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Abstract

Introduction

An abdominal aortic aneurysm (AAA) is a focal dilation of the aorta and AAA
rupture (clinical endpoint) is associated with high mortality. Diagnosis and
management of AAA has relied on ultrasound based screening programmes
through the measurement of aortic diameter. Although these programmes have
managed patients effectively, longitudinal analysis of aortic diameter data has
shown a change in epidemiology and heterogeneity of AAA. The SoFIA trial
showed that uptake of Sodium Fluoride (Na[*®F]F), a marker of microcalcification,
could predict aneurysm growth and end clinical events (i.e. risk of rupture)
independent of cardiovascular risk factors (e.g. smoking). However, how
microcalcification develops and drive aneurysm progression is unknown and
Na[*®F]F uptake was measured at a singular aortic diameter. This project
investigated the relationship between Na[*®F]F uptake and aortic growth in a
preclinical model and to determine the biological mechanism that promotes

microcalcification development in AAA.
Methods

AAA were induced in C57BI/6 and mice harbouring a conditional
mTomato/m-Green fluorescent protein (mTmG) reporter gene using the porcine
pancreatic elastase (PPE) model, with sham equivalents. Ultrasound scanning
was used to confirm the induction of AAA. C57BI/6 mice underwent 90 minute
dynamic terminal Na[*®F]F PET/CT scan and aortas were harvested and placed
into a gamma counter. Aortas were then sectioned and stained for the presence

of microcalcifications using a von Kossa stain.

MmTmG aortas were sectioned and stained for bone morphogenetic protein-2
(BMP2). Sections were imaged using a confocal microscope and z-stack images
at 40 x magnification were taken. Nuclei expressing mGFP, BMP2 and other
markers of interest were quantified and expressed as percentage of all cells

counted.
Results

PET/CT quantification of sham vs PPE images for a range of metrics

demonstrated no difference in Na['®F]F uptake in the abdominal aorta. However,



v

guantifying %ID/g from ex vivo gamma counting revealed a significant difference
in uptake between sham and PPE abdominal aorta day 14 post surgery
(%ID/g = 0.00015 £+ 0.015 vs 0.13 £ 0.0025. P<0.05). The appearance of
microcalcification deposits was confirmed by von kossa stain. Upregulation of
BMP2 was associated with nuclei expressing mGFP (lineage traced vascular
smooth muscle cells) and was highest at day 7 post surgery when compared to
sham sections (28.0 £ 3.6% vs 0% respectively. P<0.05). A high percentage of
nuclei expressing mGFP AND BMP2, but not markers of vascular smooth muscle
cells was highest at day 14 post surgery in PPE aortic sections, compared to day
7 (4.45 £ 1.5 vs 1.69 = 0.73% respectively. P<0.05). This suggests vascular
smooth muscle cell remodelling could be a driver of microcalcification formation
in PPE model.

Conclusion

Although Na['®F]F PET/CT experiments were inconclusive, ex vivo gamma
counting demonstrates an increased uptake of Na['®F]F in day 14 PPE AAA
tissue. Expression of BMP2 was localised to lineage traced vascular smooth
muscle cells and upregulated day 7 post surgery in PPE AAA tissue. This
suggests a potential link between BMP2 expression and microcalcification
development in AAA pathology. Further work includes the formulation of a
therapeutic intervention to target vascular smooth muscle remodelling to prevent

microcalcification development and slow down AAA progression.
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Chapter 1

Introduction

1.1 Cardiovascular disease

Cardiovascular disease is one of the leading causes of death in the United
Kingdom (UK), with the British Heart Foundation (BHF) reporting 616,014 deaths
in 2018 (1). In the same report, the number of deaths attributed to cancer was
170,992 and 62,131 to Alzheimer’s Disease. The associated cost of treating and
managing cardiovascular disease in the NHS is £9 billion annually.
Cardiovascular disease encompasses the terms relating to disease of the heart
and vasculature. Some examples include atherosclerosis, hypertension,
myocardial infarction, hypertrophic cardiomyopathy, stroke and aneurysms. The

main focus of this thesis will be abdominal aortic aneurysms or ‘AAA’ specifically.

1.2 Aneurysms

An aneurysm is defined as a focal dilation of a vessel (most commonly the aorta
or intercranial artery). An aneurysm is defined diagnostically when the diameter
of a vessel reaches 1.5 times greater than the adjacent normal artery. For
example, the baseline diameter of the aorta is 1.5 to 2 cm and an AAA is
diagnosed when the aortic diameter is measured as 3 cm. Aneurysms are an
important vascular disorder as they are associated with potentially fatal
complications such as occlusion or rupture. The prevalence of intracranial
aneurysms is 3% (2) and 1.34% for AAA in the UK (3). Rupture of intracranial
aneurysms can lead to subarachnoid haemorrhage accounting for 7% of all

strokes.

1.3 Aortic Aneurysms

The aorta is the largest blood vessel in the body and originates from the heart, at
the aortic valve. The aorta distributes blood under high pressure and velocity from
the left ventricle throughout the body and faces a high haemodynamic burden (4).
The aorta is comprised of the ascending aorta (i.e. the origin of the aorta starting
in the heart), the aortic arch (as it turns 180 degrees at the top of the chest to give
off the great vessels) the descending thoracic aorta through the chest and the
abdominal aorta in the abdomen. The aorta then splits into the iliac arteries at the

aortic bifurcation, around the level of the umbilicus to supply blood to the legs.
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The aorta is comprised of three layers; (i) tunica intima, a thin layer of endothelial
cells and elastic lamella, (ii) tunica media, vascular smooth muscle cells (VSMCs)
densely packed into a multilayer and extracellular matrix (ECM), (iii) tunica
adventitia, layer made of fibrous tissue, vaso vasorum (small vessels) and

nerves.

Aneurysm formation within the aorta is mainly found within the thoracic (TAA) and
abdominal regions. The structure and cellular composition of the thoracic and
abdominal aorta differs slightly and could be a contributor to the differences in
regional aneurysm pathophysiology. In the ascending aorta, the intima is thinner,
the media is thicker and the content of elastin and collagen is higher (5). However
TAA and AAA do share some similar histological features, such as VSMC loss
and ECM degradation.

Dilation of the thoracic aorta is also linked to genetic disorders. Mutation of
Fibrillin-1 (FBN-1) gene, which causes Marfan syndrome, destabilises the aortic
wall through distribution of the elastin filament alignment and lamellar units (6). A
study of 135 individuals with TAA with or without dissection demonstrated that
19% of the study population had a family history of TAA (7). These subjects had
fast aneurysm growth and an autosomal dominant mode of inheritance.
Mutations have been found to exist on 3p24.2-25, 5q13-14 and 11923.2-g24 loci
suggesting genetic heterogeneity (8). Finally, aortic dilation in the thoracic aorta,
as well as the intercranial arteries, can be caused by the inflammatory disease
Takayasu’s arteritis (9). Those with familial inheritance of Ehlers-Danlos
syndrome (EDS) can suffer from aneurysm formation and fragile vessels due to
abnormal collagen synthesis (10). Although EDS is associated with a number of
subtypes, it is believed that type I, lll and IV are associated with vascular
complications. Mutations of transforming growth factor 3 receptor (TGFBR) | and
II, defined as Loeys-Dietz syndrome (LDS), suffer from altered transforming
growth factor B signalling (TGFB-S), resulting in aortic dissection (11). Individuals
with LDS are at a higher risk of early rupture at small aortic diameters due to rapid
progressive nature of disease. Alterations in smooth muscle cell contractile
proteins have also been shown to drive TAA progression. Mutations in a-smooth
muscle actin  (a-SMA (ACTA2)) in TAA subjects, detected by
immunofluorescence, showed impaired interactions with actin filaments (12).

Tissue analysis also demonstrated medial degeneration and smooth muscle
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proliferation as well as medial smooth muscle hyperplasia. The study suggests
the importance of smooth muscle contractile proteins in structural integrity of the
aorta.

The defects caused in key signalling pathways and smooth muscle contractile
proteins within the vessel wall could be the key reason that drives aortic dilation
due to the extreme shear stress and mechanical strain placed on the vessel wall.
However, a better understanding of these pathways in aneurysm development is

required.

1.4 Abdominal Aortic Aneurysm (AAA)

As defined in Section 1.2, an AAA is a focal dilation of the abdominal aorta,
associated with aortic wall damage, where AAA rupture is linked to high mortality
(13,14). The diagnostic criteria for AAA is an abdominal aorta greater than 3cm.
This is normally confirmed by a screening ultrasound scan of the abdominal aorta,
however some AAA are diagnosed incidentally through other medical disease
check-ups (15). As the aneurysm expands, the risk of rupture (considered the
primary clinical endpoint) increases, accounting for 4000 deaths per annum in
England and Wales (16). Analysis of Hospital Episode statistics data between
2005-2010 concluded that in-hospital mortality in the UK was 65.9% for ruptured
AAA and post intervention mortality was 41.77% (17). This risk nominally occurs
as the diameter exceeds the intervention threshold of 5.5 cm (13-15). However,
some small aneurysms are prone to rupture (18). Clinically, the rupture risk of an
aneurysm at 5.5 cm is quoted as 3% per year. By contrast, analysis of the
National Health Service abdominal aortic aneurysm screening programme
(NAAASP) suggests that the rupture risk is more likely to be 0.4% per year (3).

To mitigate aneurysm rupture, AAA patients are sent for elective repair.

1.4.1 AAA epidemiology

The risk factors associated with AAA are related to aneurysm development (age,
male sex, family history, smoking), expansion (smoking, hypertension) and
rupture (smoking) (19-21). The prevalence of diagnosed AAA increases with age
(22) with the mortality rate per 100 people is 1.02 for age group 60-65, 1.91 for
age group 65-70 and 2.73 for age group 70-75 (3). Although the prevalence of
AAA in males has been reported as 4.7% in the UK between 1997-1999 (23), the

prevalence has dropped to 1.34% in the real-world observational screening data
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(24). This is attributed to a change of epidemiology and environmental factors,
particularly changing smoking habits. The risk of AAA rupture in men is much
higher than that of women (22) however 31% of ruptured AAA recorded between
2001-2014 occurred in women (25). In addition, women with a history of smoking
are 15 times more likely to develop an aneurysm than women who have never
smoked. This contrasts with men, where the risk is 7 times more likely in those
with a history of smoking versus those without (26). Despite this, inviting women
to a similar screening programme to that already offered to men in the UK is not
cost effective (27). Although there is no conclusive mechanistic causative link
between smoking and AAA, smoking increases aneurysm expansion rate by 15-
20% and doubles the risk of rupture (16,28,29).

Hypertension is also seen to increase the risk of AAA, with more than half of the
cases in data analysed from large screening programmes having confirmed and
treated hypertension (30,31). Interestingly, diabetes mellitus (DM) is shown to be
protective against AAA formation and AAA growth (32,33) even though DM is a
key risk factor for atherosclerotic cardiovascular disease (20). The protective
nature of DM on aneurysm growth is thought to be a result of cross-linking
glycation products on ECM remodelling and TGF-B signalling pathway
contributing an anti-inflammatory effect (34). As a result, antidiabetic treatments,
such as metformin, has been tested in a cohort of AAA subjects to study the link
between aneurysm growth and treatment. Prescribed metformin showed a
reduced likelihood of increased aneurysm growth (35). A phase 2 clinical trial for
metformin treatment of AAA is currently in progress (Limiting AAA with Metformin
trial (LIMIT) NCT04500756).

1.4.2 Screening

Historically, diagnosis of AAA occurred incidentally through unrelated medical
check-ups or imaging studies (36,37). The implementation of dedicated
ultrasound based screening programmes has facilitated more coherent diagnosis
and monitoring. Such initiatives have been used in the UK (38), the United States
of America (39) and Sweden (40) to date, with other countries such as Denmark,
Australia and New Zealand implementing randomized trails (41). The initiation of
ultrasound based screening programmes resulted from the Multicentre Aneurysm
Screening Study (MASS) (23). This pivotal study showed that entering a

screening programme could reduce the risk of rupture by 53%. As a result, the
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UK NAAASP was implemented in 2013 and invites men aged 65 years old for a
single abdominal ultrasound scan. To support the implementation and
continuation of the programme, cost-effective analysis is used as an economic
modelling tool to measure disease burden. The model takes into consideration
not only aneurysm growth and rupture as well as invitation to screen, surveillance
scan and repair costs. The analysis shows that the per quality-adjusted life-year
(QALY) gained is £7,370 (42), well below the UK National Institute of Health and

Care Excellence (NICE) cost-effectiveness threshold.

Definition of aortic diameter varies between countries. Figure 1 outlines the
differing metrics used to define the anterior to posterior (AP) wall measurement
(43). In the UK, the outer to outer (OTO) AP measurement is reported in
aneurysm screening programs, as described in the UK small aneurysm trial
(UKSAT) (44). However, a comparison between inner to inner wall (ITl) and OTO
was conducted in the UK due to the discussion of ITI measurements
underestimating the aortic diameter (45). The results of the trail showed on 60
imaging data sets, the difference in reported diameter was 0.27 cm with ITI
measurements were more reproducible. As a result, ITI was then implemented in
the NAAASAP. In Sweden, the leading edge to leading edge method is
implemented (46).

Figure 1: Cross section of the aorta representing a transverse image as
taken in an Ultrasound scan. The three layers of the aorta, the tunica intima
(A), tunica media (B) and tunica adventitia (C) are shown. The inner to inner (ITI)
edge aortic diameter is measured by the two black arrows, the leading to leading
edge diameter is measured by one black and red arrow of the same direction and
the outer to outer (OTO) edge diameter is measured by the two red arrows.
(Adapted from(47), image created in Biorender).
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The criteria used in NAAASP for patient follow up and treatment is based on those
employed in the MASS trial. After measurement of the anterior to posterior wall
(AP) diameter, the results fall into the categories shown in Table 1 (23). The
intervention threshold has been set from the results from the UKSAT,
demonstrating there was no survival benefit in repairing small aneurysms versus
large aneurysms (based on the MASS trial criteria) (44,48,49). However, the
decision to set the intervention threshold at 5.5 cm in the UKSAT trial was
informed by discussion, with no robust evidence demonstrating the true
intervention size for AAA, although it is clear that aortic size correlates with
rupture risk (50). With the access to large datasets and further analysis, it could
be argued that the follow up criteria should be reviewed. A meta-analysis by the
RESCAN collaborators assessed data collected from 18 centres across the UK
and world (amassing to 15,742 patient data sets) studying the longitudinal growth
of aortic diameter in AAA subjects (51). The study showed that for a small
aneurysm to reach a clinically relevant diameter (i.e. ~5.5 cm) could take between
7-13 years. In addition, for a small aneurysm (3 cm in diameter) to have a 1.0%
annual risk of rupture took between 4-10 years from the first scan. A comparison
of four mathematical models used in the literature to examine aneurysm growth
on a subset of patients demonstrated aneurysm growth is heterogeneous, but
best modelled by non-linear methods (18). In addition, analysis of 18,652 data
sets showed that the rupture risk for subjects (per annum) with a small aneurysm
is 0.03%, 0.28% for medium aneurysms and 0.4% for large aneurysms (3). It
should be noted that previously the rupture risk for large aneurysms that are
untreated was quoted as 3.5% (52). In addition, with the COVID-19 pandemic
(where AAA intervention was deferred until 7.0cm in the UK during the first wave)

further data could now be explored.

Table 1: MASS criteria for detection and management of AAA based on USS
(23)

Measurement Follow up procedure
<3cm No follow up
3—-4.4cm Yearly follow up
45cm-54cm 3 monthly follow up
>5.5cm Refer to surgery
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Investigation of whether rupture risk or aneurysm growth in individuals who have
had their follow up ultrasound scans or “classical’ intervention procedures
postponed is consistent with existing data may indicate if refinement of the MASS
criteria is needed (53,54). The data from the RESCAN and NAAASP
meta-analysis suggest there is a large (clinically unnecessary) scan burden on
the NHS and AAA patients.

Historically, aortic size and rupture risk have been correlated to guide patient
management and intervention. Nominally the AAA rupture risk increases once
passed the 5.5 cm threshold used for intervention. Rupture risk for aneurysms
eligible for intervention has been reported to be between 25-40% compared to a
rupture risk of 1-7% in aneurysms between 4.0 and 5.0 cm (55). Reports from
UKSAT demonstrated that rupture risk of aneurysm between 4.0 cm and 5.5 cm
was 1% (44). Access and analysis to the data collected from NAAASP has shown
that contemporary rupture risk is much lower (3). For small AAA (3.0-4.4 cm) the
rupture risk is reported at 0.03% per annum and for medium AAA (4.5-5.4 cm)
the rupture risk is reported at 0.28%. Interestingly, for aneurysms above the
threshold for intervention the rupture risk was 0.4%. The data from NAAASP
suggests that using aortic size as a predictor of rupture may not be the best
predictor of patient outcome. In addition, aortic size does not account for small

aneurysm rupture.

Alternative biomarkers that have been investigated to predict aneurysm rupture
include the application of Laplace law, depicting a linear relationship between
diameter and wall stress, and finite element analysis which can evaluate stress
on AAA walls (56). A combination of Computed Tomography (CT), 3D computer
modelling, finite element analysis and blood pressure data showed initial peak
wall stress was a more accurate predictor of subjects requiring intervention
surgery compared to aortic diameter (57). An alternative computer model has
been postulated that incorporates a range of AAA rupture severity parameters
(58). Parameters incorporated within the model include stress ratio, asymmetry
index and diameter ratio and are calculated from CT data. Although the model
was only tested in three AAA patients, the calculated values agreed with the

chosen clinical outcome for these individuals.

Most analysis methods fall short due to the regular predictive model used

whereas AAA are heterogeneous, irregular structures. There is a clear need to
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find an accurate predictor of aortic rupture in order to offer personalised medicine
for better management of AAA subjects (such as personalised surveillance
intervals and intervention thresholds). The data presented above suggest that
aortic diameter may not be the most suitable metric to provide the best possible
care to aneurysm subjects or provide personalised approaches. Investigating the
use of other image derived biomarkers that have clinical utility has become an
active area of research. Although 2D ultrasound measurements are under
scrutiny, a preclinical study using the porcine pancreatic elastase (PPE) model of
AAA showed that the growth of aneurysms modelled by 3D aortic volume
measurements differed to the linear growth seen by measuring aortic diameter
(59). Aortic volume peaked at day 10 post surgery, whereas aortic diameter peak
day 14 post surgery. The preclinical investigation gives insight into the
longitudinal growth of AAA in murine model that could reflect human AAA
development.

1.4.3 Intervention

Once an AAA reaches an aortic diameter > 5.5 cm, patients are considered for
elective surgery if they are medically fit enough and have sufficient predicted life
expectancy to receive benefit. Elective surgery is more favourable than
emergency repair of ruptured aneurysm, with the 30 day mortality risk rising from
2-3% (60) to 40-50% respectively (44,61). There are two clinically acceptable
methods for elective repair of AAA; open surgical repair (OSR) or minimally
invasive endovascular repair (EVAR) within the new NICE guidelines (62), which
support the use of OSR (63-65). OSR uses a prosthetic graft to replace the
diseased aneurysmal segment. The aorta is exposed through one of two
approaches; the transperitoneal approach (laparotomy) or retroperitoneal
approach (incision on the side of the subjects towards the rectus abdominis). The
aneurysmal sac is opened to remove the thrombus before addition of a prosthetic
graft. EVAR, on the other hand, introduces a bifurcated covered stent through the
femoral artery to exclude blood flow from the aneurysm. Although EVAR is
qguicker compared to OSR and is associated with a reduced morbidity, reduced
early mortality and length of hospital stay, EVAR suffers from a higher rate of
re-intervention and surprisingly, increased late mortality. The EVAR 1 trial
randomly assigned 1082 patients with AAA at the intervention threshold into two

groups, those who would receive EVAR and those that would receive OSR. The
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30 day mortality for group assigned to EVAR procedure was much lower than
that in the OSR group (1.7% vs 4.7%), although secondary interventions was
much higher in the EVAR group (66). The early suggestion that EVAR
intervention was linked to reduced mortality and shorter intensive care unit stays
when compared to OSR was echoed in the DREAM (67) and OVER (68) trails.
However longer term follow up (10-12 years) of patients in EVAR 1 and DREAM
trial demonstrated that subjects that underwent OSR had a better survival rate
when compared to EVAR (69,70). The follow up to the original EVAR 1 trial,
EVAR2, assigned subjects not eligible for OSR into EVAR intervention and no
intervention and assessed the survival rates. Although the 30 day mortality of
EVAR2 matched the initial results of EVAR 1 (EVAR intervention mortality 7.3%
vs 12.4% in no intervention group), the rate of death from any cause was the
same in the two groups (71). In addition, EVAR intervention subjects has higher
rates of complications and reinterventions, suggesting that EVAR is associated
with higher costs compared to OSR. Here in the UK EVAR is considered for

randomised trials, elective aneurysm surgery and for cases of rupture (62).

1.5 AAA Murine Models

Preclinical in vivo models mimicking AAA pathophysiology have been invaluable
in studying aetiological factors, potential therapeutic targets and evaluating novel
radiotracer probes. The three established and reported models are the PPE,
calcium chloride (CaCl;) and Angiotensin-ll (Ang-Il) infusion model. All three

models are established and used by our group in Leeds (72,73).

1.5.1 PPE AAA model
The earliest model of AAA pathophysiology was the PPE model, developed in

1963 to mimic elastin destruction in the aorta, as seen in humans (74). The first
version of the model infused PPE into the aorta for 5 minutes (75,76). The
infrarenal aorta is first identified and dissected. The aorta is clamped at the
bifurcation of the vessel. A catheter is inserted into the aorta and PPE is infused.
Blood flow is then restored to the aorta and the abdomen is closed. Typically
aortic expansion is seen 14 days post-procedure. This procedure is both
surgically and technically challenging as the aorta is isolated and the pressure of
infused PPE determines the severity of induced aneurysm. As a result the simpler

peri-adventitial PPE model was developed to mitigate the challenges in 2012
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(77). Here, the infrarenal aorta is identified and dissected. PPE (10 pL) is then
applied directly onto the exposed external surface of the aorta, followed by repeat
washing of the aorta with PBS. Aortic expansion is usually seen 14 days
post-surgery, although aortic volume reaches its peak at day 10 post-surgery
(78). Peri-adventitial application of PPE allows aneurysm induction to occur on

the infrarenal aorta mimicking human scenario.

