in gene expression between cells of control, pre-dialysis CKD patients, and
dialysis CKD patients, the vessels of dialysis patients appear to be ‘primed’ to respond
to exogenous Angpt2 which subsequently leads to augmentation of the calcification

process.

Conclusion 2: The angiopoietin receptor Tie2 is expressed on VSMCs and in the
tunica media of arterial rings. My data has also highlighted that both the vessels and
VSMCs (across disease states) express the angiopoietin receptor Tie2, which has
typically been denoted as an endothelial cell specific receptor. Given this, I propose
that Angpt2 acts by binding and stimulating Tie2 on VSMCs. However, the
downstream pathophysiological mechanisms are, as of yet, undetermined. In this
thesis, examination of some of the pathophysiological processes implicated in vascular
calcification including changes in osteogenic gene expression, the release of matrix
vesicles, and apoptosis, have shown no clear lead as to the mechanism by which

Angpt2 promotes this pathogenicity.
Conclusion 3: Decreasing TIE2 expression reduces calcium deposition in dialysis

VSMCs stimulated with Angpt2 to the level of pro-calcaemic medium alone.

Downregulation of Tie2 expression using siRNA in VSMCs was shown to decrease
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calcium deposition in the presence of Angpt2. This is an encouraging finding, as the
potential to dampen Tie2 expression in VSMCs may provide a pathway for

investigation into novel therapy for vascular calcification in CKD patients on dialysis.

Conclusion 4: Targeting Tie2 activity using a synthetic inhibitor shows a trend
towards decreased calcium deposition. In vessel rings, the addition of a synthetic
inhibitor of Tie2 activity slightly decreased the calcium content of the vessel rings
though the result was not significant. It is possible that with a greater number of

vessels, one could more conclusively determine the effects of this inhibitor.

Conclusion 5: Angpt2 and Angptl do not act in an agonist: antagonist
relationship in calcification. Finally, it was initially proposed that restoring the
balance of the angiopoietins to favour Angptl might negate the effects of Angpt2 in
vascular calcification. However, when VSMCs were stimulated with exogenous
Angptl in the presence of elevated calcium and phosphate, calcium deposition

remained similar to cells cultured in the pro-calcaemic medium alone.

6.1.2 Summary of Conclusions

Collectively, the results of my thesis indicate that Angpt2 is not simply a biomarker of
CVD in children with CKD, but also an active participant that enhances vascular
calcification in these patients. Given that my work has focused on isolated VSMCs in
culture and that I have also shown by immunostaining that vessel rings are devoid of
CD31 positive staining, it is unlikely that the effects of Angpt2 on vascular
calcification are due to changes in endothelial cells. On this basis, I believe that the
enhanced calcium deposition associated with exogenous Angpt2 stimulation is a result
of changes in the VSMCs (Figure 6.1). However, as the two populations co-exist in
vivo, further examination of the interaction between the two systems would be

beneficial to future work.
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Figure 6.1: Summary of my findings

Paediatric patients on dialysis exhibit increased circulating levels of Angpt2 (Shroff et
al 2013). As VSMCs express the transmembrane receptor tyrosine kinase Tie2,
Angpt2 has the potential to act directly upon the SMCs of the vasculature. In the
presence of elevated calcium and phosphate, Angpt2 induces calcification of VSMCs.
Although the exact mechanism remains unknown, Angpt2 does not appear to drive

vascular calcification through alterations in osteogenic genes.
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6.2: Discussion

6.2.1 Angiogenic Growth Factors in VSMCs During CKD

The hypothesis for my thesis was derived from previous research from our laboratory,
in which circulating Angpt2 was significantly increased in paediatric patients on
dialysis (Shroff e al 2013). Immunostaining of intact arterial rings indicated that both
the tunica media and the endothelium were potential sources of Angpt2; however,
scoring of staining intensity indicated that there was no significant difference between
Angpt2 expression in pre-dialysis vessels and dialysis vessels (Shroff et al 2013).
While it has now been well established that Angpt2 increases in correlation with CKD
severity in adults and children (Shroff ef a/ 2013, David et al 2012), this thesis provides
the first study that I am aware of that suggests that a vascular growth factor may be
responsible for promoting vascular calcification through a smooth muscle-based

mechanism.