The PPE model mirrors elements of human aneurysm pathophysiology including
elastin breakdown and macrophage infiltration (79,80). The early stage of
formation (from day O to day 7) is characterized by inflammation driven aortic
dilation, whilst late-stage formation (day 7 to day 14) is characterized by elastin
breakdown by T-cells and macrophages, resulting in full model induced aortic
dilation. Post day 14, the aneurysm spontaneously regresses over time. Gender
differences in aortic expansion have also been reported in rats using the perfused
PPE model. Male rats had larger reported aneurysm (200% diameter increase)
compared to female rats (69.4% diameter increase) and the histological presence
of macrophages and matrix metalloproteinase (MMP)-9 in the media and
adventitia was visible in males (81). In addition, aneurysm induction was achieved
in 100% of males compared to only 29% of females. A major difference of this
model compared to human pathology is aortic rupture is not observed. In addition,
differences to classical AAA risk factors, such as smoking, are unknown. In our
laboratory we have followed the PPE model out to 84 days and observe a slow
recovery and repair of the aorta (although not complete normalisation) over time

rather than ongoing expansion.

1.5.2 CaCl, model

The CaCl> model is an important model of AAA due to the presence of
microcalcification on the aorta in small and late stage aneurysms (82,83). The
initial model was developed in rabbits to explore calcification driven aneurysm
formation on the carotid arteries due to the presentation of macrocalcification
deposits visualised by CT (84,85). The approach has since been repurposed for
murine models (86). The surgical procedures follows the same principle as the
peri-adventitial PPE model, as described in section 1.5.1. The abdominal aorta is
dissected before a soaked swab of CacCl: is applied to the aorta for 15 minutes.
The aorta is then washed with repeat aliquots of PBS before the abdomen is

closed. Aortic dilation is thought to occur through calcium deposits onto the
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elastin structure, causing an inflammatory response and a breakdown of elastin
matrix (79,86). The biological pathway is believed to be generation of calcium
phosphate, through calcium ions transformed by VSMC alkaline phosphatase
activity, which deposit on the elastin network. This leads to the production of

hydroxyapatite crystals with the elastin network.

The reported concentration of CaCl, used and the time taken to induce aortic
dilation varies. The first reported murine model used 0.5 M CaCl2 and reported a
64% increase in aortic dilation (compared to baseline) two weeks post-surgery
and a 110% increase in aortic dilation three weeks post-surgery (86).
Alternatively, aortic dilations 7, 42 and 84 days post-surgery have also been
reported (87—89). The marked histological features of this model include elastin
destruction, macrophage infiltration, calcium deposits on the elastin layer and
influx of MMPs (86,90,91). The CaCl> model has also been used to study
therapeutic response. Periadventitial application of pentagalloyl glucose (PPG)
at day 1 or day 28 post CaCl, application showed attenuation of aneurysm growth
and dilation, as well as inhibition of elastin destruction (92). Histological analysis
of the treatment tissue demonstrated no disruption in levels of MMPs or
macrophages. Calcification deposits were also seen. Alternatively intraperitoneal
injection of resveratrol showed preservation of the elastin matrix, as well as
reduction in aortic dilation and number of inflammatory cells deposited on the

aortic wall (93).

The CaCl> model is a useful model to study aneurysm pathology in the preclinical
setting, however the model does not reflect some of the clinical features seen in
human pathophysiology. The model does not show intraluminal thrombus,
rupture or atherosclerosis (85). In addition the known clinical risk factors of AAA
(e.g. age, smoking) are not seen in this model. Similar to the PPE model, it seems
to regress over time rather than exhibiting ongoing growth and eventual rupture

as seen in human patients.

1.5.3 Angiotensin-Il (Ang-Il) model

The final model of AAA that is used most frequently in preclinical exploration of
aneurysm pathology is infusion of Ang-ll. The Ang-Il model is surgically less
demanding than the aforementioned AAA models as the model requires

implantation of pumps subcutaneously and no laparotomy is required. The model
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itself was discovered incidentally with the main aim of the two studies looking at
the effects of angiotensin in atherosclerosis on mice deficient in the low-density
lipoprotein receptor (LDLR) (94) and apolipoprotein E (ApoE) (95). It was noted
that in both of these hypercholesteraemic, atherosclerotic mice, spontaneous
aortic dilation was apparent in the suprarenal abdominal aorta. Difference in gene
expression between the suprarenal and infrarenal aortic sections may account
for preference of the Ang-lIl model to form aneurysms in the suprarenal section
(96). Formation of Ang-Il induced aneurysm occurred through the development
of intimal micro-tears resulting in the development of an intramural hematoma,
wall remodelling and aortic dilation (97). Aneurysm formation is also
accompanied by elastin network distribution, phagocyte and lymphocyte

infiltration.

Ang-1l infusion was assessed in wild type mice (C57BI/6J), with AAA formation
occurring in 39% of mice (98). The success rate was significantly lower than that
reported in ApoE” and LDLR” mice (100% induction success). Aneurysm
formation has been reported as early as 10 days post infusion and are
characterized by large aortic expansion as a result of elastin degeneration (99).
Histological analysis has shown a marked increase in macrophage infiltration as
well as an increase adventitial tissue mass when compared to saline controls
(90,95,100). In addition, microarray analysis also confirmed increase of
inflammatory and extracellular modelling pathways, with markers of chemokines,
MMPs and interleukin 6 upregulated (96). Mice infused for 28 days with Ang-Il
followed by a 56 day infusion of saline showed reduced death, as a result of
aneurysm induction, and changes in aortic diameter (101). On the other hand, an
84 day Ang-ll infusion has demonstrated higher incidences of ruptured deaths,
aortic remodelling, tissue remodelling and macrophage infiltration. It appears that

as long as Ang-Ill infusion is ongoing, aortic dilation continues.

Although the Ang-ll model is technically simple and reflects human
pathophysiology (including clinical end point i.e. aneurysm rupture), murine death
is common due to aortic rupture. A meta-analysis demonstrated the mortality risk
in using Ang-ll model, with 20% of aneurysms rupturing during infusion (102).
The risk of rupture can be attenuated by reducing the amount of Ang-II infused.
It is noteworthy that the rupture observed in the model tends to be early in the

aneurysm formation process relation to the microdissections that precipitate
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aneurysm formation rather than large aneurysm formation and subsequent
rupture as seen in human disease and therefore one must question its validity as

a model of AAA rupture as opposed to aortic dissection related mortality.

1.6 AAA Pathophysiology

AAA formation is a complex process involving mass cellular remodelling,
including VSMC, endothelial cells, macrophages and lymphocytes (103). The
current understanding of AAA development was initially derived from study of
tissue samples from subjects undergoing surgical repair. As a result, much of the
analysis undertaken on these samples reflect end stage disease rather than what
Is occurring in the aortic wall during formation and early progression of the
disease. However, the development of novel murine models (Section 1.5) has
allowed some additional insights into early disease to be obtained.

Aneurysm development is characterised by four pathological observations;
(i) ECM restructuring, (ii) VSMC loss, (iii) immune cell infiltration and (iv)
increased oxidative stress (21). Microarray analysis of small (5-5.5 cm) and large
(5.5-12 cm) aneurysm tissue showed upregulation of 840 and 1014 respectively
differentially expressed genes (104). The most noticeable of genes upregulated
included interleukin 6 and chemokine ligands. The analysis also showed
upregulation of chemokine signalling, cancer and cytokine receptor pathways,
with metabolic and VSMC contractile pathways downregulated. In addition to
ECM breakdown, neovascularisation has been thought to contribute to aneurysm
development. The formation of newly formed vessels in the media and adventitia
has been shown to be a histological feature in AAA tissue (105,106). In addition,
overexpression of key angiogenic markers such as VEGF and CD105 has also
been shown (107,108).

Considerable research efforts has been focused on developing a therapeutic that
could prevent continuous AAA dilation. Due to the histological finding of ECM
breakdown in AAA patients, therapies targeting MMPs have been studied. The
repurposing of doxycycline, an antibiotic, showed early success in reducing
aneurysm growth in preclinical models of AAA (109,110). However, both the
Pharmaceutical Aneurysm Stabilization Trial (PHAST) (111) and Non-Invasive
Treatment of Abdominal Aortic Aneurysm Clinical Trial (N-TA3CT) (112) failed to

reproduce the success of preclinical trials, showing that aortic growth did not
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reduce when compared to placebo control groups. An alternative focus on
therapies targeting cytokines has also been assessed in preclinical models.
Development of an inhibitor against interleukin-13 showed promise in limiting
aortic growth (113). This in turn led to the attempt of repurposing canakinumab,
a drug to treat arthritis. Similarly to PHAST and N-TA3CT, the canakinumab trial
was terminated as no difference was found in aortic growth between drug and
placebo group (114).

Recent preclinical studies have shown targeting VSMC proliferation could provide
a therapeutic intervention by repurposing tyrosine kinase inhibitors. Imatinib
treatment in Ang-lIl and PPE murine AAA models both showed a reduction in
aneurysm growth attributed to limited ECM breakdown and limited VSMC
proliferation (115,116). In addition, Lenvatinib treatment in both Ang-Il and PPE
murine model has shown promise through reduced VSMC proliferation and
maintaining VSMC structure (117). Therefore, it is important to understand the

role VSMC play in aneurysm formation and progression.

In recent years, a new idea has developed that AAA formation might be driven
by VSMC remodelling. VSMC are a key component of the vessel wall and
maintain vascular tone through contraction and dilation. VSMCs are
characterized by high plasticity, which allows phenotypic switching to occur. This
describes the ability of the cells to switch from a mature contractile state to an
immature, synthetic, proliferative and migratory state. Contractile VSMCs have a
defined spindle like morphology and express high levels of a-smooth muscle actin
(a-SMA), smooth muscle myosin heavy chain (SMMHC) and SM22-a, whereas
synthetic VSMCs are rhomboidal in shape and express low levels of a-SMA and
other contractile proteins. Phenotypic switching of VSMCs is prominent in
vascular disorders, including AAA, and defects in smooth muscle protein genes
can promote TAA (Section 1.3). Whole genome analysis of smooth muscle cells
isolated from AAA showed an increase in elastolytic activity (118), whereas a
meta-analysis of 6 genome wide association studies analysis studies further
elucidated a number of smooth muscle pathways compromised by AAA
progression (119). Further analysis showed a 2 fold increase in MMP2 RNA and
a 7.3 fold increase in MMP9 RNA when compared to smooth muscle cells isolated
from non-dilated abdominal aorta. VSMC phenotypic switching to express MMPs

could be one of the main drivers of ECM breakdown commonly seen in AAA
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subjects. In addition, the density of VSMC in AAA sections, compared to normal
aortic sections, is reduced suggesting VSMC apoptosis could also be a
contributor to aneurysm formation. It is important, however, to note that the
contractile proteins are used as targets to stain for VSMC with antibodies, so it is
possible that de-differentiated VSMC are present but not detectable with such
staining. Histological analysis demonstrated that the density of VSMC in AAA
tissue was 74% less than normal aortic tissue (120). Apoptotic nature of VSMC
in AAA tissue was confirmed by DNA fragmentation and nuclear staining,
demonstrating that VSMC loss was seen in the medial layer (121). Finally,
altering of the local environment could drive VSMC to phenotypically switch. In
chronic kidney disease subjects, urine in the blood is coupled with increase in
oxidative stress, due to toxin release (122). This in turn induces a change in
protein function and DNA, resulting in disrupting VSMC function and driving
phenotypic switching. VSMC phenotypic switching in chronic kidney disease
subjects can lead to expression of calcification markers. Aging of VSMC showed
an increase in alkaline phosphatase (ALP), Runx-2 and collagen-1, with

knockdown of all three markers deterred calcification of senescent VSMC (123).

One of the key challenges faced in detecting VSMC in vivo in pathological
settings is the loss of expression of the key identification markers (for example
a-SMA) in de-differentiated VSMC (124). Other cell types can also express
smooth muscle contractile proteins such as fibroblast expression of a-SMA,
leaving ambiguity in detecting de-differentiated VSMC in vivo (124,125). As a
result, lineage tracing approaches have made use of Cre-LoxP technology to
allow expression of an inducible immunofluorescent reporter gene in VSMC

which persists irrespective of differentiation status (126).

1.6.1 Microcalcification

Along with the breakdown of elastin matrix and VSMC apoptosis, the presence
of calcification on the arterial wall has been shown in AAA patients (83). Vascular
calcification is defined as the deposition of calcium phosphate, in the form of
hydroxyapatite on the vessel wall (127,128). Calcium phosphate aligns with the
matrix in the form of (CasH2(POa4)s).5H20), which reorganizes to form calcium
hydroxyapatite (Caio(OH)2(POa)s). This drives the formation of microcalcification
deposits, which represents the unstable form of vascular calcification. However,

microcalcifications can further progress to form macrocalcifications, which are the
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stable form of calcification in the vessel wall, often referred as the porcelain
vessel and visible on CT scans. The consensus on the properties that
differentiate microcalcifications from macrocalcifications is still debated. The
maximal size of microcalcifications has been reported to be 5 pm (129),
0.5-15 pm (130) and 50 um (131). Although detection of microcalcification using
CT is not established, small spotty intensities have been reported in coronary
artery disease (132). CT has been shown to identify macrocalcifications as small
as 200 um.

Historically, calcification plagues can develop from childhood with severity
increasing with age and are associated with traditional risk factors (133,134).
Calcifications occur in both the medial and intimal layers of the aortic wall.
Presence of calcification ultimately results in stiffening of the aorta and thus
compromising function through degeneration of elastic properties (135,136). The
clinical outcomes for subjects with calcified plagues in the aorta include high
cardiovascular mortality, myocardial infarction and stroke. Treatment for calcified

plaques include life style changes and statins.

Vascular calcification has been thought of as an end stage process in vascular
disease, however the process is thought to be regulated by the presence of bone
like proteins in the vessel wall (127,128). The process of calcium deposits forming
on the vascular wall is thought to follow a similar process to that of bone
mineralization. Mineralization begins with the invasion of osteoblasts into the
extracellular matrix to facilitate the formation of the bone matrix. De-differentiated
VSMCs are able to adopt an osteoblast like phenotype and express bone
morphogenetic proteins (BMP) (137,138). BMP2 is a key regulator of bone
mineralization. BMP2 activates upregulation of bone mineralization proteins
through binding to BMP receptors and activating the Smad signaling pathway.
This pathway promotes the expression of osteogenic transcription factors Runx2,
Osterix and SOX9 that in turn regulate bone mineralization. Some of the key
proteins regulated by transcription factors include alkaline phosphatase,
osteopontin, osteoprotegerin, matrix GLA protein and SP7. Osteoblasts
upregulating bone proteins promotes the deposits of calcium phosphate into the
extracellular matrix and thus drives the formation of microcalcification plaques
(135).
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In aneurysm research, a CT study of 414 subjects demonstrated an inverse
correlation between aortic diameter and extent of calcification as defined by the
calcification index (139). In an individual predisposed to Marfan syndrome,
microcalcification deposits were seen in the elastin layer (140). Finally, calcium
deposits scored from CT data on aneurysms formed in both the abdominal and

thoracic aorta were significantly associated to mortality and morbidity (141).
1.6.2 Bone proteins in AAA

1.6.2.1 Osteopontin (OPN)

OPN is a phosphorylated glycoprotein with roles associated with bone
remodeling and vascular calcification (142). OPN is expressed in a variety of
tissue and cell types, including cardiac tissue, bone, liver, osteocytes, VSMCs
and endothelial cells (143). In atherosclerosis, OPN expression is produced as a
cytokine in macrophages and T-cells, suggesting a role in modulating an
inflammatory response in vascular calcification (142,143). In the process of
vascular calcification, OPN loss precedes VSMC osteogenic differentiation,
leading to increase in calcium deposits. OPN regulates calcium deposition
through binding to avB3 integrins on osteoclasts, promoting cell adhesion and

activation of macrophages, as well as binding to hydroxyapatite.

A potential protective role of OPN in vascular calcification has been demonstrated
in vitro and in vivo. OPN added to VSMC (cultured in calcification media) inhibits
calcium production (144). VSMC isolated from OPN”’ mice demonstrated the
same phenotype as wild type VSMC, however when exposed to media containing
elevated levels of phosphate, OPN”- derived VSMC showed elevated levels of
calcification compared to OPN** mice (145). Both studies demonstrate the

protective role OPN plays in VSMC driven calcification.

OPN has been shown to potentiate Ang-Il driven AAA formation. OPN” mice
crossed onto a hypercholesterolaemic ApoE~ background, only a single mouse
(1/6) developed a AAA in response to Ang-ll treatment compared to 8/9 ApoE™"
controls. Those that did develop AAA in the OPN"-ApoE” group demonstrated
an 11% increase in aortic diameter when infused with Ang-ll compared to 80%
diameter in littermate controls (146). Western blot analysis on aortic tissue
showed reduced expression of MMP-2 and MMP-9 in double knockout model,

suggesting that the role of OPN in Ang-ll model prevents aortic dilation and
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reduces MMP activity. In humans, serum concentration of OPN correlated with
aortic diameter and was a predictor of AAA growth post adjustment for other risk
factors (142). Concentration of serum OPN from human AAA subjects was
measured at 73.46 + 43.60 ng/mL compared to 58.62 + 43.83 ng/mL in controls.
In addition, OPN serum concentration was highest in subjects with an aortic
diameter between 30 - 50 mm. OPN upregulation was located in the media and

adventitia of small aneurysms during histological examination.

1.6.2.2 Runx-2

Runt-related transcription factor 2 (Runx-2), also referred as Cbfal, is a key
transcription factor in regulating osteoblast and VSMC osteogenic differentiation
(147,148). Deletion of Runx-2 in mice resulted in a lack of bone structure
development during embryonic stages (149). Expression of Runx-2 has been
shown in atherosclerotic plaques (148). In a comparison between non-calcified
and calcified arteries, Runx-2, along with other markers of calcification discussed
in this chapter (OPN, OPG, matrix Gla protein) were all upregulated in the
presence of calcification (150). VSMC Runx-2 knockout mice attenuated the
formation of calcified plaques in the vasculature in a high fat diet experiment,
without loss of VSMC proteins (e.g. a-SMA) (148). Runx-2 deficiency inhibited

macrophage infiltration and the formation of osteoclast cells.

In the context of AAA, Runx2’ mice crossed with mice bearing an ApoE”
background attenuated Ang-Il induced AAA formation (151). Histological
examination of the aortic tissue showed reduced elastin degradation and
microcalcification formation compared to Ang-ll induced AAA aortic tissue. The

full role of Runx2 in AAA development, however, is still not fully understood

1.6.2.3 Bone Morphogenetic Protein 2

The Bone Morphogenetic Protein (BMP) family, including BMP2, BMP4 and
BMP7, is a subfamily of the transforming growth factor-§ (TGF- B) family
(152,153). BMP induced osteogenic formation through binding to BMP receptors,
which in turns phosphorylates and activates Smad pathway to maintain bones
and tissue. Although the function of BMP2 has not been studied in AAA formation

or growth, the role has been studied in atherosclerosis.

Expression of BMP2 has been found at the base of atherosclerotic plaques as

well as calcification sites away from plaque formation (154). Cells cultured from
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plaques demonstrated bone like nodules, confirmed by alizarin red and Von
Kossa stain. Atherosclerotic plaque biopsies from abdominal aorta showed
increased BMP2 expression in the adventitia but not in non-diseased area of the
aorta (155). Addition of BMP2 enhances calcification of cultured human aortic
smooth muscle cells, independent of phosphate concentration (156). BMP2 has
also shown to inhibit VSMC proliferation (157) as well as promoting macrophage

infiltration into atherosclerotic plaques (158,159).

1.6.2.4 Osteoprotegrin (OPG)

OPG is a member of the tumour necrosis factor receptor family and regulates
bone formation, similar to OPN (160). OPG prevents osteoclast differentiation
and activation through binding to RANKL (161). High concentration of OPG in
serum has been shown to be a risk factor of cardiovascular events (for example
coronary artery disease, myocardial infarction and carotid atherosclerosis), as

well as a predictor of future cardiac events and mortality (160,162-165).

Western blot analysis of human AAA tissue (taken from surgical biopsy)
demonstrated OPG concentration was 3 times greater than in atherosclerotic
aorta tissue and 8 times greater than tissue from the no diseased segment of
abdominal aorta (160). Cultured VSMC were driven to an aneurysmal phenotype
through the addition of endogenous OPG. Reduced cell proliferation, increased
MMP-9 and apoptosis characterized the change in VSMC phenotype. Serum
OPG concentration has also shown to be correlated with an increase in aortic
diameter (165).

OPG”-ApoE” mice infused with Ang-1l showed reduced aortic dilation as well as
a reduced risk of rupture (63% compared to 94% in OPG**ApoE™ littermates)
(166). In the OPG”-ApoE” model abdominal aorta, levels of cathepsin S, MMP-2
and MMP-9 were reduced after 7 days of Ang-Il infusion when compared to
baseline measurements. The data suggested that OPG could be involved in an
early inflammatory response to Ang-ll infusion. In addition, OPG” mice
undergoing CaCl, induced AAA showed an increase in aortic diameter, with
elastin fibre destruction determined by histology examination (161). Aneurysm
induction coincide with upregulation of tumour necrosis factor related apoptosis
inducing ligand (TRIAL), which in vitro investigation demonstrated OPG inhibited
TRIAL. Therefore, CaClz induced aneurysms could be attenuated through OPG
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inhibition of TRIAL. The contrast in aneurysm development between the two
models has been suggested to be as a result of increased fibrotic remodelling in
the Ang-ll model preventing aortic dilation (167).