To my knowledge, there is only one other study currently examining the relationship
between Angpt2 and VSMCs in CKD. In this study Chang and colleagues (2014)
found a correlation between increased circulating plasma Angpt2 and arterial stiffness
in adult patients with CKD stages 3—5. The investigators went on to use animal models
to attempt to tease-out the potential pathological consequences of elevated circulating
Angpt2. Using adult male CD1 mice that had undergone a 5/6 subtotal nephrectomy,
they showed that plasma Angpt2 was increased 4 and 8 weeks after surgery (Chang et
al 2014). This was accompanied by an increase in transcript levels of Collal and
Col3al in the thoracic aorta (Chang et al 2014); these genes are associated with the
production of ECM, which is a feature of contractile VSMCs (Chen et al 199, Tsai et
al 2009). The investigators then overexpressed Angpt2 by adenovirus in reporter mice
expressing enhanced green fluorescent protein (GFP) under the regulation of the
Collal promoter and enhancer Coll-GFP7,. When Angpt2 was overexpressed in these
mice, there was a notable increase in collagen transcripts in the VSMCs of the tunica
media, whilst there was no change in collagen expression in the endothelial cells
(Chang et al 2014). Comparatively, collagen expression was only exhibited in the
adventitia of control vessels at a similar level to that observed in vessels from Angpt2

overexpressing mice (Chang et al 2014). These findings indicated that elevated
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circulating Angpt2 could alter the biology of VSMCs. Future studies should examine
components of ECM such as collagen, elastin, fibronectin and laminin in our VSMCs

from children on dialysis exposed to exogenous Angpt2 in pro-calcaemic conditions.

6.2.2 Expression of Tie2 In Non-Endothelial Cells

Notably, the study described from Chang and colleagues (2014) highlighted that Tie2
expression was not observed within the VSMCs of the aorta in normal adult mice by
immunohistochemical techniques, despite exhibiting an Angpt2-related increase in
collagen expression. Instead, this study showed that both endothelial cells (by
immunostaining) and a subpopulation of macrophages (by FACS analysis) expressed
Tie2 (Chang et al 2014). Interestingly, the researchers also found that collagen
transcription was not upregulated in isolated VSMCs exposed to exogenous Angpt2
(500 ng/mL) in vitro. They therefore proposed that the increase in collagen
transcription might be related to an increase in pro-inflammatory cytokine release from
the surrounding endothelial cells and macrophages, as well as the subsequent

inflammation cascade (Chang et a/ 2014).

While Chang et a/ (2014) noted that Tie2 was not present on the VSMCs of the aorta
of normal adult mice, one of the key findings of this thesis was that Tie2 expression
can occur in the tunica media of paediatric blood vessels as well as in primary VSMCs
isolated from the blood vessels of paediatric patients. Tie2 is traditionally known as
an endothelial-specific receptor, and is used in many mouse models to generate Cre
recombinase lines that target the endothelium (Kisanuki ef a/ 2001). I was originally
sceptical of these findings (thus accounting for my detailed examination into gene
expression of the isolated VSMCs cells and the interest in determining whether they
had a ‘true’ VMSC phenotype) but both RNA and protein for Tie2 were measured in
my samples. To my knowledge, this is the first study highlighting Tie2 expression in
human VSMCs.

There are several potential explanations for the apparent discrepancy between my
human findings and the murine studies of Chang and colleagues (2014). Firstly, the
expression of Tie2 in VSMCs might be restricted to childhood vessels. In the future,

it would be informative to collect and explore Tie2 expression in adult human vessels
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from CKD patients. Secondly, there is considerable heterogeneity in gene expression
between different vascular beds (Aird 2007). Therefore, it is possible that smaller
inferior epigastric vessels collected from the paediatric CKD patients might have a

different expression pattern to the adult mouse aorta.

There is an increasing body of evidence that indicates that Tie2 can be expressed in
non-endothelial sites in both humans and mice. Monocytes, a subpopulation of
leukocytes derived from the bone marrow have, to-date, been the most well examined
population of non-endothelial Tie2 expressing cells and possess increased
vascularisation capabilities and are prevalent in cancer angiogenesis (De Palma et al
2005). A subset of pro-angiogenic myeloid cells, usually present in tumours, are
termed ‘TIE2-expressing monocytes/macrophages’ and are shown to release high
levels of IL-10, a cytokine that reduces T-cell activity and helps to suppress the
immune system (Coffelt et a/ 2011). During tumorigenesis, increased Angpt2 appears
to contribute to tumour vascularisation and metastasis by further augmenting release
of IL-10 and encouraging pro-angiogenic signalling (Coffelt ef al 2011; Welford et al
2011). Although not directly related to CKD, these studies highlight that Tie2

expression outside the endothelium is possible and can have detrimental effects.

The therapeutic potential of this TIE2-expressing monocyte population has been
examined in patients requiring revascularisation of ischaemic limbs (Patel ef a/ 2013).
Patel and colleagues (2013) found that ANGPT2, VEGFA, and soluble TIE2 were
significantly increased in patients with critical limb ischaemia when compared to age-
matched controls, as were TIE2-expressing monocytes. Subsequent modelling in mice
with severe hind limb ischaemia demonstrated that, following the induction of
ischaemia, the proportion of circulating TIE-2-expressing monocytes increased; this
increase in circulating TIE-2 monocytes increased with a linear relationship to the
length of ischaemia (Patel et a/ 2013). When Tie2 was silenced in bone marrow-
derived haematopoietic stem cells (using a doxycycline-inducible lentiviral vector
construct), the recovery of blood perfusion to the ischaemic limb was significantly
decreased 28 days later. These functional experiments suggested that these TIE2-
expressing monocytes were an important component of revascularisation (Patel et al

2013). Finally, when TIE2-expressing bone marrow-derived macrophages were
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injected directly into the ischaemic hind limb, revascularisation was significantly

improved (Patel et al 2013).

Glial cells in astrocytoma have also been shown to express Tie2, as detected by
immunohistochemistry, while Tie2 expression is not observed in healthy brain tissue
(Lee et al 2006). As with monocytes and pericytes, these astrocytoma glial cells are
negative for CD31 (which would indicate an endothelial lineage). The cohort
examined consisted of 25 adult histology samples; within these samples, the intensity
of immunological expression strongly correlated with disease severity (Lee et al
2006). In these samples, the expression of Tie2 is believed to play into the disease
pathologies of astrocytoma by increasing cell attachment to both collagen and the
ECM in response to Angptl (Lee ef al 2006). With these altered characteristics, these
malignant glioma cells have an improved adherence capability that helps to ensure
their proliferation and survival, thereby contributing to the aggressive nature of the

disease (Lee et al 2006).

Whilst this thesis is the first study, to my knowledge, to examine Tie2 expression in
human VSMC:s, it is not the first study to suggest that Tie2 can be expressed in SMCs
overall. The first known study to observe Tie2 expression in SMCs utilised a xenograft
model of breast cancer, in which Angptl was used to stabilise the vasculature and
prevent the formation of new blood vessels (Tian et al 2002). Upon observation of
SMC infiltration into the Angptl overexpressing tumours, the investigators went on to
examine Tie2 expression in cultured human coronary artery SMCs. Using Western
blotting, this SMC population was determined to be Tie2 positive, although at a lower
level than endothelial cells (Tian et a/ 2002).

A second study investigating Tie2 expression was again conducted in a mouse model,
in which ‘mural precursor cells’ (which I believe to be pericytes) were isolated from
mouse aortas using a non-enzymatic method (Iurlaro et al 2003). These ‘mural
precursor cells’ migrated towards either Angptl or Angpt2 in chemotactic assays, and
they did so in a dose-dependent manner (Iurlaro ef al 2003). Tie2 was shown to be
present in these cells, as detected using Western blotting and qRT-PCR (lurlaro et a/
2003). Staining of the intact vessel rings localised Tie2 to the intimal and sub-intimal

layers of the tunica media (Iurlaro et al 2003). These mural precursor cells also
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expressed aSMA, while not expressing the endothelial marker CD31 (Iurlaro et al
2003). Although both studies were in mice, the results that I have obtained using

paediatric vessels suggest that Tie2 is similarly expressed in human vessels.

6.2.3 Plasticity of VSMCs in Culture

One of the contentious issues surrounding VSMC studies is the tendency of these cells
to de-differentiate in culture, and take on a non-contractile, mesenchymal-like
phenotype. In this study, I have purposely limited the use of commercially-obtained
VSMC:s to the role of a control VSMC line, to which gene expression is compared to
for characterisation. Baseline characterisation of contractile, osteogenic, and
angiogenic genes (Sections 3.3.4-3.3.6) suggested that there was only slight variation
between control VSMCs isolated from paediatric patients and the commercially-
obtained VSMCs; however, these expression levels were measured early on in culture

and may not be representative of the lines as they age.

Limited availability of the tissue, for both isolation of cells and intact arterial ring
culture, is one of the major restrictions to this work. Although isolating VSMCs allows
for subsequent passaging and expansion of the primary cell population, VSMCs can
dedifferentiate spontaneously in culture and take on a ‘synthetic’ phenotype (Chamleu
et al 1974). This is almost an accepted aspect of VSMC culture and experimentation
now, but in a concerted effort to maintain the contractile phenotype of the VSMC:s all
experiments in this thesis were done under passage 9. Similarly, if cells developed an
immature phenotype with a flattened, multi-nucleated, and non-proliferative
appearance, they were not used for subsequent experiments (Chamleu et al 1974). One
of the key issues with commercially-obtained VSMCs is the age of the individuals
from which they were isolated, as they are obtained from adults rather than children,
and thus may not accurately represent the paediatric physiology. To avoid this conflict,
paediatric VSMCs were utilised for all calcification experiments. One observation,
although not quantitatively measured, was that VSMC:s isolated from young (1-2 years
of age) and healthy control patients maintained the contractile phenotype more readily
in culture; dialysis VSMCs, on the other hand, were more likely to spontaneously
calcify in culture, take on the synthetic phenotype, or enter senescence (Shanahan