The role of OPG as a therapeutic has also been investigated in preclinical
aneurysm models. OPG treatment of CaClz-driven AAA in C57BI/6J mice
appears to have no impact on aneurysm growth (168). However, it does correlate
with an increased concentration in collagen in the aortic wall, as well as a marked
wall thickness increase, as demonstrated through histology. This suggests that
OPG could act to stabilise the vessel wall in AAA. Alternatively, activation of
peroxisome proliferator-activated receptor — y (PPARy) through pioglitazone
administration reduced OPG expression and Ang-1l induced AAA formation in
mice bearing an ApoE~ background (169). Nominally in the Ang-1l model, OPG
is upregulated in response to aneurysm formation and confirmed in VSMC assay
through endogenous addition of OPG and Ang-Il. Targeting PPARYy could provide

a therapeutic intervention.
1.7 Imaging Modalities

1.7.1 Ultrasound

Ultrasound (USS) is an important medical imaging modality that is used
frequently in cardiovascular examination, especially in AAA diagnosis and
screening. USS is cheap, non-ionising and can be easily transported to bedside
although lacks depth of penetration and only supplies primary anatomical
information (170,171). The ultrasound probe (also referred to as a transducer)
generates the ultrasound wave through conversion of electrical signals. The
ultrasound wave travels through the target. The ultrasound wave is then reflected
back to the transducer by anatomical structures. Different tissue types, such as
soft tissue, air, fluids and solid tissue, vary in density and therefore may reflect
more or fewer sound waves compared to one another. For example, fluid is less
dense than solid landmarks, and therefore reflect less sound waves than solid
landmarks. The reflected ultrasound waves are detected by the transducer and
converted back to an electrical signal. The electrical signal is processed into an
image. Nominally, USS uses 2D b-mode (brightness mode) to image a slice in

the target of choice.
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1.7.2 Computed Tomography (CT)

CT is a 3D anatomical x-ray technique which separates different tissue through
x-ray attenuation (170,172). The x-ray source and detector normally rotate
around the target with the x-ray fanbeam spanning the target. Similar to
ultrasound, density of tissue reflects the amount of x-rays absorbed. The amount
of x-rays absorbed by a tissue is defined by Hounsfield units and reflects the
difference between tissue density and composition. Dense tissue, such as bone,
strongly absorbs x-rays so appears white in the reconstructed image, whereas
air does not absorb x-rays and appears dark on the images. The vasculature,
including the thoracic and abdominal aorta (173) can be enhanced using a
contrast agent to detect abnormalities, including aneurysms (174). As mentioned
in section 1.6.1, CT detection of calcification reflects macrocalcification not
microcalcification deposits, these are bone-like and appear white.

1.7.3 Positron Emission Tomography

PET is an imaging technology that utilises a radioactive imaging probe to target
and report an in vivo biological process at the molecular level in a specific
anatomical location (170,175). PET can be used for detecting early stage and
progression of disease as well as studying the effects of drugs. Clinically, PET
has been successfully integrated clinically in the field of oncology, with some
neurology and cardiac applications reported. PET imaging probes incorporate a
positron emitting atom into a chemical compound, with each positron emitting
atom differing in half-life and positron range. PET imaging probes are termed
radiotracers (176). A known dose of radioactivity is injected intravenously into the
patient and localises to regions where the biological process(es) reported by the
radiotracer are happening. For example, 2-['8F]-FDG, the most clinically relevant
radiotracer, is a radiolabeled analogue of glucose and a marker of
hypermetabolism. 2-['8F]-FDG localizes to areas of hypermetabolism through
GLUT4 transporters (177). However, unlike it's analogue glucose, 2-[®F]-FDG
remains trapped in cells after phosphorylation by hexokinase. The application of
2-[*®F]-FDG has had great success in oncology (178-180) and neurology (181)
and is seen as the gold standard for detecting carcinomas. On the other hand,
Na[*®F]F (the focus of this thesis) reflects tissue that contains calcium
hydroxyapatite (calcification) and therefore accumulates in the bone and tissue

with progressive microcalcification. The location of radiotracer accumulation is
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detected through the generation of gamma rays as a result of positron decay. The
positron emitting nuclei decays by emitting a positively charged particle
(positron). The positron travels a short distance before it annihilates with an
electron. The product of the annihilation are two acolinear 511 keV gamma rays,
roughly 180° apart. The gamma rays are detected by a ring of detectors and a
line of response is generated where the annihilation occurred. The electrical
signals from the annihilation products that occur are stored into a sinogram, that
once reconstructed provides an image. PET images are corrected for random,
scatter and attenuation gamma ray events. PET scanners are nominally coupled
with CT scanners (or more recently with MR scanners) to provide anatomical

reference and attenuation correction in the image reconstruction step.

Radiotracers can be labelled with a number of different radioisotopes that differ
in half-life, mode of decay and positron range. Longer lived radioisotopes,
although currently not used in the clinic, allow for longitudinal tracking of the
radiotracer. The most commonly used radioisotope is ['®F] due to its
advantageous properties for example short half life and short positron range.

1.7.3.1 PET image analysis

Quantification of PET/CT images is important to identify localisation of radiotracer
in diseased tissue to inform disease. Normally, visual inspection of PET/CT is
used in the clinic to inform whether a disease is present or not (182). However,
guantification maybe needed to inform, for example, response to treatment.
Accurate quantification relies on correct delineation of the area of interest, with
the defined region of interest (ROI) encompassing the full region without
incorporating background radioactivity (183). This can be from local tissue
structures that have high uptake of the radiotracer of interest or regions that have

high background signal.

There are three main methods implemented in the quantification of radiotracer
uptake in PET/CT images. Standardised uptake value (SUV) is the main value
expressed in PET/CT studies and is described by Equation 1. Both SUVmean and
SUVnmax are quoted in the literature. SUVmean represents the mean SUV value
across the defined ROl whereas SUVmax represents the maximal SUV value in
the defined ROI. Although SUV is predominately used, there are many confounds

in obtaining an accurate measurement (182,184,185). This can be split into two
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categories, physiological and technical. Physiological confounds include patient
weight, motion and metabolism. Technical limitations include radioactive
calibration between PET scanner and dose calibrator, time of injection vs time of
imaging study and the assumption of fast radiotracer clearance from the blood.
In addition, factors such as the scan and reconstruction protocol can affect
accurate SUV quantification. There is considerable effort to minimise the effects
that can contaminate SUV quantification. For example, patients undergoing
2-['8F]F-FDG scan are asked to fast 6 hours prior to their scan to minimise

glucose levels.

A confound in measuring SUV in some studies, in particular in vascular
applications, is SUV will also incorporate the measurement of background
radiation, thus adding a source of contamination in the signal (183). As a result,
tumour to background ratio (TBR), defined by Equation 2, takes into account the
SUV measured in the blood pool. Although TBR theoretically offers removal of
contaminant signal, there is the argument that further contaminants are

incorporated in the measurement due to the aforementioned confounds of SUV.

The final measurement of radioactivity is percentage injected dose per gram
(%ID/g) and is defined by Equation 3 (186). Image derived %ID/g is limited as
definition of the weight of the defined ROI is unknown. However, %ID/g is useful
in ex vivo gamma counting of tissue, as the weight of the tissue of interest is

known.

Equation 1: Standard Uptake value (SUV)

Radioactivity in ROI (%)
Injected radioactivty (MBq)
Body mass (g)

SUV (g/mlL) =

Equation 2: Tumour to background ratio (TBR)

SUV of tissue of interst

TBR = SUV of blood pool

Equation 3: Percentage injected dose per gram (%ID/g)

Radioactivity (MBq)
Weight of tissue (g)

%ID/g (MBq/g) =
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1.8 PET Radiotracer applications in Vascular Disease

1.8.1 PET in cardiovascular disease

1.8.1.1 2-[*8F]-Fluorodeoxyglucose

As mentioned in section 1.7.3, 2-[*®F]-FDG is a radiolabeled analogue of glucose
and a marker of hypermetabolism and locates in cells with hypermetabolic
activity. The reported success of implementing 2-[*8F]-FDG in cardiac diagnosis
has been varied. In a cohort of coronary stenosis subjects, 2-['®F]-FDG uptake
correlated with macrophage infiltration observed by histological staining (187).
The result suggested a possible indication that 2-['F]-FDG could detect
inflammatory remodeling in atherosclerotic plaques. In addition, in a large vessel
vasculitis cohort, uptake of 2-[*®F]-FDG was 93% specific and 76% sensitive in
correctly detecting large vessel vasculitis (188). However, there has been some
confounding results, especially in atherosclerosis, questioning the role of

2-['8F]-FDG as a marker of inflammation.

1.8.1.2 [*®F]-Sodium Fluoride

A key feature of vessel wall remodelling in response to injury is the deposits of
microcalcification (as described in Section 1.5.1). Detection of microcalcification,
described as calcium hydroxyapatite (Cai10(POa4)sOH2), using PET imaging is
achieved through injection of [*®F]-Sodium Fluoride (Na['®F]F). Na['®F]F was
developed primarily to detect bone metastasis and other bone diseases (e.g.
osteomyelitis) (189,190), however there has been recent advancement in
applying Na['®F]F in cardiovascular disease in light of the realisation of the

relevance of vascular calcification to disease prognosis.

Na[*®F]F is carried by the blood to the detection site. Here, Na['®F]F can diffuse
through the capillaries into the extracellular space occupied by the bone, or bone
like structures, and binds to the surface. Na[*®F]F localises in regions of
microcalcification through the exchange of [*®F]- ions with [OH]- ions in the
calcium hydroxyapatite structure. This process can be explained through a
classical 3 compartment model, where the rate constant ks describes ion
exchange and accumulation of Na[*®F]F. Accumulation of Na['®F]F in regions of

microcalcification is seen 60 minutes post injection (191).
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Validation of Na[*®F]F uptake in microcalcification has been extensively reported.
11 patients with carotid plaques elected for endarterectomy were imaged with
Na['8F]F and excised plaques were stained with Goldner’s trichome, a marker of
hydroxyapatite (192). Na[*®F]F uptake was greatest in the carotid plaques in
subjects with recorded symptoms (e.g. stroke) compared to subjects with no
symptoms. In addition, Na['®F]F uptake correlated with Goldner’s trichome
staining (r=0.45, p<0.001). Confirmation of Na['®F]F binding reflecting
microcalcification as opposed to macrocalcification was shown using excised
carotid plaques (193). PET/CT investigation showed Na['®F]F exclusive binding
to microcalcification was due to hydroxyapatite structure having a higher surface
area when compared to macrocalcifications. In a study of 75 subjects, 12% of
subjects demonstrated detectable calcified plaque by CT and Na['®F]F uptake,
whereas 75% of subjects showed Na[*®F]F uptake with no detectable plaques
from CT (194). Therefore, Na['®F]F uptake reflects the active remodelling, as
presented by microcalcification, opposed to stable calcification deposits which
are detected by CT.

Application of Na['®F]F in vascular diseases has been well reported with studies
in aortic stenosis, atherosclerosis and peripheral arterial disease (PAD) have
shown promise. In a study of 121 subjects with differing stages of calcified aortic
stenosis, Na['®F]F uptake, when compared to 2-['8F]-FDG uptake, increased with
progression of disease (195). Na[*®F]F uptake was observed in regions away
from calcium structures seen on CT, further suggesting Na['®F]F detects active
microcalcification remodelling. Na[*®F]F activity could also predict further
calcification development in aortic stenosis subjects (196). This study indicates
the role of Na['®F]F could have in predicting future therapies for aortic stenosis

subjects.

Evidence of Na['®F]F in detecting atherosclerotic plaques has been reported. In
a cohort of myocardial infarction subjects with carotid plaques (n=40), 93% of
subjects showed marked Na['®F]F uptake (197). Na[*®F]JF was able to
differentiate between culprit plaque (TBR = 1.66) and non-culprit plaque
(TBR = 1.24). Uptake correlated with histological features of microcalcification,
necrosis and macrophage infiltration. Na[*®F]F has shown the potential to predict
subjects who are at risk of a coronary event (e.g. acute coronary syndrome)
(198).
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Finally, the prognostic value of Na['8F]F PET imaging in vascular disease has
been shown in subjects with PAH undergoing angioplasty procedure (199).
Baseline Na[*®F]F uptake was highest in subjects who developed restenosis post
angioplasty. This study demonstrated an early indication of the prognostic value

of Na[*®F]F in detecting subjects who might be at risk post-surgery.
1.8.2 PET in AAA

1.8.2.1 2-[*8F]-Fluorodeoxyglucose

As discussed in Section 1.5, an early hypothesis derived from histological staining
of end-stage AAA tissue showed an influx of macrophages, suggesting an
immune driven response to wall remodeling. Initial reports studying the potential
role of PET/CT imaging in AAA stratification used 2-[*®F]-FDG as a marker of
macrophage infiltration. 2-[*F]-FDG is a radiolabeled analogue of glucose and a
marker of hypermetabolism. The role of 2-[*F]-FDG, in particular in cardiac
imaging, is confounded by both the presumed ability of 2-[*¥F]-FDG to detect
regions of inflammation and the non-specific uptake by other metabolic cells

contributing to vessel wall remodeling, such as VSMC (200).

There has been much interest in using 2-[*¥F]-FDG to detect macrophage
infiltration in AAA subjects. However, the results are confusing and conflicting.
This suggests that 2-[*8F]-FDG may not reflect solely macrophage infiltration and
there could be another metabolic pathway contributing to the observed signal
(201). A single PET study, using tissue samples from surgical intervention for
histological analysis, showed that subjects with a PET positive scan (2-[*®F]-FDG
uptake) had marked increase in macrophage infiltrates in the medial layer (202).
The correlation however was only seen in 12% of participants and other
upregulated markers of wall remodeling (VSMC death) could affect 2-[®F]-FDG
uptake. Although disease progression was observed, with an increase in
lymphocyte and Ki-67 markers observed, the cohort of subjects observed were
asymptomatic AAA, subjects presenting with no abdominal pain. However, two
studies have reported that subjects presenting with none to low uptake of
2-[*®F]-FDG have large upregulation of macrophage markers defined by histology
(203,204). From the reported evidence in the literature, the link between
2-[*®F]-FDG and macrophage infiltration could be non-specific or determined by

other factors (200). These factors could include the contribution of other
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metabolically active cells, such as VSMCs, endothelial cells and fibroblasts,
contributing to wall remodeling at the time of PET/CT investigation and
comparison between symptomatic and asymptomatic subjects.

In addition, the relationship between uptake of 2-['8F]-FDG and AAA progression
(aortic growth) and clinical presentation (symptomatic vs asymptomatic) has
been studied to validate the role 2-['®F]-FDG PET/CT could play in patient
prognosis. The reported evidence on this relationship is, however, contradictory.
In a cohort of both symptomatic and asymptomatic subjects (n=23), uptake of
2-[*®F]-FDG was able to discriminate between symptomatic and asymptomatic
subjects (204). Measured values of both SUVmax and SUVmean In Symptomatic
subjects were twice than that measured in asymptomatic subjects. In a follow up
study, AAA subjects were invited to two PET/CT scans 9 months apart to study
the relationship between aneurysm growth and baseline 2-[*®F]-FDG scans (205).
Subjects with low baseline 2-[*®F]-FDG uptake, defined by SUVmax, had the
largest increase in aortic diameter. Although this early study showed promise in
the role 2-[*8F]-FDG could play in patient prognosis, both positive and negative
correlation between PET quantification metrics and aortic growth have been
reported (206—208).

Although the evidence for using 2-[*®F]-FDG as a tool for predicting aortic growth
Is not convincing, there has been some small pilot work in detecting complications
after surgical procedures and correlations with other imaging modality metrics. In
a follow up study of AAA subjects at the EVAR intervention threshold, subjects
were split between pre-intervention and follow up imaging or just post-surgery
imaging (209). 35% of subjects who underwent pre-intervention PET/CT scan
had noticeable uptake in aneurysmal wall. Of this cohort, 83% of subjects
developed type Il endoleaks 1 year post EVAR, with 2 subjects reported with
continued sac growth. In the post-surgery cohort, a correlation was found
between sac growth, type Il endoleaks and SUV. In a similar study, AAA subjects
planned for EVAR were invited for pre-intervention 2-[*F]-FDG scan and follow
up at 1 month and 6 month post procedure (210). Subjects with a low 2-['®F]-FDG
uptake at baseline but high uptake at 6 months presented with poor sac
shrinkage. Similar results have been shown in an aneurysm subjects with
Marfan’s syndrome undergoing aortic arch graft repair (211). High uptake

2-[*®F]-FDG uptake further diagnosed the subject with arteritis (inflammation of
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the arterial wall). Although further research is required to study the role of
2-['8F]-FDG in detecting complications post intervention, the current literature
shows possibility of this approach.

There are a few reported studies looking at the application of 2-[*8F]-FDG in TAA
subjects. Subjects with diagnosed giant cell arteritis (GCA) had a significant
uptake of 2-['8F]-FDG and larger aortic diameters and volumes compared to GCA
subjects without uptake (212). Acute aortic syndrome subjects with a PET
positive 2-[*®F]-FDG signal at baseline showed increased disease progression or
required intervention at follow up (213). Lack of PET research in TAA could be a
result of lack of a specific marker for tailored patient therapy and limited clinical
applicability.

1.8.2.2 [*8F]-Sodium Fluoride

An important development in AAA PET imaging was the results of the SoFIA3
Trial (83). 72 AAA subjects and 20 controls were imaged with Na[*®F]F. Tumour
to blood ratio (TBR) measurements could differentiate between AAA subjects and
controls. However, the main finding was that Na['8F]F could predict aneurysm
growth and progression to a clinically relevant endpoint (e.g. repair or rupture)
independent of classical AAA risk factors (e.g. age, aneurysm diameter and
smoking). The SoFIA3 trial was the first to report a clinical application of a PET
tracer as a potential stratification biomarker which could accurately predict growth
and clinical endpoint. The trial also showed co-registration of Na['8F]F uptake
with von kossa ex vivo histology. Although there is promise shown from the SoFIA
trial, the recruited AAA subjects represented late stage AAA (mean AAA diameter
of 4.8 cm). Further investigation into the uptake of Na['8F]F across the full AAA
diameter range is needed to fully determine the diagnostic capability of Na['éF]F.
Although the evidence from the SoFIA3 trial suggests microcalcification as
detected by Na['®8F]F PET/CT is relevant to AAA progression, the origin of bone
deposits in the vascular wall is unclear. There are limited studies that have looked
specifically at this link. A global Runx2 smooth muscle cell knockout murine line,
back crossed with an ApoE” murine line, showed aneurysm attenuation and no

presence of microcalcification using the Ang-Il AAA model (151).
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1.8.2.3 Markers of Angiogenesis

Although the bulk of PET/CT AAA research has focused on repurposing currently
validated radiotracers that have had success in other disease areas, there has
been some interest in looking at other markers of disease progression to evaluate
their use in AAA prognosis and stratification. In particular, radiotracers that have
been developed specifically to target angiogenesis in oncology have been
investigated in preclinical and ex vivo AAA studies. Although the role of
angiogenesis in AAA progression and development is not fully understood, there
is evidence of the over expression of the integrin heterodimer o3, VEGF, CD31
and CD105 through histological examination and mRNA analysis (105,106,108).

A single study reported the specificity on the angiogenic radiotracer
[*8F]-Fluciclatide in ex vivo human AAA tissue samples (214). The specificity of
['8F]-Fluciclatide, a marker of a,83, was compared to other radiotracers, that were
non-specific to other hallmarks of AAA progression, using autoradiography.
['8F]-Fluciclatide binds to a,B3 by targeting the RGD (arginine-glycine-aspartate)
domain expressed by integrin heterodimers. Results from the autoradiography
study demonstrated only ['®F]-Fluciclatide showed specific uptake (88%).
['8F]-Fluciclatide could be an attractive tracer to study in clinical studies, with
uptake in atherosclerotic plagues correlating with plaque volume and plaque wall
thickness. In comparison, the RGD radiotracer [*F]-FPPRGD2 showed specific
uptake in the Ang-ll murine AAA model when compared to shams (% ID/g 2.05
vs 0.63 respectively) (215). Uptake was confirmed with autoradiography and

correlated with increased expression of CD31.

A single study also showed the repurposing of the CD105 Fab radiotracer, a
detector of endoglin expression as a result of angiogenesis, in the CaCl, model
in BALB/c mice (216). Maximal uptake was seen at day 7 post surgery when
compared to baseline and day 20 post surgery (% ID/g baseline = 2.5 + 0.1,
day 7= 11.1 + 0.2, day 20= 4.5 +0.5). Uptake was confirmed ex vivo gamma
counting and autoradiography. Similar to studies with RGD tracers, early studies
show the potential of angiogenic tracers in human studies. However, there’s still
a lack of understanding of the role angiogenesis plays in human AAA progression
and the link with clinical end points. In addition, the use of Ang-Il and CaCl, animal

models do not fully reflect human pathology.
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1.8.2.4 Proliferation

As described in Section 1.5, VSMC show remarkable plasticity in response to
injury and can switch from a contractile state to a proliferative and synthetic state.
Therefore, repurposing 3-[*8F]-Flurothymidine (3-[*8F]-FLT), a novel marker of
proliferation used in oncology (217,218), in detecting possible AAA growth is
sensible. Uptake of 3-[*®F]-FLT follows a similar 2 compartmental pathway as
2-[*®F]-FDG; 3-[*¥F]-FLT is transported by pyrimidine salvage pathway and
phosphorylated by thymidine kinase-1 (TK-1), thus trapping within the cell of
interest (177). A single preclinical study, utilizing the Ang-llt AAA model,
demonstrated that uptake correlated with the active growth phase of aneurysm
progression (73). SUVmax measurements peaked day 14 post Ang-Il infusion and
reducing at day 28. Biodistribution studies further demonstrated peak uptake in
harvested abdominal aorta compared to sham models. Studies looking into cell
specific uptake of 3-['®F]-FLT are required to demonstrate VSMC specific
remodeling and therapeutic response investigation, however, the early results

warrant investigation in clinic (219).
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1.9 Research hypotheses, aims and objectives

A substantial amount of the presented literature suggests that our understanding
of the progression and treatment of AAA is based on historical trial data. Much of
our knowledge has changed and there is need to provide both better tools for

patient management, and personalised medicine.

It is clear that there is an association between aortic size and rupture risk, but
current ultrasound methods do not provide a clear map for patient management.
A complementary imaging strategy, that could accurately predict subjects at a
greater risk of rupture or in need of specialised therapy, such as PET/CT, would
be a potentially valuable tool in the clinical pathway. The hypothesis to be tested
in this thesis is to complement the findings of the SoFIA trial (83) with a reverse
translational study to determine if Na['®F]F uptake is a suitable biomarker to
detect aneurysm progression in a preclinical model and determine the cellular

contribution to microcalcification development. The objectives are as follows:

i. Evaluate the use of Na[*®F]F as a detector of AAA and AAA progression
in a preclinical model.

ii. Determine the key markers of calcification involved in AAA progression in

the PPE model and the specific cell type expressing osteogenic proteins.

iii.  Investigate the application of novel reconstruction methods and assess the

effects of different region of interest (ROI) definitions.
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Table 2: List of Chemicals

32

Chapter 2
Methods

phosphate

Name Product Code Supplier
Triton™ X-100 X100-1L Sigma
Absolute Ethanol BP2818-500 Fisher
Calcium Chloride _
_ C5080-500G Sigma
Dihydrate
Disodium hydrogen _
0585971 Fisher
phosphate
Sodium dihydrogen _
0938117 Fisher




Table 3: List of Antibodies
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) Host _ ) _ Catalogue
Antigen _ Clonality | Concentration | Supplier
Species number
Bone
morphogenetic _
) Rabbit | Monoclonal 1:100 Abcam | ab214821
protein — 2
(BMP2)
Bone
morphogenetic Merck
_ Mouse | Monoclonal 1:100 MAB1049
protein — 4
(BMP4)
Osteoprotegerin NBP2-
Mouse | Monoclonal 1:100 Novus
(OPG) 76903
Runx2 Rabbit | Monoclonal 1:200 Abcam | ab192256
a-smooth M M onal 1:200 Agilent
ouse onoclona :
muscle actin Dako MO0851
Alexa Fluor 514 | Goat N/A 1:500 Invitrogen | A31558
Alexa Fluor 647 | Chicken N/A 1:500 Invitrogen | A21472
Prolong Gold
Antifade .
' N/A N/A N/A Invitrogen | P36931
Reagent with
DAPI

Table 4: CT Angiography contrast agent

Product name

Supplier

Product code

ExiTron nano 12000

Miltenyi Biotec

130-095-698
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Table 5: Cell Culture Reagents

Product Name Supplier Product code Supplementation

10% fetal bovine

DMEM (1X) + _ serum (FBS)
.y Gibco 31966-021
GlutaMAX 1%
penicillin/streptomyosin
Dulbeco
Phosphate Sigma D8537-500ML N/A

Buffered Saline

Recombinant

Human PDGF- Gibco PHGO0045 N/A
BB Lyophilized

Table 6: Surgical chemicals

Product Name Supplier Product Code

Elastase from porcine .
Sigma E1250-50MG
pancreas
Table 7: ELISA Kits

Antigen Species Supplier Product Code

Osteoprotegerin Human R&D Systems DY805
Osteopontin Human R&D Systems DOSTO00
BMP-2 Human R&D Systems DBP200
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Table 8: qPCR Primers
All primers are intron spanning unless stated otherwise.

Gene of interest Protein Clonality Code
ACTA2 Alpha-smooth Human gHsaClD0013300
muscle actin
BMP2 Bone Human gHsaClD0015400
morphogenetic
protein 2
BMP4 Bone Human gHsaCED0003208
morphogenetic Exonic
protein 4
SPP1 Osteopontin Human gHsaClD0012060
TNFRSF11B Osteoprotegerin Human gHsaClD0013204
Runx2 Runt-related Human gHsaCID0006726
GAPDH Glyceraldehyde 3- Human gHsaCEDO0038674
phosphate Exonic
dehydrogenase
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2.2 Animal Husbandry

All work undertaken using animal models was conducted in alignment with the
UK Home Office Animals Scientific Procedures Act 1986 and 3 R’s principle
under project license P606320FB (expiry date: 16" September 2021) and
PP8169223 (expiry date: 4" August 2026), PIL license IDD2542A4.

2.2.1 C57BI6/J

Male C57BI6/J mice were purchased from Charles River (UK) or supplied by the
in house breeding facility at the University of Leeds. Mice were housed in a
conventional containment animal facility at the University of Leeds. A maximum
of five mice per cage were kept in GM500 ventilated cages at 21 °C with a 12-hour
light/dark cycle. The mice diet consisted of a RM1 chow pellet feed (special diet
services) and triple-filtered water via Hydropac pouches ad-librium. Two chew
sticks and a small plastic animal sheltered dome were supplied in each cage as
environmental enrichment. Animals were identified using conventional ear
notching. All mice were checked daily by a dedicated animal technician. The total
number of C57BI6/J mice used in this study is 30.

2.2.2 mTmG VSMC lineage tracing transgenic line

Mice harbouring a VSMC conditional mTmG fluorescent reporter were used for
PPE induced AAA lineage tracing studies (220). mTmG mice were originally
obtained from Jackson Laboratory (Jax strain: 007576). mTmG mice harbour a
membrane targeted fluorescent Tomato probe (mTom) followed by a STOP
codon, flanked by LoxP sites and downstream membrane bound green
fluorescent protein (NGFP). These were crossed with SM-MHCCreERT2 (Jax
strain: 019079) mice which express Cre in VSMC upon tamoxifen injection. Upon
activation of Cre recombinase (by tamoxifen induction in these animals), the
mTom is excised to reveal the downstream mGFP expression. Housing, diet and
welfare as described in Section 2.2.1. These mice were generated separately for
a BHF Project Grant.

2.2.3 Experimental interventions

All surgical AAA procedures were performed in a dedicated murine operating
facility under sterile conditions under isoflurane anaesthesia by Dr Marc Bailey.

Mice were anaesthetised with 5% isoflurane induction and weighed pre-
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procedure. During the procedure mice were maintained at 37 °C and at 2%
isoflurane in O at a flow rate of 2 L/min on a heated down-draft operating table.
Mice were injected intraperitoneally with 100 pL buprenorphine analgesia.
Laparotomy of the abdomen and dissection of the infra-renal abdominal aorta
were performed using an OPMI Pico operating microscope (Zeiss). The aorta
was cleaned for peri-vascular fat and adventitia dissection. Post-procedure,
abdominal wounds were closed using 6-0 Vicryl (Ethicon) sutures (peritoneum)
and 4-0 Vicryl (Ethicon) sutures (skin) before full recovery at 37 °C on heated
recovery platform. Once mice were fully recovered they were returned to their
home cage.

Mice receiving PPE: 10-week-old male C57BI6/J mice were laparotomised and
pure PPE (10 pL, concentration = 0.5 - 15 mg protein/mL) was applied to the
adventitia of the abdominal aorta for 5 minutes. The abdomen was washed three
times with PBS before wound closing. This model applies to mice undergoing
experiments described in Sections 2.3-2.5.

Mice receiving CaClz: 10-week-old male C57BI6/J mice were laparotomised and
a piece of cotton bud tip soaked in CaCl. (0.5 M) was applied to the adventitia of
the abdominal aorta for 15 minutes. The abdomen was washed three times with
PBS before wound closing. This model applies to mice undergoing experiments

described in sections 2.3 and 2.4.

Sham receiving: 10-week-old C57BI6/J mice were laparotomised and washed
with PBS three times before wound closing. This model applies to mice

undergoing experiments described in sections 2.3-2.5.

All mice underwent additional checks post-surgery and were fed a soaked diet
for two days before returning to chow pellet feed described in section 2.1. Mice
were weighed weekly following surgery. Any animals showing signs of distress
or losing more than 15% of their starting weight were culled by a Sch1l method to

prevent suffering.

2.3 In vivo imaging

Figure 2 outlines the in vivo imaging scheme for each dedicated study. Scheme
1 describes the workflow for ultrasound, PET/CT and biodistribution studies in
day 14 PPE and CaCl> model. Scheme 2 describes the workflow for PET/CT and
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CTA in longitudinal PET/CT study in the PPE model. Finally, scheme 3 describes
the workflow for biodistribution study at day 7 in the PPE model.

0 7 14 15
Days
PET/CT
Scheme 1 Surgery USS Biodistribution
Terminal
Voo
Scheme 2 Surgery PET/CT PET/CT CTA
Terminal
v v
Biodistribution

Scheme 3 Surgery Terminal

Figure 2: Experimental design for preclinical imaging investigation of
Na['®F]F uptake in sham vs PPE AAA model in 10-week-old C57BI/6 mice.
USS, ultrasound scan; PET/CT, positron emission tomography coupled
computed tomography; CTA, computed tomography angiography.

2.3.1 Ultrasound

To confirm induction of AAA through detection and measurement of the aortic
diameter and volume, B mode ultrasound imaging (Vevo 2100 imaging system)
was performed 14 days post-surgery (78). Prior to imaging, the hair from the
abdomen was removed by shaving and Veet™ de-epilatory cream. Ultrasound
imaging was performed using the MS-550D transducer at 40 MHz frequency.
Mice were anaesthesed through 5% isoflurane induction and maintained at 2%
isoflurane in O at a flow rate of 2 L/min. Mice were placed supine on a heated
table. Heart rate and respiration were monitored through electrodes on the heated
table with conductive cream applied to each paw and temperature was monitored
using a rectal probe. Aquasonic clear ultrasound transmission gel (Parker labs)
was applied to the abdomen before lowering the transducer for imaging. A 2-D
ECG-gated kilohertz visualisation (EKV) image was taken at the maximal aortic
diameter. A 3-D transverse image was undertaken across a 12 mm region of

interest, starting from the right renal artery in the inferior direction. 157 frames at
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0.076-mm intervals gated for respiration with electrocardiographic triggering at
50 ms after the r-waves were acquired. Images were reconstructed and analysed
for volumetric quantification using Vevo Lab v.1.7.0 as described in Waduud et al
(78). Waduud et al measured the interobserver mean difference in aortic diameter
calculation as -0.05 mm (Limits of agreement (LOA) 0.14 mm - 0.24 mm, p=0.1)
and intraobserver mean difference as -0.03 mm (LOA 0.16 mm - -0.21 mm,
p=0.36). The interobserver mean difference in aortic volume was measured as -
1.38 mm?® (LOA 1.58 mm?3 - -4.34 mm?3, p=0.008) and intraobserver mean
difference in aortic volume was measured as -0.55 mm?® (LOA
1.19 mm? - -2.28 mm?, p=0.053).

2.3.2 micro-Computed tomography angiography (CTA)

To confirm induction of AAA through detection of the aorta and measurement of
aortic volume, CTA was performed on the Bruker uCT SkyScan 1176 (Bruker,
Belgium). Mice were anaesthesia through 5% isoflurane induction and
maintained at 2% isoflurane in Oz at a flow rate of 2 L/min. To visualise the
vasculature, mice were injected through the lateral tail vein via a catheter with
100 pL ExiTron Nano 12000 (Miltenyi Biotec) at a flow rate of 100 pl/minute and
flushed with saline. Mice were laid prone on the CT bed and respiration was
monitored throughout the imaging experiment for animal welfare. Images were
acquired with a 0.5mm aluminium filter (voltage 50 kV, current 476 uA), rotation
step 0.7 ° and a spatial resolution of 35 um. A scout scan was performed to check
animal positioning and the scan region (skull to ankles, 4 fields of view) was
defined.

CTA images were reconstructed in NRecon (version 1.7.5.9) using a Feldkamp
reconstruction algorithm (smoothing = 4, ring artefact correction = 4, beam
hardening correction = 40%). The abdominal aorta was segmented starting from
the right renal artery in the inferior direction across a 12 mm region of interest,
and analysed for volumetric quantification in CT Analyser (CTan) (version
1.18.1.0).

2.3.3 Micro Positron Emission Tomography and Computed
Tomography
Na[*®F]F was prepared and supplied by the University of Manchester and

University of Hull.
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For initial model establishment studies (Figure 2; scheme 1), mice (at day 15 post
AAA induction) were imaged on the Albira Si uPET/SPECT/CT scanner (Field of
view = 40 mm, spatial resolution = 1.55 mm, sensitivity = 2%) (Bruker, Belgium).
Mice were anaesthesed through 5% isoflurane induction and maintained at 2%
isoflurane in O at a flow rate of 2 L/min. Mice were injected with Na['F]F at a
target dose of 10 MBq in 200 pL saline solution through the lateral tail vein via a
catheter. The mice were placed prone on the bed and respiration and
temperature was monitored throughout the imaging experiment for animal
welfare. The mice were positioned in the scanner with the abdominal aorta placed
in the centre of the scanner using a scout CT scan. A 90 minute whole body,
single bed position dynamic scan were acquired initially to determine tracer
kinetics and scan time. Following the PET scan, a two bed position CT scan was
performed for anatomical localisation and attenuation correction. For the
longitudinal studies, a 30 minute static PET acquisition after a 50 minute tracer
uptake window followed by two bed position 20 minute CT scan was performed.

2.3.4 PET reconstruction

PET/CT images were reconstructed on both the Albira reconstruction module and
using the STIR library. Two bed CT images were reconstructed using high
resolution filtered back projection algorithm (image voxel size 0.25 x 0.25 x 0.25
mm). PET images were reconstructed using a 3D Maximum-Likelihood
Expectation-Maximization (MLEM) algorithm with 20 iterations and corrected for
attenuation, scatter, random and decay events on both Albira reconstruction
module and STIR library (Standard university of Leeds protocol). Images were
further processed using Kernalized Expectation Maximum (KEM) and Hybrid
KEM (HKEM) algorithms as described previously (221,222). Images
reconstructed at iteration 8 subiteration 16 were used for analysis as noise

increases at this point.

Generation of SUVmean, SUVmax and TBRmax was achieved in AMIDE
(version 1.0.4) using a fixed dimension elliptic cylinder region of interest (ROI) .
The aortic ROl was constructed, using CT for anatomical location, between the
kidneys and anterior to the anterior border of the vertebrae. ROIs were drawn on
60 minute timeframe. The size of the ROIs were based off the aortic size as

determined from USS and CTA scans.
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2.3.5 Ex vivo gamma counting

After the conclusion of PET/CT imaging experiment, uptake of Na[*®F]F in murine
tissue was measured using the HIDEX automatic gamma counter. Mice were
recovered post PET/CT imaging experiment and humanely culled by cervical
dislocation under Schedule 1 of Home Office Animals Scientific Procedures Act
1986. The following samples were collected to measure the distribution of
Na[*®F]F in the AAA models; abdominal aorta, thoracic aorta, heart, lung, spine,
blood and plasma. The tissue was placed in pre-weighed vials and measured for
radioactivity and sample weight in the HIDEX. The measured radioactivity, in
counts per minute, was corrected for background and decay before converting
into MBq through the acquisition of a standard curve (Figure 3). The counts and
mass of each sample were used to then calculate the percentage injected dose
per gram (% ID/qg).
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0.000 0.002 0.004
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Figure 3. Standard curve used for converting gamma counting samples
from CPMto MBq (r = 0.99, COD = 0.99).

2.4 Von Kossa histology

Microcalcification detection in paraffin embedded aortic samples using a Von
Kossa stain kit (Abcam, ab150687) was performed at St James Hospital. In brief,
paraffin sections were deparaffinised and then exposed in silver nitrate solution

(5%) for 30 minutes under ultraviolet light. The sections were rinsed before
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incubation in sodium thiosulfate solution (5%) for 2 minutes. The sections were
further rinsed and then incubated in Nuclear Fast Red solution for 5 minutes.
Images were collected using the AX10 bright field microscope (Zeiss). Images
were taken at 20x and 40x magnification and analysed in ImageJ (version 2.3) to

calculate the percentage area of Von Kossa positive staining.

2.5 Immunofluorescence histology

Upregulation or downregulation of calcification markers in the abdominal aorta
was assessed using the mTmG lineage tracing murine line. Aortic tissue and
sections were prepared by Dr Lucinda Craggs. After excision, the aorta was
embedded in OCT through rapid freezing in an isopropanol and dry ice slurry.
Once embedded, sections (10 um thickness) of abdominal aorta were cut on a
cryostat. Slides were removed from the -80 °C freezer and allowed to thaw to
room temperature. Sections were washed with PBS to remove OCT residue,
permeabilised for 30 minutes in PBS containing 0.3% Triton X-100, blocked for
1 hour in PBS containing 0.05% Triton X-100 and 10% novel horse serum. The
slides were incubated for one hour at room temperature with antibodies specific
for BMP-2 and OPG. Antibodies were validated in control tissue (bone marrow
and smooth muscle cells) before staining on AAA sections (Figure 4). Sections
were washed for 15 minutes using PBS containing 0.05% Triton X-100 before
incubating with appropriate secondary antibodies for one hour. After the sections
were washed for 15 minutes using PBS containing 0.05% Triton X-100, slides
were mounted using Prolong Gold Antifade Reagent with DAPI . Sections were
imaged on the LSM880 inverted confocal (Zeiss). Laser setting and channels
were set using a no primary and no secondary antibody control and no primary
control slide (Figure 4) to remove background signal. A tile scan at 20 x
magnification and a z-stack covering 10 uM (10 slices at 1 uM thickness) ROI at
40 x magnification was taken for analysis. All analysis was completed in ImageJ
(version 2.3). Each z-stack slice was counted for cells expressing DAPI, GFP,
mTom, BMP2 and OPG. GFP expressing cells expressing BMP2 OR OPG were
guantified and mTom expressing cells expressing BMP2 OR OPG.
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Figure 4: Validation of osteogenic calcification antibodies used in
immunofluorescence confocal studies. BMP2 (1:100), BMP4 (1:100), OPG
(1:100), Runx2 (1:200). Bone marrow samples kindly donated by Miss Lauren
Eades.
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2.6 Cell culture

All experiments in involving culturing of cells was performed in a Class I
Biological Safety cabinet in a designated laboratory. Cells were cultured and
maintained in a humidified incubator (5% CO3, 37 °C). Fresh media was applied
every two days and detached using Trypsin-EDTA. Cells were plated using
Trypan blue stain and counted in duplicate using a haemocytometer.

2.6.1 Smooth muscle cell calcification

Saphenous vein smooth muscle cells (SVSMC) were plated in to 6 well plates at
1 x 10* cell/mL in DMEM GLUTAMAX + supplemented with 10% FBS and 1%
penicillin/streptomycin and grown to confluency. The media was replaced with
calcification media, prepared by adding 1 mmol/L CaClz, 2.14 mmol/L NazHPO4
and 1.36 mmol/L NaH2PO4 into DMEM GLUTAMAX+ supplemented with 10%
FBS and 1% penicillin/streptomycin and incubated for 7 days (223). After 24 and
72 hours the cells were harvested for RNA and media was collected for ELISA.

2.6.2 PDGF-BB assay

SVSMC were stimulated with PDGF-BB to study the role PDGF-BB plays in
promoting VSMC calcification. SVSMC were plated in to 6 well plates at 1 x 10*
cel/mL in DMEM GLUTAMAX+ supplemented with 10% FBS and 1%
penicillin/streptomycin and grown to confluency. The media was replaced with
serum free DMEM GLUTAMAX+ supplemented with 1% penicillin/streptomycin
after washing the cells with PBS. After 3 days, cells were stimulated with either
vehicle, 10 ng/mL PDGF-BB, 100 ng/mL or 10 ng/mL PDGF-BB and Calcification
media as described in section 2.6.1. After 7 days, cells were harvested for RT-
PCR and media was collected for ELISA to measure changes in calcification

protein levels.

2.7 RNA isolation

RNA was isolated from confluent 6 well plates in a designated RNA preparation
area using an RNA isolation kit (RNeasy mini kit Qiagen (74104)). The area and
all consumables (pipettes, sterile filter tips) were first cleaned with 70% ethanol
and followed by RNAase away surface decontaminant. Media was first removed
and placed into 2 mL Eppendorf tubes. The wells were washed with sterile PBS

before adding 350 pL Buffer RLT. The samples were vortex for a minute before



45

transferring to a gDNA eliminator column. The sample was centrifuged (30 s,
8000g). The column was discarded and 350 pL of 70% ethanol was added. The
sample was mixed and placed into a RNeasy spin column. The sample was
centrifuged (15 s, 8000 g) and the flow though was discarded. 700 pL Buffer RW1
was then added to the RNeasy spin column which was further centrifuged (15 s,
8000 g). The flow through was discarded and 500 uL of Buffer RPE was added
to RNeasy column. The column was centrifuged (15 s, 8000g) and the flow
through was discarded. A further 500 pL of Buffer RPE was added to RNeasy
column and centrifuged (120 s, 8000 g). The column was then placed into a new
collection tube and centrifuged at full speed (60 s). The RNA was eluted in 30 pL
of RNAse-free water. RNA was quantified using the Nanodrop
(ThermoScientific). RNA was stored at -80 °C until RT-PCR was carried out.

2.8 RT-PCR

All steps were performed by Dr Karen Hemmings.

2.8.1 Reverse transcription

Complementary DNA (cDNA) was produced using the High Capacity cDNA
Reverse transcription kit (Thermofisher) by mixing RNA sample (10 uL), as
prepared in Section 2.8, with a master mix including 10 X RT buffer (2 yL), 10 X
Random Primers (2 pL), 25X dNTP Mix (0.8 pL), Multiscribe Reverse
Transcriptase (1 pL) and Nuclease-free water (4 pL). The samples were
centrifuged and placed on a thermal cycler using a four step heating protocol;
(1) 25 for 10 minutes, (2) 37 for 120 minutes, (3) 85 for 5 minutes, (4) 4 until
samples removed from thermal cycler. -RT samples were prepared by adding
Nuclease free water (1 L) instead of Multiscribe Reverse Transcriptase to check

for contamination.