2013). An increasing body of evidence points towards the protein prelamin A, a
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precursor to the critical laminar protein lamin A, as a key player in VSMC senescence
(Liu et al 2013; Ragnauth et al 2010; Shanahan 2013). /n vitro culture experiments of
healthy VSMCs have shown that oxidative stress (as simulated using both short-term,
high-dose exposure and long-term, low-dose exposure to hydrogen peroxide) can lead
to prelamin A accumulation and early cell cycle arrest (Ragnauth et al/ 2010).
Similarly, Ragnauth and colleagues (2010) have shown that, following exposure to
hydrogen peroxide, healthy paediatric arterial rings exhibit accumulation of prelamin
A 1n over 90% of medial VSMCs. Liu and colleagues (2013) have gone on to show
that prelamin A is accumulated in the VSMCs of paediatric dialysis patients when
compared with healthy paediatric controls, as measured using both VSMC cultures
and sectioned arterial rings. With these studies in mind, prelamin A is a potential
protein to explore further in regard to differential expression between control and
dialysis VSMCs as it would be interesting to see if accumulation was accelerated with

the addition of Angpt2.

Another problematic aspect of VSMC culture was the wide variation between
individuals, in regard to both baseline levels of gene expression and baseline levels of
calcium deposition. For example, the baseline calcium level (Figure 3.1) in healthy
paediatric controls (n = 3) was 15.7£13.7 pg calcium/ pg protein, compared with
36.3+£21.1 pg calcium/ pg protein in pre-dialysis patients (n = 3) and 36.84+35.9 ug
calcium/ pg protein in dialysis patients (n = 8). This level of variation indicated that,
even within our patient stratifications (healthy renal function, pre-dialysis CKD, and

dialysis CKD), it is difficult to control for patient heterogeneity.

There is also debate as to whether other subpopulations of cells might exist alongside
VSMC in the tunica media (Bostrom ef al 1993, Doherty et al 1998, Tintut et al 2003).
Interestingly, one of the first studies indicating BMP2 expression in spontaneous
VSMC calcified nodules also noted a third (non-endothelial, non-vascular smooth
muscle) cell population in the tunica media, and proposed these cells to be pericyte-
like cells (Bostrom et al 1993). While pericytes are involved in stabilisation of
neovessels during angiogenesis, they also appear to be able to differentiate into
osteoblasts, chondrocytes, adipocytes, and fibroblasts (Doherty et al 1998). These
calcifying vascular cells have been named as a separate population by other

researchers, and whilst not defined as pericytes, they are believed to be a subpopulation
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of the medial VSMCs and are shown to express both contractile and osteogenic
markers (Tintut et al 2003). One issue with these ‘calcifying vascular cells’ is that they
are suggested to be ‘self-renewing’ and can maintain their proliferative capacity
through 20 passages (Tintut ef a/ 2003). Whilst the cells isolated in this thesis have not
been pushed to proliferate through to this number of passages, the reduced rate of
growth observed in later passages suggests that these cells do not possess this
characteristic. Another possibility is that the VSMCs in paediatric vessels possess an
immature phenotype, which allows for increased plasticity and repair of the vessel.
This may account for the ability of healthy control vessels to resist calcification when
stimulated with high calcium and phosphate media; however, this may be better
examined using RNA isolated from fresh vessels rather than from isolated cells as was
done in this thesis. To investigate this immature phenotype, genes and proteins
associated with senescence (i.e. prelamin A, mentioned earlier) could be measured in
these samples along with markers of DNA damage and cell cycle arrest (i.e. p53, p16)
(Leopold 2015).

6.2.4 Differential Response to Calcification: Baseline Gene Expression

An interesting concept brought up by the work in this thesis is the differential response
to a high calcium environment between control, pre-dialysis, and dialysis vessels and
cells. It has previously been suggested by Shroff and colleagues (2010) that vessels
from patients on dialysis may be ‘primed’ to calcify, due to changes in their vascular
biology. Using intact arterial rings from paediatric CKD patients (both pre-dialysis and
dialysis) alongside healthy paediatric controls, Shroff er al (2010) indicated that
calcium deposition increased in arterial rings in proportion to an increase in
environmental calcium and phosphate concentration. Similarly, prolonged exposure to
a pro-calcaemic environment (with vessel rings collected at 7, 14 and 21 days) also
increased calcium deposition in these vessels in a time-dependent manner (Shroff et
al 2010). However, the crucial finding of the Shroff et a/ (2010) study was that the
increase in calcium deposition was specific to the disease state of the vessel; namely,
arterial rings from healthy controls showed no significant increase in calcium
deposition whilst the increase in vascular rings from pre-dialysis CKD patients was
minimal. Comparatively, the arterial rings obtained from paediatric dialysis patients

calcified significantly in the pro-calcaemic medium.
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The findings in this thesis mirror those found in the Shroff et a/ (2010) study, although
this thesis has demonstrated that supplementing the pro-calcaemic medium with
exogenous human Angpt2 (at a dose of 25 ng/mL) significantly enhances the calcium
deposition in intact arterial rings from dialysis patients compared to the pro-calcaemic
environment alone. In this thesis, I have also examined the response of both control
and dialysis VSMCs to a pro-calcaemic environment, with and without Angpt2. The
results with cells were slightly different to the intact arterial rings. I found that calcium
deposition increased in control VSMCs exposed to increased calcium and phosphate
in the culture media. However, dialysis VSMCs calcified to a greater extent as assessed
by calcium extraction and quantification using the o-cresolphthalein colorimetric

assay.

A potential explanation for these findings is that control, pre-dialysis and dialysis
vessels and VSMCs may contain a different transcriptome profile. Comparative gene
expression between healthy paediatric vessels, pre-dialysis CKD vessels and dialysis
CKD vessels has the potential to reveal possible differences between these cell
populations. Monroy and colleagues (2015) have quantitatively shown that the
phenotype of VSMCs does indeed alter in response to CKD, and have hypothesised
that this is due to the prolonged uremic conditions that these cells are subjected to.
VSMCs exposed to short-term uremic conditions exhibited a significant (50-80%)
reduction in contractile genes, namely aSMA and SM22a (Monroy ef al 2015); these
results corroborate the findings by both Shroff et al (2008, 2010) and those in this
thesis, in which contractile genes are reduced following exposure to a pro-calcaemic
(hyperphosphataemic and hypercalcaemic) milieu. Following 24-hour exposure to
uremic serum from CKD patients on HD, otherwise healthy commercially-obtained
VSMCs exhibited decreased migration, increased cell proliferation and no significant

alteration in apoptosis (Monroy et a/ 2015).

In my study, I found that in paediatric vessels there were no significant differences in
the baseline levels of contractile gene (SM22«) and osteogenic genes (BMP2, MGP,
SP7, OPN) between control, pre-dialysis and dialysis VSMCs (Section 4.1.2). The
clear heterogeneity between VSMC populations obtained from different patients made
it difficult to observe any trends in the data; however, these samples highlight how

variable gene expression — particularly in primary cells — can be. The relationship
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between gene expression and the length of in vivo exposure to uraemia for both intact
vessels and isolated primary cells would be another interesting aspect to explore, as
Monroy et al (2015) exposed healthy VSMCs to the uremic milieu for a short period
of time. The original dialysis vessels (from which the VMSCs utilised in this thesis
were isolated) were exposed to uraemia in the in vivo environment for several months
to years. Therefore, the slight trend towards increased SM22 « in dialysis (as compared
with control and pre-dialysis) cells could potentially be explained as a compensatory

mechanism to counter a shift towards osteogenic differentiation.

6.2.5 Gene Expression in Response to Calcification

One of the limitations to this study is the small panel of genes chosen for expression
profiling when cells are exposed to a pro-calcaemic milieu. The panel of osteogenic
and contractile genes was chosen based on the literature surrounding VSMC
calcification, with strong evidence implicating these genes in the calcification pathway
and thus being the most likely to exhibit a substantial change in response to altered
calcification. As such, the primary panel of genes included RUNX2, BMP2, MGP,
SM22a, and aSMA. Significant changes in expression of these listed genes are likely
to result in phenotypic alterations. Indeed, VSMCs cultured in pro-calcaemic medium
did exhibit alterations in these genes when compared with VSMCs cultured in medium
alone; however, we did not find any differences in the levels of gene expression in
dialysis cells in pro-calcaemic conditions with/without Angpt2. The data in this thesis
show a trend towards an increase in BMP2 with the addition of Angpt2; however, the
degree of variation between each individual sample within a given treatment group
meant that the data failed to achieve statistical significance despite a visible trend. By
increasing the number of patient samples analysed, the degree of variation may be
reduced — thus potentially leading to significant differences between groups.
Alternatively, the number of genes examined could be increased. However,
unfortunately, we could not expand the panel of genes used for qRT-PR due to the low
yield of RNA that was harvested from calcified cell cultures, as the presence of
calcium and phosphate in the medium interfered with trypsin activity and partially
blocked the column during RNA extraction. With this limited quantity of RNA, it
would have been optimal to utilise an assay with the ability to examine multiple genes

such as RNAseq which would have allowed for a broader examination of the expressed
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genes than sequential QRT-PCRs. Alternatively, the protein could be explored at the
molecular level; for example, the phosphorylation and glycosylation state of MGP may
potentially impact the calcification pathway in response to exogenous Angpt2, as the
dephosphorylated uncarboxylated form has previously been shown to increase in adult
CKD patients with vascular calcification and correlate with vascular stiffness
(Delanaye et al 2014; Thamratnopkoon et al 2017). Additionally, this
desphosphorylated uncarboxylated form has been associated with markers of

cardiovascular disease and increased mortality (Piven et al 2015).