2.8.2 Quantitative reverse transcription polymerase chain reaction
(QRT-PCR)
gRT-PCR was carried out on the Lightcycler 480 (Roche) using SYBR Green

primers (Table 8) (Bio-Rad). Each well contained a mix of iTaq Mastermix (5 pL),
nuclease free water (3.5 uL), primer of interest (0.5 uL) and cDNA (1 pL)
generated in Section 2.9.1. The plate was spun briefly to ensure reagents are

mixed and collected to the bottom of the well. gRT-PCR reactions were run using
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the following protocol for 40 cycles: i) 95 C for 30secs ii) 60 C for 1 minute. Using
the 2°2CT the abundance of target gene of interest relative to housekeeper
(GAPDH) was calculated. Each experimental plate contained a control sample
where Nuclease-Free water (1 pL) was added in place of cDNA. A melt curve at
the end of the gRT-PCR reaction was conducted to check the melt profile of the

primers used.

2.9 ELISA

ELISA was conducted to study changes in BMP2 and OPN expression in media
from experiments described in Section 2.6. Media was collected from cell culture
plates during RNA extraction. Media was placed into centrifuge tubes and
centrifuged (10 minutes, 1500 RPM, 4°C). The supernatant was aliquoted and
placed in a -80 °C freezer until use. Assay diluent (100 yL) was added into each
well, along with either sample, standard or control (50 pL). The plate was sealed
and placed on a horizontal orbital shaker (500 RPM) for 2 hours. The liquid was
aspirated from each well before repeat washing of the plate. The conjugate of
interest (BMP2 or OPN, 200 uL) was added to each well and plates were laid on
a horizontal orbital shaker (500 RPM) for 2 hours. The liquid was aspirated from
each well before repeat washing of the plate. After the final wash, substrate
solution (200 pL) was added to each well. Plates were then covered and
incubated at room temperature for 30 minutes. Before imaging on an optical
reader, stop solution (50 puL) was added to each well. Readings were taken at
450 and 550 nm.

2.10 Statistics

All statistical analysis was conducted using OriginPro (2020). Unless stated
otherwise, graphs presented in this thesis will display the mean and standard
error. All data sets were tested for normal distribution. For the data that is normally
distributed, comparison between two sets of data was analysed using a student
t-test. Data that failed normal distribution analysis were analysed using a
Wilcoxon rank sum test. Statistical significance was assumed with a P<0.05 with
a P>0.05 denoted no statistical significance (indicated by NS on graphs).

OriginPro (2020) was used for generation of all graphs presented in this thesis.
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Chapter 3

Results

3.1 Baseline Na['®F]F scans

PET/CT scans in wild type mice were conducted to study the pharmacokinetics
of Na[*®F]F without the presence of discrete vascular pathology. This experiment
was conducted to show competency in performing Na['8F]F PET/CT, in addition
to demonstrating Na[18F]F uptake on the Albira Si WPET/SPECT/CT and in novel
AAA murine models, ahead of future experiments.

Figure 5 demonstrates the uptake of Na['8F]F one hour post injection, with uptake
seen predominantly in bone and bladder. Figure 6 details the time course of
Na['8F]F distribution. Early time frames (6 secs) demonstrate successful injection
of Na['8F]F through the vena cava and into the heart (14 secs). Na[‘®F]F is then
distributed through the body via the kidneys (60-300 secs) before accumulating
in the bone (3600-5400 secs).

To understand the pharmacokinetics of Na['®F]F uptake in calcified regions (i.e.
vertebrae) and in the aorta, the accumulation of Na[*®F]F was traced over the
imaging time course to generate time activity curves (Figure 7). Rapid
accumulation of Na[*®F]F is seen in the vertebrae. The high peak seen in the early
time frames in the abdominal aorta (AA) region demonstrates the first pass of
Na[*®F]F before accumulation in regions of microcalcification (Figure 7). Figure 7
also demonstrates the potential challenge of quantifying Na['8F]F uptake in the
preclinical AAA models due to residual Na[*®F]F activity in the blood pool of

healthy aorta.

Figure 8 shows the quantification of SUVmean (Figure 8a), SUVmax (Figure 8b) and
TBRmax (Figure 8c) for vertebrae and abdominal aorta (AA) regions using ROIs
drawn as described in Section 2.3.4 at 3600 secs, with the mean and SE
tabulated in Table 9. Finally biodistribution analysis confirmed greatest uptake of
Na[*®F]F in Spine (%ID/g = 7.1 + 1.3) and the baseline %ID/g in the abdominal
aorta was 0.27 = 0.11 (Figure 8d). Low %ID/g in control tissue (heart, lung, liver),
along with data shown in Figure 8a, b and c, demonstrate the specificity of
Na[*®F]F in binding to regions containing microcalcification. In addition, low% ID/g
in plasma (0.31 + 0.14) suggests clearance of radiotracer from the blood for

accurate interpretation of Na[*®F]F accumulation. Sections of AA were cut and
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stained using Von Kossa kit to demonstrate the lack of microcalcification in the
aortic wall (Figure 9).
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Figure 5: Representative PET/CT image of baseline model injected with
Na[*8F]F IV. Images shown 1 hour post injection with Na[*®F]F localising in the
skull, vertebrae, rib cage and bladder. n=4.
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Figure 6: Na[*®F]F biodistribution in baseline model through time course of
a PET scan. Uptake at 6 secs shows Na['®F]F uptake through the vena cava
traveling to the heart (12 secs). Na['®F]F is distributed through the body travelling
through the kidneys (300 secs) and accumulating in bone regions (3600-5400
secs). Arrow indicates uptake in abdominal aorta with partial volume effects from

the bone. Image reconstructed using Bruker module at 0.5 mm voxel size, 20
iterations. n=4.
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Figure 7: Dynamic distribution of Na[*®F]F in baseline models. Accumulation
of Na[*®F]F is seen in the bone with an increase in scan time. In the early time
frames of the scan (6-14 secs), the first pass of Na['®F]F in the abdominal aorta
(AA) is seen before wash out and accumulation.
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Figure 8: Baseline quantification of PET/CT images for (a) SUVmean, (b)
SUVnmax and (c) TBRmax and (d) biodistribution in murine tissue including the
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Table 9: Quantification of vertebrae and AA in baseline model.

Metric Vertebrae AA P value
SUVmean 5.1+0.26 0.33+0.016 0.00039
SUVmax 7.5+0.59 0.40 £ 0.021 0.0013
TBRmax 40+ 1.3 2.1+0.19 0.00011
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Figure 9: Representative slice from Von kossa stain of baseline aortic
tissue.

The results from baseline scans confirmed the expected pharmacokinetics of
Na[*®F]F in wild type mice and indicated that uptake of Na[®F]F in bone
containing regions occurs 1 hour post injection. In addition, baseline
guantification using image derived metrics (e.g. TBRmax) and% ID/g from
biodistribution give an indication of abdominal aortic uptake without surgical or

therapeutic intervention.

3.2 Na['8F]F uptake in CaCl, murine model

To determine if detection of microcalcification using Na['®F]F is plausible in a
preclinical model and system, the CaCl. murine model was used as a positive
control. As stated in section 1.5.2, the CaCl, model was developed due to the

appearance of calcified lesions on the aortic wall in AAA subjects.

Ultrasound analysis did not show a statistical difference between aortic diameter
in sham and CaClz group (0.32 mm + 0.033 vs 0.40 mm % 0.021 respectively,
p=0.08), although the trend towards a larger aortic size was seen in CaCl, group
(Figure 10). 3D volumetric analysis was not completed due to the peri-vascular
inflammation caused by the CaCl, cast an acoustic shadow which obscured

portions of the aorta.
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Figure 10: USS analysis of CaCl, AAA murine model. Representative EKV
slice images showing little dilation of the aorta (a,b). Red dotted lines indicate
AP diameter of sham and CaCl> aorta. No statistical difference was found
between sham and CaCl, AAA model for either AP diameter (c) or aortic area
(d). ns; not significant. n=4 sham, n=4 CaCl,, mean and standard error shown.

Figures 11 and 12 respectively show representative PET/CT image slices of

sham and CaCl> models from the study cohort. PET image data in Figure 13
indicate that Na['®F]F followed the same pharmacokinetic profile in the CaCl, and
sham models, similar to as described in section 3.1. However, there is Na[*®F]F
accumulation in the AA, denoted by the black arrow. Figures 14 and 15
demonstrate a direct comparison representative PET/CT slices of sham and
CaCl> models. Uptake in the abdominal aorta is seen in 2/3 of the models with
peri-adventitial application of CaClz on the aorta that is visually distinguishable

from sham equivalent models at 3600 seconds post injection, demonstrating

some variability in this study cohort.
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Figure 11: Representative PET/CT slices from sham model from CaCl,
cohort. Slices shown 1 hour post Na['8F]F injection. n=4.
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Figure 12: Representative PET/CT slices from CaCl, model from CaCl,
cohort. Slices shown 1 hour post Na['8F]F injection. n=3
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Figure 13: Coronal and sagittal representative PET images demonstrating
pharmacokinetics of Na[*®F]F uptake in CaCl, model. Model shown is a peri-
adventitial CaCl; treated model. Uptake at 6 secs shows Na[*®F]F uptake
through the vena cava travelling to the heart (12 secs). Na[*®F]F is distributed
through the body travelling through the kidneys (180 secs) and accumulating in
bone regions (1200 and 3600 secs). Black arrow indicates uptake in AA with

partial volume effects from the bone. Image reconstructed using Bruker module
at 0.5 mm voxel size, 20 iterations. n=3
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Figure 14: Uptake of Na[!®F]F in sham vs CaCl, model (sagittal plane
shown). Uptake seen in the skeleton and on the abdominal aorta in the infrarenal
region (indicated by white arrows). Each image label depicts an individual mouse.
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Figure 15: Uptake of Na[*®F]F in sham vs CaCl, model (transverse plane
shown). Uptake seen in the skeleton and on the AA in the infrarenal region
(indicated by white arrows). Each image label depicts an individual mouse.

Time activity curves for Na['®F]F uptake in bone and AA in sham and CacCl; cohort
(Figure 16) follow a similar trajectory as baseline models (Figure 7). Large
accumulation is seen in the bone as time increases. A difference in intensity
between sham and CaCl, for uptake in bone is due to injection quality
(Figure 16a). In the AA, there is a higher uptake, and thus retention, of Na['®F]F

in CaCl> model, which could indicate the presence of microcalcifications.
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Figure 16: Time activity curves for [*®F]-NaF uptake in sham and CacCl,
induced aneurysmal aortas demonstrating heterogeneity of AAA formation.
(a) = Na[*®F]F uptake in the vertebrae. Accumulation of Na['®F]F is seen in the
vertebrae with an increase in scan time. (b) = Na[*®F]F uptake in the abdominal
aorta. In the early time frames of the scan (6-14 secs), the first pass of Na[*®F]F
in the abdominal aorta (AA) in both sham and CaCl> models. However, as scan
time progresses retention of Na['®F]F is seen in the CaCl, model compared to the
sham model, indicating detection of microcalcification deposits.

Quantification of Na['®F]F uptake from PET/CT images at 1 hour is shown in
Table 10 and Figure 17. All metrics demonstrate a difference between sham and
CaCl> models, with the greatest difference seen in quantifying using TBRmax,
however Figure 17 demonstrates the large variability in SUVmean and SUVmax. The
difference between TBRmax and SUVmax measurements could be due to TBRmax
incorporating SUVmax measured in the background and thus removing signal
contamination that is seen in the other metrics. Large variability in SUVmax and
SUVmean could be a result of partial volume effects from the bone. This can be

demonstrated in the line profiles of baseline, sham and CaCl, models (Figure 18).

Figure 18a shows representative PET/CT images and the position of the line
profiles from which SUVmax values were recorded. The line profiles cross the bone
of the spine and the adjacent AA. Figure 19 shows the zoomed in line profile
around the bone and abdominal aorta. Both baseline (Figure 19a) and sham
(Figure 19b) line profiles show a clear profile representing the bone, however in
the CacCl line profile (Figure 19c), a profile representing the abdominal aorta is
masked by the profile from the bone. This signal masking is further highlighted in

Figure 19 and is one of the challenges of preclinical AAA imaging. The close
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anatomical location of AA and bone and the large Na[*®F]F signal from the bone
prevent the regions from being clearly distinguished. Statistical significance was

not found in any of the measured metrics, owing to small sample size (n=3).
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Figure 17: PET/CT image derived quantification of Na['®F]F in the AA
region of sham vs CaCl,-treated mice. Data presented as (a) SUVmean (b)
SUVmax and (c) TBRmax from images at 1 hour post injection. n=4 sham, n=3
CaCl,, mean and standard error shown.

Table 10: PET/CT image derived quantification of Na[!®F]F in the AA region
of sham vs CaCl, AAA models.

Metric Sham CaClz
SUVmean 0.86 £ 0.27 1.7+x1.1
SUVmax 1.2 +0.36 19+1.2

TBRmax 1.3+0.11 2.5+ 0.059
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Figure 18: Sagittal PET/CT image slices and respective SUV . line profiles.
(a) representative sagittal slices from baseline, sham in CaCl. group and CaCl;
models. A line profile taken through the AA and plotted for (b) baseline, (c) sham
and (d) CaCl.. Images at 1 hour post injection.
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Figure 19: Line profiles show signal masking of AA by adjacent bone. (a)
Baseline line profile follow a similar trajectory to (b) sham. Black arrow on (c)
CaCy. shows signal potentially masked by bone in AA region.

Gamma counts from harvested AA tissue (post PET/CT imaging) demonstrated
an increased uptake of Na[*®F]F in CaCl, models compared to sham model
(Sham% ID/g = 0.045 £ 0.082, CaCl.% ID/g = 0.5 £ 0.29, p <0.05) (Figure 20).
Similar to results in section 1, Na[*®F]F accumulated in the bone (Sham% ID/g =
5.0 £ 1.1, CaClx% ID/g = 7.9+ 1.9) and clearance from the plasma is also noted
(Sham% ID/g = 0.26 = 0.10, CaCl>% ID/g = 0.055 * 0.055). Finally, Von Kossa
stain revealed the presence of microcalcifications in the aortic wall and on the

surface of the aorta in CaCl, operated models (Figure 21).
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Figure 20: Gamma counting of harvested tissue from sham and CacCl,-
treated mice following PET/CT studies. (a) displays gamma counts from
various tissues and fluids. (b) shows gamma counting of aorta and abdominal
aneurysm tissue from sham and CaCl> model, with data demonstrating a
significant increase in Na[*8F]F uptake in CaCl, mice (p=0.05). Data presented
as mean and SEM (n=4 sham, n=3 CaClz). Mean and standard error shown.
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Figure 21: Sham and CaCl, AA sections stained with Von Kossa. White arrows indicate the presence of Von Kossa positive
microcalcifications in the aortic wall.
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The CaCl; model demonstrated that Na[*®F]F detection of microcalcifications in
preclinical imaging is challenging. This is down to the anatomical location of bone
in relation to the AA and Na[*®F]F uptake in the bone masks the AA. However,
quantifying PET/CT images using TBRmax does suggest the removal of
background signal could provide an accurate quantification of Na[*®F]F exhibiting
microcalcification development. In addition, gamma counting of untreated aorta
and AA tissue showed a significant difference in Na['8F]F uptake between these
tissues in CaCl,-treated mice, but not in the sham group. As the CaCl, model of
AAA produces variable results, with poor aneurysm generation in this study, an
alternative model of AAA was investigated.

The PPE model was chosen as it represents the clinical scenario more accurately
than the Ang-Il model, which represents aortic dissection. As stated in Section
1.5.1, the PPE model generates infrarenal aneurysm induction, as seen in the
clinical presentation of AAA, compared to suprarenal aneurysm induction as seen

in Ang-1l model.

3.3 Na['®F]F uptake in PPE model of AAA

Due to the large variability in aneurysm induction using peri-adventitial CaCl,, the
PPE model was used. Our group has reported the PPE model and shown

competence in consistent aneurysm induction (59).

Histological sections of AA taken from sham and PPE models (day 14 post
intervention) stained with von Kossa demonstrated the appearance of
microcalcifications in the aortic wall in PPE mice. No microcalcifications were
detected in the sham controls. This was verified by quantification of the
percentage area of von Kossa stain in the aortic wall, which demonstrated a
significantly higher percentage area of PPE samples were positive for von Kossa
(0.90+0.28%) compared to sham (0.039+0.033%).
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Figure 22: Von Kossa staining and staining quantification of AA tissue
from sham and PPE-treated mice at day 14 post procedure. Staining is
shown as 10x and 40x magnification (a). Von Kossa stain present in PPE AAA
tissue sections, as highlighted by the white arrows. Quantification of
microcalcification deposits demonstrate higher presence in PPE model
compared to sham (P<0.05, n=5 sham, n=5 PPE). Mean and standard error

shown.

USS analysis of sham and PPE induced models (day 14 post intervention)
showed positive aneurysm induction in the PPE model (Figure 23). 3D volumetric
analysis of the aorta further confirmed aneurysm induction through an increase
in aortic volume. Quantification of aortic diameter and aortic volume
demonstrated a significant difference between sham and PPE models, with both

measures markedly increased in PPE mice (Figure 23 and Table 11).
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Figure 23: USS analysis confirms dilation of aorta in PPE aneurysm model.
(a,b) representative EKV slice images showing increase in anterior-posterior (AP)
diameter in PPE compared to sham. (c) 3D reconstructed aortic volume in sham
() and PPE (ii) models. Statistical analysis of infra renal aorta shows significant
increase in AP diameter and aortic volume (d, e) (<0.05). Mean and standard
error shown.

Table 11: Quantification of aortic diameter and aortic volume in day 14
sham and PPE using USS

Metric Sham PPE P value
Aortic Diameter / 0.52 +0.018 1.0 +0.061 0.000014
mm
Aortic volume / 35+0.74 9.1+15 0.025
mm?

Ex vivo gamma counting of tissue from sham and PPE mice (day 14 post
intervention) followed a similar pattern as described in CaCl, and baseline
models. High Na[*®F]F uptake was seen in the bone of both sham and PPE

models (%ID/g 6.0+4.0 vs 17.0+3.0, respectively). Low Na[*®F]F uptake was seen
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in tissue that does not typically show calcification (lung and heart), as well as low
Na[*®F]F in plasma (~0.35% of total injected radioactivity), showing Na['8F]F
clearance from the blood, which demonstrates specificity of Na[*®F]F for calcified
areas (Figure 24a). A significant difference between Na[*®F]F uptake in AA tissue
was seen in PPE model (ID/g 0.13+0.015) compared to sham (ID/g
0.00015+0.015) (Figure 24b). This is in line with the appearance of
microcalcification deposits detected in the von Kossa staining of PPE tissue
presented in Figure 22. %ID/g in AA tissue positively correlated with both aortic
diameter (r = 0.80; COD 0.65) and aortic volume (r=0.59, COD =0.35) (Figure 25)
suggesting high Na[*®F]F uptake could be an indicator of aortic expansion.
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Figure 24: Harvesting of tissue from sham and PPE groups post PET/CT
scan demonstrates biodistribution of Na[*8F]F. (a) Highest Na[*®F]F uptake
seen in vertebrae. (b) Uptake in the abdominal aorta of PPE model showed a
significantly greater uptake compared to sham equivalent (p<0.05). Mean and

standard error shown.
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Figure 25: Correlation of ex vivo gamma counting derived %ID/g with AAA
ultrasound measurements collected from sham and PPE-treated mice. (a)
displays AP diameter and (b) shows aortic volume.

PET/CT imaging of sham and PPE models (day 14 post intervention), however,
did not show any difference in uptake in the AA (Figure 26). Quantifying for
SUVmean, SUVmax and TBRmax showed high variability in both sham and PPE

models, as well as no significant difference between groups (Figure 27 and

Table 12) .
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Figure 26: Sagittal PET/CT image slices of Na['®F]F uptake in sham vs PPE
mice. Na[!®F]F uptake was seen in the skeleton. No uptake was recorded in
the AA of the PPE group
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Figure 27: Distribution of PET/CT-derived metrics in sham and PPE mice.
No difference was observed between groups when (a) SUVmean, (b) SUVmax and
TBRmax (C) were quantified. ns, not significant. Mean and standard error shown.

Table 12: Quantification of Na[*®F]F uptake in AAA in sham vs PPE AAA
models.

Metric Sham PPE P value
SUVmean 0.27 £0.029 0.27 £ 0.059 0.95
SUVmax 0.37 £0.074 0.38 + 10.0 0.90
TBRmax 20+0.11 2.4+0.30 0.31

Although ex vivo gamma counting detected a difference in accumulation of
Na[*®F]F and thus suggesting increased microcalcifications in PPE AAA tissue as
seen in histological data (Figure 22), PET/CT imaging at day 14 demonstrated no
signal uptake in the AA. This could be due to the poor sensitivity of the Albira
scanner or detection of microcalcification growth at day 14 is not the most suitable
time point for this model. As shown previously by our group, aneurysm induction
using peri-adventitial PPE was detectable at day 3 post surgery when measuring

for aortic volume, and day 7 post surgery when measuring for aortic diameter
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(59). As aortic diameter is normally used in the clinic to stratify patients for
treatment and management over time, a longitudinal PET/CT experiment was
designed to see if Na[*®F]F detection of microcalcification development in PPE
model occurs at an earlier time-point, and verify a time-point at which Na['8F]F
could reliably detect AAA.