While increasing the number of patient samples analysed may decrease variation
between samples, increasing the number of tested time-points may highlight large-
scale changes in gene expression or indicate a shift in expression of a single gene (or
a set of genes) over time. In this study, a 5-day time-point was chosen based on
previous in vitro VSMC experiments by Reynolds and colleagues (1998), as this point
was one in which notable calcium depositions were observed. Although the expression
of pro-calcaemic genes in VSMCs increased upon stimulation with pro-calcaemic
medium, there were no significant changes in gene expression between those cells
treated with or without Angpt2. One potential explanation for this lack of differential
gene expression, despite differing levels of calcium deposition, is that a maximal level
of gene expression is reached in both populations prior to the emergence of overt
calcium depositions. By taking a sequential time-course following stimulation with
pro-calcaemic medium with and without Angpt2 (for example, using daily intervals
between RNA extractions), the changes in expression level could be measured prior to
visible calcium depositions. However, the difficulty in conducting this experiment lies
in the proliferation rate of the dialysis VSMCs as culturing the required volume of
cells for such an experiment would require multiple passages, during which time there

is a high likelihood of these valuable cells dedifferentiating.

6.2.6 Epigenetic Regulation of Osteogenic Genes

Although my data indicated that there were no significant changes in osteogenic gene
expression in the presence of Angpt2 compared with the pro-calcaemic medium alone,
I have only examined the mRNA expression of a small set of genes. Instead, a potential

mechanism could be alterations in microRNAs (miRNA). In a study conducted by
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Panizo and colleagues (2015), three distinct miRNAs were noted to play direct roles
in VSMC high phosphate-induced calcification: miR-29b, miR-133b and miR-211.
The aortic concentration of miR-29b was increased in nephrectomised male Wistar
rats fed a high phosphate diet, whilst both miR-133b and miR-211 were decreased
compared with controls (Panizo ef a/ 2015). miR-133b is becoming increasingly well-
characterised in its role in RUNX2 regulation, and it appears to interact with the 3’
untranslated region to inhibit translation of the gene (Liao et a/ 2013). Numerous other
miRNAs have been attributed to the regulation of different calcification genes.
RUNX2, whilst downstream of BMP2, can also be regulated through both BMP2
activity and miR-30b and miR-30c; whilst BMP2 promotes expression of RUNX2,
expression can be downregulated by the miRNAs as shown in monolayer adult aortic
VSMC culture (Balderman et al 2012). In situ hybridisation for miR-30b has also
shown this miRNA to be noticeably decreased in patients with arteriosclerotic plaques
when compared to aortic donor vessels (Balderman et a/ 2012). Using small RNA
obtained from fresh human vessels would provide a basis to examine the epigenetic

regulation of the osteogenic genes by RNA sequencing.

Although a relatively new field, epigenetic changes have also been implicated in the
progression of vascular calcification (Wu et al 2015). While examining the phenotypic
changes of VSMC:s in response to uremic serum, Monroy and colleagues (2015) noted
that the acetylation of histone H4 was decreased at sites regulating contractility genes,
thus reducing active chromatin for these genes and contributing to the phenotypic
changes of these cells. Elevated phosphate has, in vitro, been shown to increase the
methylation of the promoter region of the contractile gene SM22« (transgelin) that in
turn reduces gene expression and subsequently promotes calcification (Oca et al

2010).

6.2.7 Pathological Changes During Calcification

Monroy et al (2015) also found that exposure to uremic serum had no effect on
apoptosis of cultured VSMCs; however, another study utilising intact murine arterial
rings indicated that VSMC loss (within the tunica media of the vessels) increases with
exposure to uraemia (Pai et a/ 2011). However, the caveat for VSMC loss appears to

be that exposure to uremic serum must be coupled with a high phosphate diet (Pai et
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al 2011). As the commercially-obtained cultured cells used by Monroy et al (2015)
were not previously phosphate-loaded, this may explain why these cells did not
increase apoptosis. However, Pai et a/ (2011) did not observe any correlation between
an increase in apoptosis and the level of calcification of the vessel. The authors propose
that, in response to high calcium and phosphate, the VSMCs undergo phenotypic
changes allowing them to take on an osteogenic-like phenotype. If the cells fail to take
on this osteogenic phenotype, they are at high-risk to undergo apoptosis (Pai et al

2011, Shroff et al 2010).

6.2.8 Endothelial Co-culture and the Effects of VEGFA

lurlaro et al (2003) also found that exposure to conditioned media from endothelial
cells inhibited the chemotaxis of Tie2-positive mural cells. This response was not
enhanced by further addition of exogenous Angptl, indicating that the endothelial-
SMC interaction may be the critical process in regulating the biology of Tie2-positive
mural cells; the response to Angpt2 under these conditions was not examined (Iurlaro

et al 2003).