Longitudinal tracing of Na['8F]F uptake in the AA demonstrated no significant
difference between sham and PPE models at day 7 and day 14. Figure 28-31
demonstrates example images at day 7 and day 14 for both sham and PPE
models. Strong Na['®F]F uptake is seen in the bone, as previously reported,
however there is an absence of detectable signal in the AA in both models.
Quantifying for both SUVmax and TBRmax in the AA shows no difference in metric
at the two time points and between models (Figure 32 and Table 13). CT
angiography (CTA) was used as quality assurance for aneurysm induction at Day
15 post intervention (Figure 33). Similar to the results seen in Figure 23,
aneurysm induction was seen in the PPE model for this cohort. A significant
difference between aortic diameter and aortic volume was seen between sham
and PPE groups (Table 14).
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Figure 28: Raw PET/CT transverse image sections of the abdomen of sham
control mice at day 7 and day 14 post surgery. This longitudinal tracing
demonstrated no uptake of Na[*8F]F in the AA at either time-point for any mouse.
Each image column (a-e) depicts slices from individual mouse.
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Figure 29: Raw PET/CT coronal image sections of the abdomen of sham
control mice at day 7 and day 14 post surgery. This longitudinal tracing
demonstrated no uptake of Na[*®F]F in the AA at either time-point for any mouse.
Each image column (a-e) depicts slices from individual mouse.
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Figure 30: Raw PET/CT transverse image sections of the abdomen of PPE-
treated mice at day 7 and day 14 post surgery. Heterogeneous Na['®F]F
uptake is perceived in AAA at day 14 (white arrow), with no signal seen at day 7.
The day 14 scan for e failed and is therefore not represented. No uptake in the
AA is seen in these mice. Each image column (a-e) depicts slices from individual
mouse.
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Figure 31: Raw PET/CT coronal image sections of the abdomen of PPE-
treated mice at day 7 and day 14 post surgery. Heterogeneous Na[*®F]F
uptake is perceived in AAA at day 14 (white arrow), with no signal seen at day
7. The day 14 scan for e failed and is therefore not represented. No uptake in
the AA is seen in these mice. Each image column (a-e) depicts slices from
individual mouse.
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Figure 32: Quantification of aortic Na['®F]F uptake in sham and PPE groups
at day 7 and day 14 post surgery. (a) displays SUVmax and (b) shows TBRmax
No significant difference was recorded between groups sham for either metric at
any time-point. n=5 sham, n=4 PPE. Mean and standard error shown.

Table 13: PET/CT metrics of AA Na[*®F]F uptake in Day 7 and Day 14 sham
vs PPE models

SUVmax TBRmax
Time / Sham PPE P value Sham PPE P value
day
7 0.36 £ 0.33 ¢ 0.35 26+ 24 + 0.70
0.022 0.020 0.38 0.37
14 0.38 + 0.37 + 0.93 29+ 25+ 0.42
0.029 0.047 0.31 0.32
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Figure 33: Aortic measurements as determined by CTA. (a) shows example
slices generated using CTA and segmentation of the AA in sham and PPE-
treated mice. Quantification of (b) AP diameter and (c) aortic volume were
significantly increased in the PPE group vs sham (p<0.05). (n=6 sham, n=6
PPE). Mean and standard error shown.

Table 14: Aortic diameter and Aortic volume measurements from CTA

Metric Sham PPE P value
Aortic Diameter / 0.71 +£0.029 1.2 +0.049 0.0000066
mm
Aortic volume / 49+034 8.2+0.56 0.00043
mm?




79

To confirm the presence or absence of microcalcifications at day 7 in PPE model,
a dedicated day 7 biodistribution experiment was conducted in a small cohort.
Analysis of uptake in AA showed no difference in uptake between sham and PPE
model (ID/g 0.05 = 0.05 vs 0.01221 + 0.00912 respectively), suggesting the
absence of Na[*®F]F uptake and a lack of microcalcification development at day
7 in the PPE model (Figure 34a). Histological analysis of aortic sections revealed
no presence of microcalcifications in day 7 sham and PPE AA tissue (Figure 34b).
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Figure 34: Day 7 investigation of the presence of microcalcification
deposits. a) Ex vivo gamma counting demonstrated no significant difference
between sham and PPE AA tissue (p=ns). Mean and standard error shown. b)
Von Kossa staining of AA tissue from sham and PPE mice at the day 7 time-point.
Images are shown at 10x and 40x magnification. Von Kossa stain present in PPE

AA tissue sections. (n=3 sham, n=3 PPE)



80

Although PET/CT imaging did not show Na['8F]F uptake in the AA at either
time-point for the PPE-treated group, biodistribution analysis (Figure 24) and von
Kossa staining (Figure 22) suggests Na['®F]F uptake was greatest in the PPE
model day 14 post surgery.

3.4 Kernel reconstruction algorithms on preclinical AAA model

data

As demonstrated in both CaCl, and PPE AAA PET/CT investigation, image
analysis demonstrated there was no difference in quantification between sham
and the surgical models. However, biodistribution demonstrated increased
Na['8F]F uptake in both the CaCl, model, and in the PPE model at day 14,
compared to their respective sham controls. In addition, von Kossa staining
confirmed the presence of microcalcifications in both models. The absence of
Na[*®F]F signal could be due to the poor sensitivity of the scanner and the
anatomical location of the spine in relation to the AA, with the large signal from
the spine masking that from the AA. In an attempt to improve the quantification
of AA in Na[*F]F AAA clinical scans, our group have recently reported the

application of two novel PET reconstruction methods (221,224).

Using the STIR framework and the model of the Albira scanner (developed by Mr
Harry Tunnicliffe, still in development), the PET/CT data acquired from this study
were reconstructed using both KEM and HKEM methodologies to determine if an
underlying AA signal can be detected in the preclinical models, and further inform
whether the PPE model would be useful for study of microcalcification
development. Only line profile data is reported due to the developmental stage of
the model. In addition, a normalisation profile was not completed at this stage of

development and could also augment the displayed line profiles.

3.4.1 Optimisation of reconstruction algorithms

To understand how the reconstruction algorithm affects image quality in terms of
noise, the baseline models were reconstructed over a range of iterations to
determine which image should be used for analysis. Figure 35 shows the plot of
intensity against iteration for each reconstruction algorithm tested. The measured
intensity reflects a line profile drawn through the vertebrae in the sagittal plane.
Here the advanced reconstruction algorithms (KOSEM and HKOSEM) are

compared against algorithms used in the clinic. The graph demonstrates for
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OSEM as iteration increases, the measured intensity in the bone increases. This
suggests that with a higher iteration, more noise is incorporated into the image.
For both advanced reconstruction algorithms, as iteration increases the intensity
remains stable, suggesting no additional noise is incorporated into the image
sets. From the graph, MLEM, KOSEM and HKOSEM images after 8 iterations

were used for analysis.
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Figure 35: Optimization of PET/CT reconstruction methods on baseline
model. For both standard reconstructions (i.e. MLEM and OSEM), as the number
of iterations increase, intensity increases due to noise. Both advanced
reconstruction methods (KOSEM and HKOSEM) suppress noise as iteration
increase.

Figure 36 shows representative slices from reconstructed baseline models using
MLEM, KOSEM and HKOSEM. Plotting a line profile through the AA and spine
shows the intensity profile from each reconstruction follows a similar pattern.
However, looking at the distance around the AA and bone more closely shows
some peaks revealed by KOSEM and HKOSEM reconstructions. This suggests
that additional information from KOSEM and HKOSEM algorithms have detected

Na[*®F]F signal uptake missed by MLEM reconstruction.
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Figure 36: STIR reconstruction of baseline model. Representative images of
MLEM (a), KOSEM (b) and HKOSEM (c) raw PET/CT data with area highlighted
for AA region (circle) with line profiles. Line profile graphs show that KOSEM and
HKOSEM reconstructions reveal additional features (black arrow) from PET
reconstruction which are not present in the standard MLEM reconstruction (d,e).

MLEM, KOSEM and HKOSEM reconstructions were conducted on a sham model
from the CaCl, cohort study, with representative images presented in Figure 37
and 38 respectively. A line profile through the AA revealed a similar intensity
profile across each of the algorithms. On closer inspection, no additional
information is revealed around the AA, suggesting the signal from the bone is not
masking any signal from the AA. On the other hand, images reconstructed on a
peri-adventitial CaCl> model shows additional features present in the advanced
reconstruction algorithms that are masked from the bone in MLEM reconstruction
(Figure 38). This suggests that the application of additional imaging data maybe
required for quantification of Na[*®F]F uptake in the AA.
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Figure 37: STIR reconstruction of sham model from CaCl, cohort.
Representative images of MLEM (a), KOSEM (b) and HKOSEM (c) raw PET
images with area highlighted for AA region (circle) with line profile drawn.
Composite line profile graphs for each reconstruction algorithm (d). No difference
in line profile was shown between MLEM (e), KOSEM (f) and HKOSEM (g)
reconstruction algorithms.
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Figure 38: STIR reconstruction of CaCl,-treated mice. Representative
images of MLEM (a), KOSEM (b) and HKOSEM (c) raw PET/CT data with area
highlighted for AA region (circle) with line profiles. (d) Composite line profile
drawing of three reconstruction algorithms. Line profile graph of MLEM
reconstruction showed no AA peak (e). Line profile graphs show peak revealed
by KOSEM (f) and HKOSEM (g) reconstructions, however the peak is still
masked by the large peak from the vertebrae (black arrow).

MLEM, KOSEM and HKOSEM reconstruction algorithms were performed on
sham and PPE models to determine if signal from the AAA is masked by the
spine. Reconstructions on sham model (Figure 39) from the PPE cohort
(Figure 40) reveals a similar result as to that reported in baseline and sham

model, where no additional Na['®F]F signal is masked by the spine. Advanced
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reconstruction on a peri-adventitial PPE model however demonstrates no

additional signal is revealed by the advanced reconstruction algorithms.
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Figure 39: STIR reconstruction of sham model from PPE cohort.
Representative images of MLEM (a) , KOSEM (b) and HKOSEM (c) raw PET
images with area highlighted for AA region with line profile drawn. Composite line
profile graphs for each reconstruction algorithm (d). No difference in line profile

was shown between MLEM (e), KOSEM (f) and HKOSEM (g) reconstruction
algorithms.
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Figure 40: STIR reconstruction of PPE model from PPE cohort.
Representative images of MLEM (a) , KOSEM (b) and HKOSEM (c) raw PET
images with area highlighted for AA region with line profile drawn. Composite line
profile graphs for each reconstruction algorithm (d). No difference in line profile
was shown between MLEM (e), KOSEM (f) and HKOSEM (g) reconstruction
algorithms.

One of the challenges in this study has been to validate and reproduce Na['®F]F
signal uptake, if any, in the PPE model of AAA to determine if the PPE model
could be useful in studying the relationship between microcalcification and
aneurysm progression and how this links to the clinical scenario. Unfortunately
due to technical limitations with the scanner, no Na['8F]F signal was detectable

in the AAA using UPET/CT. However, ex vivo gamma counting demonstrated a
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significant difference in uptake between day 14 sham and PPE AA and von kossa
stain showed the presence of a small percentage of microcalcification deposits in
PPE AA tissue. Due to the inconsistency between histological staining, ex vivo
gamma counting and in vivo PET/CT, the absence or presence of calcification

markers in AAA tissue and their cellular localisation was investigated.

3.5 Expression of calcification markers in PPE model

The results from Section 3.3 demonstrated Na[*®F]F uptake in the PPE model
was elevated compared to sham controls using ex vivo biodistribution. The
presence of microcalcification deposits in the aortic wall was also identified by
von Kossa stain. It was therefore of interest to further study the biological drivers

of microcalcification in this model.

Our group has developed a vascular smooth muscle lineage tracing model in
MTmG mice to follow cellular remodelling in the PPE model of AAA. As described
in Section 1.6, there is growing evidence that VSMC remodelling could be a driver
of aneurysm formation through phenotypic switching from the native contractile
state to a synthetic state. The lineage traced model, as described in Section 2,
harbours a membrane specific fluorescent tomato probe which is excised by
tamoxifen injection to reveal a downstream green fluorescent protein in VSMC.
Therefore, all cells are labelled red in these mice prior to tamoxifen treatment.
After tamoxifen exposure, VSMCs switch from red to green and remain green
irrespective of de-differentiation or remodelling and which allows cells to be
tracked. The mTmG model is a powerful tool to examine localisation of protein

expression in specific cell types, and in this case, VSMC.

The group have previously shown (Craggs et al. in preparation) that abdominal
aorta treated with peri-adventitial application of PPE express lower levels of
a-SMA at day 14 post surgery in lineage traced VSMC. This suggests in the PPE

model, VSMC remodelling is observed in aneurysm formation.

To investigate whether calcification occurs in the PPE model, a range of
calcification markers, including BMP2, BMP4, RUNX2 and OPG, were studied to
determine their cellular origin and contribution to aneurysm formation due to their
involvement in both bone mineralisation and presence in atherosclerotic and AAA

tissue, as described in Section 1.6.2.
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3.5.1 BMP2 expression, but not OPG, elevated in PPE model

Figure 41 demonstrates example multichannel IF sections of mTmG AAA tissue.
These sections display mGFP and mTom expression (green and red,
respectively), confirming the presence of VSMCs in the medial layer, and other
cell types in the aortic wall. Blue DAPI staining indicates cell nuclei, yellow
staining highlights nuclei expressing BMP2, and purple staining indicates OPG
expression. Visually, the aortic diameters in sham mice are consistent across the
time-points of the experiment. However, in PPE mice, as the time course
increases, aortic diameter also increases (initiated at day 7), demonstrating

dilation of the aorta.

To determine baseline levels of BMP2 and OPG expression, baseline (no surgical
intervention) mTmG aorta sections were stained. As shown in Figure 42, no
baseline expression of BMP2 or OPG was detected. Figure 43 shows day 1 post
surgery sections, in which no BMP2 or OPG expression was seen in either sham
or PPE mice. However, at day 7 post surgery, BMP2 expression was seen in the
aorta in PPE sections, which was absent in sham counterparts (Figure 44). BMP2
expression was seen in cells expressing predominantly mGFP (lineage traced
VSMCs). OPG expression was absent in the PPE model. In addition, the aortic
lumen in the PPE group is visually thicker, implying possible remodelling and
aneurysm development. BMP2 expression in cells also expressing mGFP was
seen in PPE sections from day 14 (Figure 45) and day 28 (Figure 46), albeit at a
lower amount at the latter time-point. At day 84, no BMP2 or OPG expression

was seen in either sham or PPE sections (Figure 47).
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A) Baseline Day 1 Day 7 Day 14 Day 28 Day 84
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Figure 41: 20x tile scan of (A) Sham and (B) PPE AAA tissue sections stained for BMP2 and OPG at baseline, day 1, day 7, day
14, day 28 and day 84 post surgery. Dilation of the abdominal aorta is seen in PPE tissue sections from day 7 post surgery. The white
box indicates a typical region of interest for analysis. Stains include mGFP = green (VSMC), mTom = red = all cells, DAPI = blue (nuclei),

BMP2 = yellow, OPG = purple.
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Composite mGFP mTom BMP2 OPG

Baseline

Figure 42: Representative 40x z-stack section of baseline mTmG AAA tissue sections stained for BMP2 and OPG. Expression of
BMP2 and OPG were not detected at baseline. Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), Runx2
= yellow (514), BMP4 = purple (647). n=4
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A) Composite mGFP mTom BMP2

Figure 43: Representative 40x z-stack section of day 1 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and OPG. No detectable levels of BMP2 or OPG was seen in either model. Stains include mGFP = green (VSMC), mTom = red (all cells),

blue (nuclei), BMP2 = yellow (514), OPG = purple (647). n=3 sham, n=4 PPE
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A) Composite mGFP mTom BMP2
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Figure 44: Representative 40x z-stack section of day 7 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and OPG. mGFP expressing cells (VSMC) show an upregulation of BMP2 protein in PPE model compared to sham. Expression located
in the medial and adventitial layers. Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), BMP2 = yellow

(514), OPG = purple (647). n=5 sham, n=5 PPE
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A) Composite mGFP mTom BMP2
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Figure 45: Representative 40x z-stack section of day 14 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and OPG. mGFP expressing cells (VSMC) show an upregulation of BMP2 protein in PPE model compared to sham. Expression located
in the medial and adventitial layers Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), BMP2 = yellow

(514), OPG = purple (647). n=3 sham, n=7 PPE
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A) Composite

Sham

PPE

Figure 46: Representative 40x z-stack section of day 28 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and OPG. mGFP expressing cells (VSMC) show an upregulation of BMP2 protein in PPE model compared to sham. Expression located
in the medial and adventitial layers Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), BMP2 = yellow
(514), OPG = purple (647). n=4 sham, n=3 PPE
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mGFP mTom BMP2

Figure 47: Representative 40x z-stack section of day 84 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and OPG. No detectable levels of BMP2 or OPG was seen in either model. Stains include mGFP = green (VSMC), mTom = red (all cells),

blue (nuclei), BMP2 = yellow (514), OPG = purple (647). n=3 sham, n=2 PPE
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Quantifying cells expressing mGFP, mTom, BMP2 or OPG demonstrates the
remodelling process in PPE AAA model (Figure 48). The number of nuclei (i.e.
DAPI positive cells) increases in the PPE model and peaks at day 14 post surgery
before returning to baseline at day 84 (Figure 48a). The number of nuclei positive
for mGFP expression peaks at day 7 before returning to baseline at day 84,
demonstrating VSMC remodelling in the PPE model (Figure 48b). The number of
nuclei positive for mTom peaks at day 14 in the PPE model before returning to
baseline (Figure 48c). The number of BMP2 positive nuclei peaks at day 7 and is
still elevated at day 14 compared to sham equivalents, before returning to
baseline (Figure 48d). No OPG expression was seen in sham or PPE aortic
sections (Figure 48e). From the analysis, it suggests that BMP2 expression and
possible microcalcification formation in the PPE model is initiated at day 7 and
continues at day 14 before returning to baseline. This microcalcification is
predominately in VSMC derived cells.
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Figure 48: Quantification of cells in sham and PPE aortic sections expressing various cellular proteins detected through cell
staining and IF. Data are presented as number of nuclei positive for: (a) DAPI, (b) mGFP, (c) mTom, (d) BMP2 and (e) OPG in sham
and PPE aortic sections stained for BMP2 and OPG. Time points are baseline (denoted as day 0), day 1, day 7, day 14, day 28 and day
84. Mean and standard error shown.
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To determine the predominant cell type expressing BMP2, cells positive for
MGFP (i.e. lineage traced VSMC) AND BMP2 and cells positive for mTom AND
BMP2 were quantified in day 7 and day 14 (Figure 49). Expression of BMP2 is
highest in the PPE model, peaking at day 7 post surgery (P=0.004). BMP2 is
predominately upregulated in mGFP positive cells (i.e., lineage traced VSMC),
with some expression of BMP2 seen in mTom positive cells (28.0 = 3.6% vs
4.1 + 1.6%, P=0.01). This suggests that BMP2 expression is greatest in VSMC
and peaks at day 7 post surgery. Counts for mGFP AND BMP2 positive cells is
shown in Table 15 and Figure 49a and counts for mTom AND BMP2 positive cells
is shown in Table 16 and Figure 49b,c.
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Figure 49: Percentage of cells in sham and PPE aortic sections expressing
various cellular proteins as detected through cell staining and IF. Data are
presented demonstrating cells positive for (a) mGFP and BMP2; (b) mTom and
BMP2. (c) represents the results displayed in (b) zoomed to highlight the low
percentage of cells expressing mTom and BMP2. (p<0.05; ns, not significant).
Mean and standard error shown.
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Table 15: Mean and SE of percentage of cells positive for mGFP AND BMP2

Time course / Sham PPE P value
days
7 0 28.0+ 3.6 0.05
14 0 9.3+3.3 0.05

Table 16: Mean and SE of percentage of cells positive for mTom AND BMP2

Time course / Sham PPE P value
days
7 0 41+1.6 0.05
14 0 3.2+1.1 0.05

Analysis of the cellular origin of BMP2 expressing cells indicate that most of the
expression is predominately from lineage traced VSMC. This suggests that
microcalcification formation in the PPE model of AAA is mainly associated with
remodelling VSMC. Therefore, to confirm if mMGFP AND BMP2 positive cells were
VSMC and in their contractile or synthetic state, mTmG sections from day 7 and
day 14 cohort were co-stained with BMP2 and a-SMA.

3.5.2 BMP2 expression is co-localised in mGFP positive cells, but
NOT a-SMA cells

Representative slices from sham and PPE AAA slices at day 7 and day 14 are
shown in Figure 50 and 51. In day 7 sham slices, BMP2 expression is unseen,
similar to the results described in Section 5.1 and a-SMA expression is detected
in the medial layer, co-localising with cells expressing mGFP cells. However in
PPE day 7 AAA sections, BMP2 expression is elevated, as seen in Section 3.5.1
with a-SMA expression decreasing. The same pattern of expression in day 14
sham and PPE sections is seen. To quality assure that the expression of both
a-SMA and BMP2 is in keeping with prior observations in our laboratory and
Section 3.5.1, cells expressing mGFP AND a-SMA, mGFP AND BMP2 and
mTom AND BMP2 were quantified as well as the counts for DAPI positive nuclei,

MGFP positive nuclei and mTom positive nuclei.
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Figure 50: Representative 40x z-stack section of day 7 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and a-SMA. Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), BMP2 = yellow (514), OPG = purple

(647). n=5 sham, n=5 PPE
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Figure 51: Representative 40x z-stack section of day 14 post surgery (A) sham and (B) PPE AAA tissue sections stained for BMP2
and a-SMA. Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), BMP2 = yellow (514), OPG = purple

(647). n=3 sham, n=5 PPE



102

Counts for the number of DAPI positive nuclei and mGFP positive nuclei follow a
similar pattern as described in Figures 48a and 48b respectively. Number of DAPI
positive (Figure 52a) and mGFP positive nuclei (Figure 52b) increase in the PPE
models at day 7 and 14 when compared to sham equivalents, suggesting positive
aneurysm remodelling and cellular remodelling. Counts of mTom positive nuclei
(Figure 52c) however do not follow a similar pattern as to that seen in Figure 48c.
This could be due to a smaller number of slices quantified in this section due to
the poor penetration of a-SMA antibody.
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Figure 52: Raw counts of cells expressing DAPI, mGFP and mTom in
sections stained for both BMP2 and a-SMA stained. Trends for (a) DAPI and
(b) mGFP positive cells follow similar patterns to those seen in Figure 48. mTom
counts follow a different trend as to that presented in Figure 48 due to a reduced
number of slices available for analysis. Mean and standard error shown.

Nuclei positive for mGFP and a-SMA were also quantified to quality assure the
samples used in this study are representative of results previously reported by
our group. The percentage of cells expressing mGFP AND a-SMA decrease in
PPE model at both day 7 and day 14 compared to sham model (Figure 53a).
Table 17 shows the percentage of all cells positive for mGFP and a-SMA at day
7 and day 14. However, the recorded number of mMGFP AND a-SMA positive cells

Is much lower in this study cohort compared to that previously reported. This
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could be due to a different a-SMA antibody used to accommodate the allocation
of secondary IF antibodies in this study.
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Figure 53: Cell counts for cells positive for mGFP AND a-SMA (a), mGFP
AND BMP2 (b) and mTom AND BMP2 (c) as a percentage of all cells counted
across slices. (p<0.05). Mean and standard error shown.