Co-culture studies between endothelial and SMCs show alterations in the expression
of angiogenic genes; for example, endothelial cells increase VEGFA expression when
cultured in combination with VSMCs (Heydarkhan-Hagvall et al 2003). I have not
examined the effects of VEGFA in this thesis, but this factor may be important
regarding the actions of Angpt2 in vascular calcification. During angiogenesis, the
environmental concentration of VEGFA determines whether the destabilisation of the
endothelium (as induced by increased Angpt2) results in vascular regression or the
branching of new vessels (Huang et a/ 2010). In the cohort of patients examined by
Shroff et al (2013), VEGFA was found to decrease while its receptor, soluble Fltl
increased; this supports the destabilisation of the vasculature in these patients in the
presence of increased Angpt2. In future studies, it would be ideal to measure the levels
of circulating VEGFA as well as Fltl in the culture medium both before and after
addition of Angpt2.

Another interesting aspect of this study was the low concentration at which Angpt2

was able to increase calcium deposition. While the initial rationale behind choosing
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25 ng/mL of Angpt2 was that it was the highest circulating level measured in dialysis
patients, most studies investigating angiopoietin activity use concentrations from 100
ng/mL up to 800 ng/mL (Kim et al 2000, Scharpfenecker et a/ 2005, Sinnathamby et
al 2015). However, most of these studies are single time-point studies that are
conducted over a brief time period, usually between 5 minutes to an hour. Perhaps, as
in this thesis, a long period of low-level exposure is necessary to observe a response.
This scenario may be more representative of a chronic disease state. As the medium
was replaced every 3—4 days during the 14-day intact vessel ring experiment and every
2.5 days for the 5-day VSMC experiments, any Angpt2 that was bound or internalised
was later replenished. If one equates 4 media changes at 25 ng/mL to a single medium
stimulation at 100 ng/mL, the dose is the same. However, if Angpt2 remains bound to
Tie2, theoretically the number of active receptors would remain the same. However,
by replenishing the medium every few days, these receptors are activated in a step-

wise manner.

6.2.9 In Vivo Investigation of Calcification

To extend this project, an in vivo investigation is required and thus a mouse model for
CKD would be beneficial. One model that has been considered is the Enppl model,
which has a mutation in the enzyme ectonucleotide pyrophosphatase (Li ef al 2013).
If bred on a BALB/C background, these mice develop extensive calcification
throughout their arteries, which mirrors the effects of a similar ENPPI mutation that
occurs in children. Progression of calcification can be monitored through the use of
microCT, which reduces the number of animals culled at each stage, although the
collection of organs at each time-point allows for quantitative measurement of calcium
deposition as well as histological representation. However, we do not yet know if
Angpt? is altered in this model and this work would need to be done. Furthermore, as
this model is intrinsically prone to calcification, a renal injury model such as a 5/6
nephrectomised mouse fed a high calcium and phosphate diet, may be more
representative of the chronic disease state. Indeed, using CD1 mice, Chang and
colleagues (2013) have shown that there is a significant increase in circulating Angpt2
following a 5/6 subtotal nephrectomy. Similarly, they also observed a significant
increase in circulating Angpt2 following unilateral ureteral obstruction (Chang et al

2013).
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Angpt2 can also be modulated in numerous ways in vivo. For example, there are now
several studies utilising adenovirus expressing human Angpt2 to overexpress Angpt2
in mouse models (Chang et al 2013, Chen et al 2011, Lee et al 2006); this method is
also used to induce Angpt2 overexpression in in vitro culture models (Mofarrahi and
Hussain 2011). Inhibitors can also be utilised to block Angpt2 activity — this is
particularly popular in cancer models to inhibit angiogenesis (Hu ef a/ 2009); however,
inhibitors have the potential to cause off-target effects (Shoshan and Linder 2008).
Finally, transgenic mice — either over- or underexpressing Angpt2 — can also be
utilised to modulate Angpt2; this has been the most popular technique utilised in
previous studies in our laboratory as overexpression can be induced in specific

vascular beds and at set time-points (Davis et al 2007).

6.2.10 Targeting Tie2 to Modulate Vascular Calcification

One potential means of modulating Angpt2 is through the agonist-antagonist
relationship with Angptl, or through the balance of these two angiopoietins (Brindle
et al 2008). However, stimulating VSMCs with Angptl under pro-calcaemic
conditions did not attenuate calcification—instead, although not significant, there was
a trend towards increased calcification, similar to the effects of Angpt2. Targeting
Tie2, either through downregulation of mRNA and subsequent receptor expression as
in the transfected VSMCs or through chemical inhibition of the Tie2 phosphorylation
activity as in the intact vessel rings, appears to be a more efficient way of regulating
the activity of this pathway. In this thesis, transfection of VSMCs with T/E2-targeting
siRNA had a dampening effect on calcification in dialysis VSMCs treated with Angpt2
when cultured in pro-calcaemic medium, compared with VSMCs treated with control
siRNA cultured under the same conditions. However, whilst transfection with 7/E2
siRNA was shown to reduce expression 7/E2 in the VSMCs, the effect of the
knockdown on translation and overall protein content was not measured. Therefore,
the effects of residual TIE2 content on the experimental system cannot be determined.
One of the other issues with 77E2 siRNA is the similarity between the genetic sequence
of TIE2, and TIEI. Although TIE] is frequently referred to as an orphan receptor, it
can act to modulate 7/E2 activity. If, as was seen in Figure 5.12, TIE] expression is
also decreased following transfection with 77E2 siRNA, it is highly likely that the T/E2
siRNA also had a knockdown effect on T7E1.
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Inhibition of Tie2 activity utilising a synthetic inhibitor appears promising, but this
needs to be done with several more vessels to determine if the inhibitor has a
significant effect on calcium load and, if so, whether it is associated with any negative
effects on the vessel. In future experiments, a control group containing the Tie2
inhibitor in the absence of Angpt2 would be interesting, as this would allow for
investigation of the role of Tie2 signalling in the presence of elevated calcium and

phosphate, but without exogenous Angpt2 stimulation.

This Angpt-Tie2 pathway is becoming increasingly targeted as a means for modulating
angiogenesis in cancer, as recent studies in both humans and mice have demonstrated.
Recently, Tuppurainen and colleagues (2017) targeted Tie2 and VEGFR in a human
ovarian cancer xenograft model in immunodeficient mice using adenoviral therapy to
inhibit these pathways, leading to a decrease in angiogenesis and a significant
reduction in tumour weights (p=0.007) when compared with untreated controls.
Trebananib, a recombinant peptide-Fc fusion protein, is also currently in Phase III
clinical trials as a treatment for various cancers as it binds to the angiopoietins, thereby
inhibiting their ability to engage with Tie2 (Mita et al 2010; Amgen NCT01493505).
The effects of trebananib have also been recently examined in vitro, in which
investigators have shown that the fusion protein is able to sensitise human carcinoma
cells to the cytotoxic effects of T lymphocytes, potentially making them more

responsive to subsequent immunotherapies (Grenga et al 2015).
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6.3 Summary

By exploring the role of Angpt2 — and subsequently the role of Tie2 — in vascular
calcification in paediatric patients on dialysis, the work described in this thesis opens
a potential new pathway for which to target the pathogenic effects of dialysis. Both
intact arterial ring studies and cultured VSMC studies indicate that exogenous Angpt2
increases calcium deposition in dialysis populations when under a pro-calcaemic
environment as compared with dialysis vessels cultured in pro-calcaemic medium
alone. However, this effect was strictly observed in vessels and VSMCs from patients

on dialysis and was not observed in pre-dialysis CKD patients.

Nuclear staining of the intact arterial rings indicated that control, pre-dialysis and
dialysis vessels maintained a consistent cell number across culture conditions;
however, the number of condensed and thus potentially apoptotic nuclei increased in
1) dialysis vessels, as compared with both pre-dialysis and control vessels and ii) vessel
rings treated with Angpt2 under a pro-calcaemic medium, as compared with vessel
rings cultured in pro-calcaemic medium or medium alone. As subsequent TUNEL
staining to detect apoptosis exhibited no clear trend (in either vessels or VSMCs), the
mechanism underlying the changes in nuclear phenotype is still unclear. In VSMCs,
the changes in calcium deposition are accompanied by an increase in pro-calcaemic
genes BMP2 and MGP, alongside a decrease in contractile genes SM22a, and aSMA4;
however, whilst these changes in gene expression occur (and are significant when
compared with VSMCs cultured in medium alone), the differences in expression are
not significantly altered when compared with VSMCs cultured in the pro-calcaemic
medium without Angpt2. However, these VSMCs are shown to express Tie2 and,
although this receptor is typically seen as endothelial-specific, this thesis has utilised
numerous tests to confirm the presence of the receptor and has subsequently shown
that knockdown of T/E2 using T1E2 siRNA can reduce calcium deposition in cultured
dialysis VSMCs, thereby suggesting that Tie2 is a potential modulator of Angpt2-

driven vascular calcification.

Overall, whilst the mechanism by which Angpt2 drives vascular calcification remains
unclear, the work in this thesis has provided insight into a previously unexplored

means by which calcification may occur in the paediatric dialysis population. As CVD,
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initiating with endothelial dysfunction and vascular calcification, is the leading cause
of death in the CKD population, it is imperative that we continue to explore ways in
which to target these physiological changes to improve the lives of patients

(Steenkamp et al 2014).
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