Table 17: Mean and SE of percentage of cells positive for mGFP AND a-SMA

Time course / Sham / % PPE |/ % P value
days
7 24+15 6.1+20 0.00011
14 28+59 38+1.2 0.001

Quantification of both cells positive for mGFP AND BMP2 and cells positive for
mTom AND BMP2 follows the same trend as reported in Section 3.5.1 (Table 18
and 19 respectively). BMP2 expression in mGFP positive cells is highest in PPE

model at day 7 compared to day 14 and sham equivalents (Figure 53b). In
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addition, BMP2 expression in mTom positive cells is highest at day 7 compared
to day 14 and sham equivalents (Figure 53c).

Table 18: Mean and standard error of percentage of cells positive for mGFP

AND BMP2

Time course / Sham / % PPE / % P value
days
7 0 13+ 1.8 0.05
14 0 6.1+2.1 0.05

Table 19: Mean and standard error of percentage of cells positive for mTom

AND BMP2
Time course / Sham / % PPE / % P value
days
7 0 48+1.72 0.05
14 0 0.93+0.41 0.05

As the majority of BMP2 staining was located in lineage traced VSMC we
hypothesised that expression might relate to VSMC differentiation status. To
assess this, BMP2 expression in lineage traced VSMC (mGFP+) cells with or
without positive staining for a-SMA which is highly expressed in differentiated
VMSC were quantified. Figure 54 shows quantification for mGFP AND BMP2
AND a-SMA cells vs mGFP AND BMP2 NOT a-SMA cells at day 7 and the mean
and SE is tabulated in Table 20. A higher portion of cells counted for mGFP AND
BMP2 NOT a-SMA compared to cells positive mGFP AND BMP2 AND a-SMA
cells, however the differences in percentage counted at day 7 was not
significantly different. Figure 55 shows the same quantification however on day
14 sham and PPE aortic sections. A similar trend is seen at day 14 compared to
day 7, however a lower percentage of cells account for mGFP AND BMP2 AND
a-SMA cells positivity and mGFP AND BMP2 NOT a-SMA cells (Table 21). The
difference at day 14 is significant. This trend suggests that at day 14, BMP2
staining is predominately seen in de-differentiated lineage traced VSMC

compared to differentiated lineage traced VSMC.
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Figure 54: Cell counts for nuclei positive for mGFP and BMP2 with or
without a-SMA positivity at day 7. Counts show that the percentage of cells
positive for mGFP AND BMP2 AND a-SMA is high in the PPE model, as well as
cells positive for mGFP AND BMP2 NOT a-SMA. However, a higher percentage
of cells are positive for mGFP AND BMP2 NOT a-SMA, suggesting mGFP
expressing BMP2 are differentiating, although this did not reach significance. ns,
not significant. Mean and standard error shown.

Table 20: Mean and SE of percentage of cells positive for mGFP AND BMP2
with or without a-SMA positivity in day 7 sections.

Surgical a-SMA positive / | a-SMA negative/ P value
Intervention % %
Sham 0 0 -
PPE 58+1.8 7.5+0.82 0.53
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Figure 55: Cell counts for nuclei positive for mGFP and BMP2 with or
without a-SMA positivity at day 14. Counts show that the percentage of cells
positive for mGFP AND BMP2 AND a-SMA is high in the PPE model, as well as
cells positive for mGFP AND BMP2 NOT a-SMA. However, a higher percentage
of cells are positive for mGFP AND BMP2 NOT a-SMA, suggesting mGFP
expressing BMP2 are differentiating. This occurs at a lower percentage when
compared to day 7 (Figure 54). (p<0.05). Mean and standard error shown.

Table 21: Mean and SE of percentage of cells positive for mGFP AND BMP2
with or without a-SMA positivity in day 14 sections.

Surgical a-SMA positive / | a-SMA negative / P value
Intervention % %
Sham 0 0 -
PPE 1.7+0.73 45+15 0.039

Peri-adventitial PPE induced AAA appears to promote BMP2 expression at day
7 and day 14 in cells positive for mGFP, a marker of VSMCs in this study.
Interestingly, a higher number of cells that express mGFP AND BMP2 do not
express a-SMA, a marker of smooth muscle contractility. This suggests that
VSMC could be remodelling into an osteogenic like cell and contributing to the

formation of microcalcifications.
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3.5.3 Runx2 expression is detected in PPE AAA but not BMP4

As described in Section 1.6.2, Runx2 deletion in mice bearing an ApoE”
background attenuated both Ang-lIl driven AAA and microcalcification
development. Therefore it was important to investigate the expression of Runx2
in the PPE model. In addition, due to the increased expression of BMP2 seen in
Section 3.5.1 and 3.5.2, BMP4 expression was investigated to study if any
additional drivers of calcification can be detected in the PPE model of AAA.

Due to the results seen in Section 3.5.1, only baseline, day 7 and day 14 sections
were imaged. Figure 56 demonstrates baseline sections stained for Runx2 and
BMP4 demonstrated no visible positive staining. In day 7 sham sections
(Figure 57), no positive nuclei was seen for Runx2 and BMP4. However in PPE
aortic sections, the presence of Runx2 positive nuclei is visible but not BMP4
positive nuclei. No visible Runx2 or BMP4 staining was visibly seen in day 14

sham and PPE aortic sections (Figure 58).
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Composite mGFP mTom Runx2 BMP4

Figure 56: Representative 40x z-stack section of baseline mTmG AAA tissue sections stained for Runx2 and BMP4. Stains include
MGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), Runx2 = yellow (514), BMP4 = purple (647). n=4

Baseline
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mGFP mTom Runx2 BMP4

Figure 57: Representative 40x z-stack section of day 7 post surgery (A) sham and (B) PPE AAA tissue sections stained for Runx2
and BMP4. Stains include mGFP = green (VSMC), mTom =red (all cells), DAPI = blue (nuclei), BMP2 = yellow (514), OPG = purple (647).
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Figure 58: Representative 40x z-stack section of day 14 post surgery (A) sham and (B) PPE AAA tissue sections stained for Runx2
and BMP4. Stains include mGFP = green (VSMC), mTom = red (all cells), DAPI = blue (nuclei), BMP2 = yellow (514), OPG = purple (647).
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n=3 sham, n=7 PPE
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Quantifying the number of mGFP positive for Runx2 or BMP4 in day 7 and day
14 sections showed no positive expression of either marker (Figure 59). However,
a small percentage of cells positive for mTom AND Runx2 was seen in day 7 PPE
aortic sections (Figure 59, Table 22), which was significantly different to sham
aortic sections at the same time point. No positivity for mTom AND Runx2 cells
at day 14 was seen in sham and PPE aortic sections. No cells positive for mTom
AND BMP4 was seen in day 7 and day 14 aortic sections.
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Figure 59: Percentage of cells expressing Runx2 and BMP4 in day 7 and
day 14 sham and PPE tissue sections. (a) cell counts revealed no cells to be
MGFP AND Runx2 positive. (b) no cells were mGFP AND BMP4 positive. (c) cells
positive for mTom and Runx2 display high expression of Runx2 at day 7 in PPE
sections. (d) no cells were positive for Runx2 AND BMP4. (p<0.05). Mean and
standard error shown.
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Table 22: Mean and standard error of percentage of cells positive for mTom
AND Runx2

Time course / Sham / % PPE / % P value
days
7 0 1.9+0.20 0.05
14 0 0 -

3.6 VSMC driven calcification ex vivo

The results from the mTmG study (Section 3.5) indicated that, in the PPE model,
VMSCs expressed elevated levels of BMP2. This suggested that these VSMCs
were de-differentiated, a state which is associated with a proliferative, migratory
and secretary phenotype. VSMCs could therefore be displaying an osteogenic
phenotype in AAA progression and may drive microcalcification development. As
a result, it was important to study the expression of calcification markers ex vivo
to support the findings from the in vivo data, to determine any drivers of
microcalcification and to examine potential therapeutics that could be translated

into murine models.

Initial experiments were first tested in saphenous vein smooth muscle cells
(SVSMCs) to optimise conditions before translation into aortic smooth muscle

cells.

3.6.1 Exposure of SVSMCs to aged calcification media
To determine the expression of BMP2, BMP4, Runx2, OPN and OPG in

SVSMCs, these cells were exposed to an aged calcification media for 24 and 72
hours, and RNA was collected for gPCR analysis (Figure 60 and 61, respectively,
mean and standard error in Table 23 and 24). The expression of a-SMA (ACTA2)
was also studied as a control measure. gPCR analysis demonstrated inconsistent
and variable expression of BMP2 (Figure 60a), BMP4 (Figure 60b), Runx2
(Figure 60c), OPN (Figure 61a), OPG (Figure 61b) and ACTA2 (Figure 61c) in
control and treated cells. This suggested that SVSMCs exposed to aged

calcification media did not upregulate these calcification markers.

BMP2 (Figure 62a) and OPN (Figure 62b) ELISA were also conducted on media

collected from cells treated for 72 hours with calcification media to determine if
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BMP2 and OPN were secreted from these cells. Mean and standard error is
shown in Table 25. Figure 62a shows no difference between control and treated
cells in BMP2 expression and Figure 62b displays no difference between control
and treated cells in OPN expression.
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Figure 60: PCR analysis of calcification markers from 24 hour and 72 hour
calcification challenged cells. No difference in (a) BMP2, (b) BMP4 and (c)
Runx2 expression is seen between control and cells exposed to calcification
media for 24 hours or 72 hours. Relative expression measured against GAPDH.
n=4, ns= not significant. Mean and standard error shown.
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Figure 61: PCR analysis of calcification markers from 24 hour and 72 hour
calcification challenged cells. No difference in (a) SPP1 (OPN), (b) TNFR11B
(OPG) and (c) ACTAZ2 expression is seen between control and cells exposed to
calcification media for 24 hours or 72 hours. Relative expression measured
against GAPDH. n=4, ns= not significant, p<0.05. Mean and standard error
shown.
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Figure 62: ELISA of 72 hour calcification challenged SVSMC. No difference
in (a) BMP2 and (b) OPN expression in serum is seen between control and cells
exposed to calcification media for 72 hours. n=4, ns = not significant. Mean and
standard error shown.
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Table 23: Mean and standard error of qPCR values for expression of
calcification markers in SVSMC exposed for 24 hours to growth media vs
calcification media, relative to GAPDH

Gene Control (growth Calcification P value
media) media

BMP2 0.13 £ 0.061 0.121 £ 0.059 0.10
BMP4 0.292 £0.108 0.44 £+ 0.201 0.31
Runx2 0.077 £0.025 0.097 £ 0.04 0.32
SPP1 (OPN) 0.056 £0.013 0.072 £ 0.015 0.04
TNFR11B (OPG) | 13.010 +3.470 10.374 £ 2.960 0.08
ACTA2 18.790 +£ 5.537 15.025 + 4.246 0.13

Table 24: Mean and standard error of qPCR values for expression of
calcification markers in SVSMC exposed for 72 hours to growth media vs
calcification media, relative to GAPDH

Gene Control (growth Calcification P value
media) media

BMP2 0.030 £ 0.014 0.68 + 0.039 0.24
BMP4 1.327 + 0.548 1.642 +0.726 0.21
Runx2 0.101 £ 0.022 0.128 +£0.028 0.40
SPP1 (OPN) 0.061 £ 0.027 0.092 £0.018 0.18
TNFR11B (OPG) | 18.942 +8.366 19.949 + 7.353 0.56
ACTA2 15.212 + 3.442 10.195 + 2.690 0.20

Table 25: Mean and standard error of ELISA values for expression of
calcification markers in SVSMC exposed for 72 hours to growth media vs

calcification media

Gene Control (growth Calcification P value
media) media

BMP2 0.008 + 0.001 0.009 + 0.003 0.85

OPN 0.006 + 0.003 0.001 + 0.001 0.08

3.6.2 PDGF-BB driven remodelling of SVSMC

Our group has developed and validated a Sm22CrePDGF murine model. The
VSMCs overexpress PDGFb, which promotes aortic dilation from birth. USS and
CTA analysis of these vessels demonstrate stiffness and thus suggest PDGF

driven aortic formation could also involve the formation of calcification deposits in
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the aortic wall. Therefore, SVSMCs were exposed to PDGF-BB, a synthetic
analogue, to determine if there was any change in expression of calcification
markers (as discussed in Section 1.6.2) and ACTAZ2.

RNA was harvested from cells exposed PDGF-BB (10 ng/mL) and analysed for
relative change in calcification marker expression using gPCR. Similar to the
results in Section 6.2, inconsistent and variable expression of BMP2 (Figure 63a),
BMP4 (Figure 63b), Runx2 (Figure 63c), OPN (Figure 63d), OPG (Figure 63e)
and ACTA2 (Figure 63f) in control and treated cells was recorded (mean and
standard error displayed Table 26). In addition, BMP2 and OPN ELISA
(Figure 64) experiments were carried out on media from control and PDGF-BB
treated cells (mean and standard error in Table 27). ELISA results demonstrated
no significant difference between control and treated cells for both BMP2 and
OPN expression.
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Figure 63: qPCR analysis of calcification markers from SVSMCs treated
with either PDGF-BB 10 ng/mL or PDGF-BB 10 ng/mL and calcification
media . The relative expressions of (a) BMP2, (b) BMP4 and (c) Runx2, (d) SPP1
(OPN), (e) TNFR11B (OPG) and (f) ACTA2 were analysed against GAPDH. n=4,
ns= not significant. Mean and standard error shown.
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Figure 64: ELISA of PDGF-BB (10ng/mL) and PDGF-BB (10ng/mL) +
Calcification media challenged SVSMC. No difference in (a) BMP2 and (b)
OPN expression in serum is seen between control and cells exposed to
PDGF-BB and PDGF-BB + calcification media. n=4, ns = not significant. Mean
and standard error shown.

Table 26: Mean and standard error of qPCR values for expression of
calcification markers in SVSMC exposed to PDGF-BB (10 ng/mL) or
PDGF-BB (10 ng/mL) and calcification media, relative to GAPDH. P values
shown are between control and intervention

Gene Control PDGF-BB P value PDGF-BB + P value
Calcification
media
BMP2 0.050 + 0.141+ 0.28 0.272 +0.42 0.35
0.033 0.104
BMP4 3.793 + 1.590 + 0.35 0.851 + 0.34
0.864 0.499 0.363
Runx2 1.737 + 0.395 + 0.31 0.405 + 0.37
1.391 0.276 0.155
SPP1 0.187 + 0.082 + 0.34 0.046 + 0.20
(OPN) 0.092 0.029 0.012
TNFR11B | 20.080 + 4.796 + 0.14 9.435 + 0.37
(OPG) 10.452 2.686 3.997
ACTA2 42.045 + 5.526 + 0.35 4.4 +0.375 0.34
33.568 0.661
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Table 27 Mean and standard error of ELISA values for expression of
calcification markers in SVSMC exposed to PDGF-BB (10 ng/mL) or
PDGF-BB (10 ng/mL) and calcification media. P values shown are between
control and intervention

Gene Control PDGF-BB P value PDGF-BB + P value
Calcification
media
BMP2 0.003 + -0.002 + 0.005 0.002 + 0.83
0.001 0.002 0.003
OPN 0.010 + 0.047 + 0.14 0.016 + 0.38
0.003 0.020 0.004

3.7 Conclusion

No difference in Na['8F]F detection of microcalcifications using PET/CT was seen
in sham and PPE models. Ex vivo gamma counting of PPE induced AAA showed
elevated Na[*®F]F uptake at day 14 post surgery when compared to sham
equivalents. Von kossa stain also revealed the presence of microcalcification
deposits in the aortic wall at day 14 post PPE surgery. Using the lineage traced
model, nuclei positive for mGFP (lineage traced VSMC) and BMP2 was highest
at day 7 post surgery in the PPE model, although still elevated at day 14. This
suggests that in the PPE model, VSMC remodelling could be a contributor to

microcalcification developments in the aortic wall and aneurysm development.
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Chapter 4

Discussion

The aim of this PhD project was to i) evaluate the use of Na['8F]F as a detector
of AAA and AAA progression in a preclinical model, ii) determine the key markers
of calcification involved in AAA progression in the PPE model and the specific
cell type expressing osteogenic proteins and iii) investigate the application of
novel reconstruction methods and assess the effects of different region of interest
(ROI) definitions. It is worth noting that, due to the COVID-19 pandemic, many
experimental plans made to achieve these aims could not be completed as a
result of laboratory closure, and limited laboratory and resource access upon
reopening.

Studying the development of microcalcification using nuclear imaging in both the
CacCl, and peri-adventitial PPE models produced mixed results. Using Na['8F]F
in CaCl>-treated mice provided some insight into AAA development when TBRmax
and gamma counting data were assessed. However, aneurysm generation with
this model was poor and analysis of AAA was hampered by signal masking by
the vertebrae. In the PPE model, no detectable Na[®F]F signal was apparent
when compared to sham in PET/CT studies. By contrast, ex vivo experiments
gave some interesting data, with biodistribution studies showing Na['8F]F uptake
in PPE AA when compared to sham operated tissue. In addition, BMP2, a marker
of microcalcification development, was upregulated in PPE aortic tissue and

located in both contractile and synthetic VSMCs.

4.1 PET/CT detection of microcalcification in preclinical models
of AAA using Na[*®F]F

Na[*®F]F has been employed in the clinic to detect microcalcification development
in atherosclerosis subjects. The SoFIA3 trial demonstrated the potential use in
AAA subijects, reporting that Na[*®F]F uptake could predict aneurysm growth and
end clinical events (e.g. rupture) independent of clinical risk factors (e.g. smoking)
(83). In the literature, little is reported on the use of Na['®F]F in preclinical AAA. A
single study reported microcalcification detection in Ang-Il model of AAA (151).
In the study, elevated Na[*®F]F signal was detected at three time points in the

Ang-l1l model, compared to sham equivalents, with the presence of
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microcalcifications seen in the suprarenal aneurysm. To our knowledge, this is
the only study to report on the findings of Na[*®F]F detection in the PPE preclinical
model of AAA.

In this thesis, both the CaCl, and PPE models were used to determine if Na[*8F]F
uptake in microcalcifications located in the AA was achievable on the PET/CT
system housed at the University of Leeds. The results in both models
demonstrated the difficulty in detecting a uniform signal in the AA, as well as
showing that any detectable signal from the AA is potentially masked by signal
from the neighbouring spine. Quantifying the Na[*®F]F uptake in the AA showed
no significant difference between the different metrics, apart from TBRmax in
CaClz model. It should be noted that several factors can confound quantification
of SUVmax. These include tracer administration, scan time, final radiation dose
and noise, and they can result in challenging interpretation of PET/CT studies.

In vascular PET/CT studies, there is lack of consensus about which PET/CT
metric best represents the signal located in microcalcification deposits (183).
SUVmax, for example, relies on uniform tracer distribution in the deposit and clear
segmentation is required. In addition, the methodology in reconstructing the
PET/CT data is considered, with the number of iterations used can influence
SUVnmax in terms of noise (225). TBRmax is often employed to remove some of the
errors incorporated into by SUVmax quantification by removing background
Na[*®F]F signal. The removal of Na[*®F]F background signal could enhance the
detection of Na[*8F]F signal in the CaCl> model presented in this study. This is
supported by the presence of detectable Na['®F]F signal in ex vivo gamma
counting of aortic tissue, as shown in Figure 24. In addition, line profile analysis
through the abdominal aorta in CaCl> examples show possible signal masked by
the spine, which is absent in baseline and sham line profiles. However, in the
PPE model, no difference in each metric used in this study showed any significant

difference between sham and PPE models at two time points.

In this thesis, positive Na[*®F]F detection in the PPE model was detected at day
14 using ex vivo gamma counting, with microcalcification deposits present in the
aortic wall through positive Von Kossa stain. However, no positive Na['®F]F signal
was seen in the AA using the PET/CT system. Although there could be partial
volume effects due to the signal from the spine masking the signal from the AA,

absence of signal could be due to limitations with the scanner. The Albira
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PET/SPECT/CT system, when compared to other commercial scanners, has a
low sensitivity (2% compared to 6.7% for Siemens Inveon scanner) and a spatial
resolution of 1.55 mm, the largest reported when compared to a range of
scanners (226,227). Using both USS and CTA, sham operated aorta was
measured at 0.52 + 0.018 mm on USS and 0.71 + 0.029 mm on CTA, whereas
PPE operated aorta was measured at 1.0 = 0.061 mm on USS and 1.2 + 0.049
mm on CTA. The measured range of aorta in this study sits just below the spatial
resolution of the scanner. This coupled with the low sensitivity could provide a
barrier for detecting Na[*®F]F in this model using this preclinical scanner. It is
therefore important to determine if the results from this study are reliable by
replicating our experiments but with use of a different PET/CT scanner, or

scanning the aorta ex vivo (228).

It should also be considered the role in which PPE model and Ang-Il model reflect
human clinical AAA progression. As previously mentioned, a study of Ang-lIl
driven AAA formation detected microcalcification deposits at three different time
points (151). In contrast, in the PPE model, microcalcifications was detected at
day 14 i.e., end stage progression for this preclinical model. A recent study
compared the PPE and Ang-ll models to human AAA development using
genomic profiling and demonstrated that the PPE model reflects disease
initiation, whereas Ang-1l model captures AAA progression (229). This reflects
the appearance of microcalcifications detected by Na['®8F]F in late stage AAA
patients (83). Therefore, the PPE model may not be the most appropriate model
to study microcalcification development in comparison to other models. It is
important to note, however, that there is evidence in this study from PPE-treated
mice demonstrating the expression of calcification markers in the remodelling
aortic wall, suggesting the model may still be relevant for investigating

microcalcifications in AAA.

4.2 Advanced Reconstruction algorithms on PET/CT data

The development of advanced reconstruction algorithms have been a key
development in research to improve image quality and increase the speed to
enable faster diagnosis in the clinic. The kernel expectation maximum methods
were first introduced to solve a common issue in PET imaging; the acquisition of
low count data resulting in noisy image reconstruction (230). The kernel

expectation maximum method utilises prior information from the PET
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reconstruction to improve image quality, whilst the hybrid kernel method uses
additional imaging data seti.e. CT or MR data to improve image resolution. The
kernel expectation maximum and hybrid kernel expectation maximum method
have been studied on both preclinical and clinical Na[*®F]F PET data to improve
image quantification. Application of the aforementioned advanced reconstruction
methods in Na['8F]F carotid artery rabbit scans reduced partial volume effects as
well as providing improved delineation of the artery for quantification (231).
Application of these methods in the SoFIA2 trial data set improved quantification
of microcalcification deposits in the aorta and revealed additional positive AAA
diagnosis (221).

Due to the difficulty in positively identifying Na['8F]F signal in the PPE model, and
the partial volume effects exhibited by the spine in both the CaCl, and PPE
models, the kernel methods were implemented. As shown in the line profiles in
Figures 37-40, no improvement in identifying signal from the AA was seen for
any of the models tested. This suggests that there could be a lack of PET
information for the AA to allow for improved delineation. In addition, no
guantification metrics were studied due to the development stage of
implementing the Albira scanner into the STIR database. The lack of
improvement in data quality could also be due to low sensitivity of the Albira
scanner (227). However, it should be noted that the vertebrae peak in the line
profiles due to signal from the spine is well preserved in the STIR reconstructions,

with KEM and HKEM generating smoother profiles.

The absence of additional Na[*®F]F information generated from the advanced
reconstruction algorithms for the abdominal aorta, in particular in the PPE model,
does not fully support the ex vivo gamma counting results presented in this study.
As mentioned in Section 4.1, additional scanners should be tested to see if there
is true Na['®F]F detectable by PET/CT in this model. However additional
advanced reconstruction algorithms could be tested to determine if there is true
signal from the AA. Segmentation of the spine has been shown to visually
improve the identification of microcalcification lesions as detected by positive
Na[*®F]F in the Ang-ll model and SoFIA3 trial data (151,224). These methods
however was not considered for this study due to the quality of CT data acquired
and the hypothesis that the kernel methods should improve the visualisation of

microcalcifications in the abdominal aorta.
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4.3 Animal PET/CT preclinical protocol

In the clinic, there is a clear protocol for subjects undergoing a PET/CT scan. For
example, subjects undergoing a 2-[*®F]-FDG will be asked to fast for 6 hours prior
to their scan to reduce the effects of basal glucose levels. There has been
discussion in the preclinical PET/CT community into the need for a murine
PETI/CT protocol to remove confounds seen in the literature. A large multicentre
study (n=5) imaged a phantom of known radioactivity on 5 different preclinical
PET/CT scans using the centre specific reconstruction parameters (232). The
phantom was then rescanned using a study derived protocol. The findings from
the multicentre study showed that site specific measures of SUVmax were
confounded by bias whereas using the study derived parameters, SUVmax
measurements improved. Similar findings were also found for recovery
coefficients. Therefore, there could be the need for standardized protocols in
preclinical PET/CT.

In the PET/CT studies presented in this study, radioactivity, at a known
concentration was either injected at the start of the scan or injected in models
which subsequently recovered for a later scan time. In the Ang-1l AAA study of
microcalcification, models were injected at the same target radioactivity (10 MBQ)
however were left for 10 minutes before being placed under isoflurane and in the
scanner (151). There is however, no information on scan duration or time frame
for analysing the presence of microcalcifications. In addition, OSEM
reconstruction was used whereas on the Albira system, only MLEM
reconstruction was available. However, this difference shouldn’t be too large as
OSEM is an accelerated version of MLEM. Although the difference in scan
parameters is not large, small variations in preparation could be important in the
detection of microcalcifications using Na['8F]F in preclinical models of AAA. In
addition, there will be variations in injection quality, animal preparation (i.e. fast

or no fast), animal positioning in the scanner and scanner capabilities.

4.4 Markers of microcalcification in AAA mTmG tissue

The mTmG lineage tracing model is a powerful tool to assess the fate of specific
cell types and to learn about how tissue remodels in response to disease.
Investigation of the expression of various calcification markers was conducted on

sections of aortic mTmG tissue to determine the cells involved in remodelling.
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BMP2, BMP4 and Runx2 were examined as they are responsible for driving
calcification remodelling. OPN and OPG were chosen due to their role in
regulating calcification production. Both OPN and OPG have been reported in
histological examination of human end stage AAA tissue, and have been
suggested as biomarkers to identify AAA patients developing microcalcification

deposits.

To our knowledge, this is the first reporting of microcalcification deposits in the
PPE preclinical murine model of AAA. Von Kossa stain (Figure 22) showed the
presence of microcalcifications in the aortic wall. Figures 44, 45 and 49
demonstrate the detection of BMP2 in lineage traced VSMC in PPE operated
murine models. The peri-adventitial application of PPE on the aorta causes
destruction of the vessel wall and induces inflammation and VSMC remodelling.
This appears to induce microcalcification and the data presented in Section 3.5
supports the idea that this occurs in de-differentiated VSMC. The link between
elastin proteins and microcalcifications has been studied previously. In the CaCl2
model of AAA, the formation of microcalcification deposits was accompanied by
the breakdown of the elastin wall (233). The link between the two biological
processes was attributed to the elevated levels of MMPs, with MMP-2 and MMP-9
KO mice were resistant to CaCl2 induced AAA and microcalcification
development. Ex vivo rat aortic smooth muscle cells (RASMCs) exposed to a
pro-calcification matrix were remodelled into an osteogenic phenotype (234). The
osteogenic phenotype, however, could be reversed when exposed to a
non-calcified matrix suggesting a calcified matrix may be required to promote
VSMC dedifferentiation. Finally the elevation of elastin peptides and TGF-B1,
promoted RASMCs dedifferentiation into an osteogenic state when incubated
with a mix of elastin peptides through upregulation of calcification markers such
as Runx2, ALP and osteocalcin (235). It is therefore warranted to study the
biological process that promotes microcalcification deposits through the

application of PPE.

The expression of BMP2 in PPE aortic sections was found in cells expressing
MGFP (i.e. lineage traced VSMCs) with or without the expression of a-SMA, a
smooth muscle cell marker. The upregulation of BMP2 can be attributed to the
onset of disease, as BMP2 expression is not detected in sham sections (along

with other markers of calcification studied). This suggests that VSMCs
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remodelling could be important in driving microcalcification development in
aneurysm progression. The biological source of microcalcifications in human
AAA has not been previously identified. However, it has been suggested
previously that VSMC can differentiated into osteogenic like cells when
transitioning from a contractile to synthetic state. A review study looking at single
cells RNA sequencing studies demonstrated that VSMC transition from a
contractile state to an intermediatory mesenchymal cell state before developing
into an osteogenic state (236). This has been suggested to be a result of Runx2
and BMP2 stimulating this process and a loss of contractile proteins. This has
been seen in this study, with VSMC losing contractile state (i.e. downregulation
of a-SMA as a result of PPE induced injury) and upregulation of BMP2. It should
be noted that the presence of BMP2 in cells expressing mTom could also suggest
that microcalcification development in PPE model could be a multicell process
and this should be investigated further. The majority of BMP2 expression was
localised in lineage traced VSMC thus indicating the role VSMC remodelling

could play in AAA progression and microcalcification development.

In this study, other markers of calcification were also studied including Runx2,
BMP4, OPG and OPN. Out of the markers investigated only Runx2 expression
was detected. Runx2 was investigated primarily due to mice harbouring a Runx2
deficient background were resistant to Ang-ll driven AAA formation (151).
Figure 59 demonstrates a small percentage of cells expressing both mTom and
Runx2. The small, reported percentage could be due to the difficulty of detecting
transcription factors using IF antibodies. An alternative method, such as western
blot of RT-PCR may identify a greater expression of Runx2, in both VSMC and
other cell types in PPE induced AAA tissue. In addition, IF investigation of BMP4
and OPG was absent from the tissue sections investigated in this study. This
however, does not rule out BMP4 and OPG are upregulated in PPE induced AAA
progression. The expression levels could be low and therefore IF may not be the
most appropriate methodology to investigate upregulation of these markers, if
any. In addition, both of these markers were investigated using a 647 secondary
antibody. Detection of antibodies using 647 antibodies test the range of the
confocal microscope and is not the most ideal channel to use. Although the
MmTmG model is an elegant IF tool to lineage trace the fate of cells, the membrane

fluorescent markers occupy the ideal fluorescent channels used in IF. To study
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the presence of both BMP4 and OPG, secondary antibodies in a different IF
range could be used, or detecting these markers using western blot of RT-PCR.
It would be interesting to investigate the levels of OPG and OPN in particular to
determine if there is a competition between pro-calcification and regulatory

calcification markers.

4.5 Smooth muscle cell in vitro calcification

The findings from the examination of calcification markers in mTmG aortic tissue
demonstrated that in aneurysm progression, VSMC can release pro-calcification
markers and thus drive bone mineralisation in the aorta in response to disease.
Therefore, examining the stimuli that could drive VSMC osteogenic differentiation

was investigated.

Smooth muscle cells, derived from the aorta, and the upregulation of calcification
protein in response to stimuli have been widely reported in the literature. Aortic
smooth muscle cells (ASMC) derived from murine aorta exposed in high
phosphate medium were positive for microcalcification deposits through alizarin
red staining (237). PCR analysis found BMP2, BMP9 and Runx2 upregulation. In
addition, 12-day addition of BMP2 elevated SMC calcification in ASMCs cultured
in high phosphate medium (156). PCR analysis again showed the upregulation
of BMP2 receptors. However, BMP2 added to SMCs cultured in normal
conditions did not induce calcification, suggesting the need for a high phosphate
background to elicit SMC calcification. Finally, application of pre-aged
calcification media accelerated the onset of microcalcification deposition in
ASMCs, as detected by alizarin red staining, through upregulation of TNF-a
(223). This suggests that ASMCs are able to express calcification markers when

challenged by pro-calcification environments.

To determine the optimum calcification conditions to study human aortic smooth
muscle cell (aSMC) treatment, SVSMCs were used. This was due to the high
cost of acquiring aSMC, the low availability of SMCs derived from the aorta with
the correct background (i.e., non-trauma, healthy donors) and the high availability
of SVSMCs in our institute. As seen in Figures 60 and 61, no change in
expression of calcification markers was seen when cells were challenged with
calcification media, and with the addition of PDGF-BB. The accelerated

calcification media chosen in this study was originally reported in aSMC (223),



128

with no equivalent studies reported in SVSMCs. Therefore, the failure to induce
calcification in SVSMCs could be because they are derived from a different
vascular bed. In addition, the SVSMCs used were kindly donated by patients
undergoing a cardiovascular intervention. It is therefore feasible that these
individuals were predisposed to a cardiovascular disease, and thus may already
exhibit calcification within the vascular system. Finally, the SVSMCs used in this
study appeared senescent when examined under a light microscope, as well as
displaying a fibroblast morphology.

However, there has been some evidence of in vitro SVSMC calcification reported
elsewhere. Isolated SVSMCs incubated in Angll and pro-calcification media for
72 hours demonstrated increased expression of calcification transcription factors,
including Runx2, and prevented Gla activity, a protein which normally inhibits of
microcalcification development (238). It could be that an additional stimulus may
be needed to promote calcification in vitro in SVSMCs. Increased expression of
high mobility group box 1 promoted BMP2-driven calcification in SVSMCs
through elevated glucose concentration in serum (239). Further optimisation
would be required in these experiments to demonstrate the factors required to
drive SVSMC calcification, and the role they play in the calcification processes of
both aSMC and PPE-induced SMCs.
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Chapter 5

Future Directions

As outlined earlier, although some of the initial aims of this PhD were achieved,
the COVID-19 pandemic disrupted many of the planned experiments. This

section details the future directions which could follow this project.

5.1 Preclinical PET/CT in PPE model of AAA

The results detailed in Sections 3.1-3.4 demonstrated some of the issues faced
in small animal Na[*®F]F imaging for detecting microcalcification deposits in AAA.
Therefore, it would be important to assess i) the capabilities of the Albira
PET/SPECT/CT system housed in ePIC at the University of Leeds, and ii)
PET/CT detection of microcalcification deposits in the PPE model.

Experiment 1: Phantom experiment

Qualitative assessment of PET/CT images acquired in this project demonstrated
Na['8F]F uptake in bone regions. However, in the AA, no apparent signal was
seen. This was demonstrated in Figures 28-31, with no significant difference
between sham and PPE models confirmed with a range of quantification metrics.
This could be due to the detection limits of the scanner or signal from the spine

masking any signal from the abdominal aorta.

Using data collected from USS and CTA experiments, cylindrical rods mimicking
the abdominal aorta could be made into a phantom (Figure 65). These rods can
be filled with a range of radioactivities reflecting the expected activity in the AA.
The phantom can then be scanned and reconstructed using an optimised
protocol. The result of this experiment would indicate whether the preclinical
scanner in ePIC is capable of detecting the level of radioactivities in a model of
interest reflecting AAA pathology. This would then confirm whether the use of
another scanner should be considered (Experiment 3 Section 5.1), or whether to
conduct further phantom experiments reflecting the in vivo scenario. Although this
experiment would not reflect the in vivo model, it is an important step in
determining whether the scanner is capable of imaging aortas and would be in

line with the 3R’s principle.
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Figure 65: Schematic diagram of proposed PET/CT phantom. The phantom,
with a diameter matching that of the bore of the Albira scanner, would contain
rods representing a sham and PPE induced abdominal aorta.

Experiment 2: Ex vivo scanning of PPE aorta

One of the challenges in this project was the large Na['8F]F uptake in the spine
masking signal from the AA. MacAskill et al. demonstrated in the Ang-1l model
that excising and incubating the aorta in Na[*®F]F elegantly showed the

distribution and uptake of Na['8F]F without the presence of bone (228).

It may be useful to conduct a similar experiment in future work. Wild type mice
would undergo sham or PPE surgery. As shown in Section 3.3, Na[*®F]F uptake
was seen day 14 post surgery in PPE model using ex vivo gamma counting. In
Section 3.5, however, upregulation of calcification markers was seen at day 7
post PPE surgery. Therefore it would be important to look at these two time
points. The models would be subject to USS scan (to ensure AAA had been
induced and to study correlation between Na['®F]F uptake and aortic size) before
fixing the aortas in 4% PFA (similar to OCT/RNA tissue extraction). These aortas
would then be incubated in Na['®F]F, following the methodology published by
MacAskill et al., and scanned on the Albira PET/SPECT/CT system (228). The
results would demonstrate whether PET/CT imaging could reveal Na['®F]F

uptake ex vivo using samples of PPE-induced AAA.

Although the results from ex vivo scanning of PPE aortas would be beneficial in
understanding the uptake of Na['®8F]F and distribution of microcalcifications in this

model, certain limitations would need to be considered. Using this ex vivo



131

approach would not allow for monitoring of microcalcification development over
the time course of 14 days (i.e., there would only be one time-point of analysis
for each individual mouse). In addition, a large number of aortae would be needed
for a viable experiment. Only a small amount of radioactivity would be required
per scan, therefore it would be costly due to the expense that accompanies the
shipping of radioactivity, and time on the scanner.

Experiment 3: PET/CT investigation of PPE induced AAA on different

preclinical PET/CT scanners

One of the key challenges of biomarker validation is to demonstrate
reproducibility in different clinics and with different imaging systems. This poses
the question as to whether preclinical PET/CT imaging of PPE-induced AAA is
achievable different scanners and if PET/CT metrics are in agreement when
measuring Na[*8F]F in the AAA between imaging centres.

The experiment would require coordination with 2 or more sites that house
differing preclinical PET/CT scanners and murine models would be imaged
according to an approved protocol (including scan protocol, image reconstruction
protocol and image analysis protocol) . This would allow us to understand if AAA
generation with PPE is detectable with Na['®F]F PET/CT, and if so, whether these
imaging data could be reliably replicated elsewhere. Such information would
verify if the PPE model is a useful approach for studying microcalcification
development with Na[*8F]F, and in turn, whether it has applicability in a clinical

setting for stratifying and offering personalised medicine to patients with AAA .

5.2 Validate ex vivo gamma counting findings

As demonstrated in Section 3.5, ex vivo gamma counting of aortic tissue post
PET/CT imaging revealed a significant difference in uptake of Na['®F]F at day 14
in the PPE model when compared to sham equivalents. Unfortunately, PET/CT

imaging did not support these findings.

An alternative methodology would be to use autoradiography. In short, tissue
sections are incubated with the radiotracer of choice, before exposing the tissue
to a film to produce the autoradiograph. This experiment would validate findings
from biodistribution studies, but also could be correlated with von Kossa stain.
i.e., tissue sections positive or negative for Na[*8F]F could be stained for von

Kossa to confirm the autoradiography findings. This study would provide
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knowledge about the distribution of microcalcification deposits within the aortic
wall, and where greatest Na[18F]F uptake occurs.

5.3 Microcalcification and aneurysm progression

The SoFIA® trial elegantly showed that Na[*®F]F uptake was a predictor of
aneurysm growth and rupture independent of cardiovascular risk factors (e.g.,
smoking) in those with an aneurysm of 4.5-5 cm. The aim of this study was to
use a preclinical model to further study the relationship between
microcalcification deposits and aneurysm progression. In this thesis, it has been
shown that microcalcification deposits are present in the AA at day 14 post
surgery through von Kossa staining. A calcification remodelling response was
also observed, with expression of BMP2 detected at day 7 post surgery.

Experiment 1: Validate microcalcification deposits in the aortic wall

Von Kossa stain demonstrated the presence of microcalcifications in histological
sections. However, due to the quality of paraffin blocks, it was not possible for all
samples to be stained and imaged. It would therefore be necessary to validate
these findings using a von Kossa assay kit, which would enable quantification of
von Kossa stain. Here, the AA would be excised before grinding. The tissue would
then be exposed to the von Kossa assay kit reagents, followed by analysis on a
suitable plate reader. This would then validate or show further, the amount of
microcalcification deposits generated in the PPE model. It would be important to
ensure that only the aneurysmal parts of the aorta are excised to confidently

discuss the location of microcalcification deposition.

Experiment 2: The link between BMP2 expression and microcalcification

deposits

In this thesis, BMP2 expression located in lineage traced VSMCs was elevated
in PPE mice at day 7 and at day 14 compared to sham. However, it is uncertain
whether the upregulation of BMP2 is the driver of microcalcification deposition in
the PPE model. In addition, the contribution of BMP2 to the progression of PPE-

induced AAA is unknown.

An ideal experiment would be to generate a VSMC-specific BMP2 knockout
murine line and examine the development of PPE-induced AAA and

microcalcification formation. The 3D USS protocol as described in Waduud et al.



133

could be used post-procedure, followed by excision of tissue and staining with a
von Kossa kit or a calcification assay kit (e.g. Calcium Assay Kit, Abcam
(ab112115) (59). This would provide understanding of the importance of BMP2
absence in mediating microcalcification deposition in the PPE model, and its
impact on aneurysm progression. This may ultimately give more insight into the
potential for targeted calcification-based therapeutics to slow aneurysm
progression in patients. However, generating and validating a murine model
would be a lengthy and costly process, and this would have to be carefully

considered when planning future work.

5.4 Validation of calcification markers

A key finding in this thesis was the upregulation of BMP2 and Runx2 in the mTmG
lineage trace model, with BMP2 expressed in lineage traced VSMCs and Runx2
expressed in cells also expressing mTom. However, although markers such as
OPG are studied in human histological sections, no expression was found in the
lineage traced model. It would therefore be sensible to further explore the levels

of calcification markers expressed as a result of PPE surgery.

Wild type mice would undergo sham or PPE intervention, before being scanned
using USS for quality assurance. RNA from excised aorta samples could then be
sent for RNAseq analysis. The data would then be examined for the key
calcification markers studied in this thesis to determine if data seen from IF
experiments are true. This would provide whole tissue analysis of calcification
markers which appear to be upregulated as a result of PPE intervention, as well
as information on other pathways which may be upregulated. However, no
information would be given on specific cell types that express predominately
calcification markers, unless pure cell types are isolated from the tissue. In
addition, it would be warranted to repeat this experiment in mTmG models to rule
out any possibilities that the transgenic model affects PPE surgery and alters the

level of calcification markers expressed.

5.5 Therapeutic response

One of the key research questions surrounding AAA research is the development
of a therapeutic strategy which would slow down AAA progression, thereby
providing a better quality of life for this patient cohort. As described in Section

1.6, many drugs have failed due to. There has been studies published recently
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that has repurposed VEGF inhibitors such as Imatinib (115,116) and Lenvatinib
(117) in small animal AAA models. Both drugs showed promise in attenuated
aneurysm growth in response to surgical intervention. However, it is well
documented that subjects taking imatinib and Lenvatinib do not tolerate the
treatment well and may not be the best option for AAA subjects.

This study has shown that VSMC remodelling to an osteogenic phenotype may
encourage microcalcification formation in AAA and could be a therapeutic target
of interest. As BMP2 is a regulator of bone mineralisation under normal
circumstances, it would be important to assess whether a therapeutic intervention
could interfere with these non-pathological processes. Currently, there is no real
treatment for preventing calcification deposition, other than lifestyle adjustments.

5.6 Conclusions and key findings

This work demonstrated the presence of calcification remodelling in the PPE
preclinical model of AAA due to VSMC remodelling. Detection of calcification
remodelling using Na[*®F]F PET/CT was not achieved. However, Na['8F]F uptake
in PPE AAA tissue was observed with ex vivo gamma counting. Elevation of
BMP2, a driver of microcalcification formation, was seen in lineage traced VSMCs
in early AAA development in the PPE model. This provides some insight into what
stimulates microcalcification in human AAA, and Na['®F]F could offer further
understanding in the clinical setting. Further work is warranted to study how
microcalcification influences both aneurysm growth and clinical end points (e.qg.,
rupture) and whether this process represents a possible therapeutic target to

meet an unmet clinical need.
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