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V.  Abstract

Abdominal aortic aneurysms (AAA) are characterised by weakening of the vascular wall
resulting in the ballooning of the aorta which if ruptured often results mortality. The
aetiology of AAA formation remains unclear, although it is known to have increased
immune cell infiltration. IL-18 binds to its receptor IL-18R to produce a powerful
inflammatory response. IL-37 can also bind to IL-18R and when bound causes an anti-
inflammatory response. The aim of this study was to understand the potential roles of IL-
18 and IL-37 on AAA formation using a mouse model of AAA formation. Using a gold
standard angiotensin (Ang) II-infused model of AAA formation, C57BL6 (Wildtype; WT),
IL-18-deficient (IL-187), IL-18Ra-deficient (IL-18Ra”") and human recombinant IL-37
overexpressing transgenic (IL-37Tg) mice aged 10-12 weeks were infused with Ang II
(1000ng/kg/min, S.C.) for 28 days via osmotic minipump. All mice receiving Ang II
exhibited significant elevations in BP (~40mmHg), but no differences in BP were observed
between the strains. AAA incidence (including deaths due to AAA rupture) were
completely abolished in the IL-18"" mice compared to Ang II treated WT (0% vs 52%;
n=20-23). Conversely, AAA incidence was augmented in IL-18Ra”"" mice (88% vs 52%
n=23-25). Analysis of ultrasound images of abdominal aorta at day 7 showed IL-18Ro
mice had significantly larger aortic diameters compared to Ang II treated WT (1.49 mm +
0.13 mm vs 1.15 mm % 0.05 mm; P<0.05; n=23-25). Interestingly, IL-37Tg mice showed
decreased incidence of AAA compared to Ang Il treated WT (37% vs 52%; n=23-24) with
less premature deaths due to rupture. Furthermore, it was found via ELISA that IL-37Tg
mice had a 2-fold increase in the amount of plasma IL-18 compared to Ang II treated WT.
In summary, IL-18 may play a significant detrimental role in the development of AAA,
however, therapies aimed at inhibiting the IL-18Ra may not represent a viable strategy to
prevent/treated AAA due to its potential role in IL-37-mediated protection.
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Chapter 1: General Introduction

1.1 Introduction to Abdominal Aortic Aneurysms

An aneurysm is defined as a permanent ballooning of a blood vessel that occurs in cerebral
vessels, thoracic aorta but most commonly in the abdominal aorta '**. Aneurysms can be
benign in some patients, while others can grow to become haemorrhagic and rupture. The aorta
is the largest artery in the body and is the primary blood source to the abdomen and lower limbs
(Figure 1.1). Hence, when an abdominal aortic aneurysm (AAA) ruptures, it is often
catastrophic with a mortality rate of 70-90% *. AAA risk increases with age and occurs more
commonly in males aged above 65 years and to a lesser extent in females (4-7% AAA incidence
vs 1-2% respectively) . Currently, there are no pharmacological treatments to halt the
progression of AAA. Instead, patients rely on surgical intervention, which presents significant
risks of post-operative complications "¥. While risk factors for AAA have been identified, the
mechanisms resulting in aortic ballooning remain unclear. However, aneurysms are associated
with profound infiltration of immune cells, which are thought to cause degradation of the aortic
wall °~'!. Hence, the role of inflammation and the immune response in AAA development is a
topical research area. A particularly emerging area of immunity research focuses on the
inflammasome, specifically the NOD-like receptor protein 3 (NLRP3) inflammasome, a prime
activator of innate immunity. The NLRP3 inflammasome is a significant source of pro-
inflammatory cytokines, interleukin (IL)-1p and IL-18. There has been limited research on the
role of IL-1P and IL-18 in AAA formation. However, circulating IL-18 is reportedly increased
in patients with AAA '2. This warrants further investigation into the role of IL-18 in the
inflammatory response associated with AAA. Thus, this thesis will explore the role of IL-18

and its associated receptor targets with aneurysm formation. There are no pharmacological



treatments for patients diagnosed with AAA, and the hope is that the findings from this thesis

will present a novel therapeutic target.

Healthy Aorta Abdominal Aortic Aneurysm

Superior mesenteric artery:
Intestines (lower part), duodenum

(2/3rds) transverse colon and
Renal arteries:

pancreas
_

Kidneys

Inferior mesenteric artery:

L. & R. common iliac arteries:

Colon, and rectum
Lower limbs >

Figure 1.1 A schematic representation of a healthy aorta and an abdominal aortic
aneurysm. An illustration of the gross morphological difference between a healthy aorta and an

abdominal aortic aneurysm. Branching arteries and structures supplied are labelled. /mage by

Sherriff, A. using BioRender (unpublished).



1.2 Aetiology and prevalence of AAA

Diagnosis of AAA can often be complicated due to the fact the disease naturally presents
asymptomatically in most patients. However, some patients can experience pain in the chest,
abdomen and lower back, pulsating sensations in the abdomen, or a black/blue painful foot if
the AAA is overly large !°. Due to AAA commonly being a silent disease, the most common
form of diagnosis is preventative screening. To confirm the presence of an AAA, patients
undergo an ultrasound imaging of the abdomen, computed tomography scanning or magnetic
resonance imaging. Males aged over 65 should present for a single ultrasound screening to
assess the risk of AAA. Note it is only males that need to present for this screening as they are
more likely to develop an AAA than women (4-7% in men vs 1-2% in women)!*!5,
Preventative screening is in place in many countries, including the United States of America
(USA), United Kingdom (UK), and Europe, but no formal program currently exists in Australia
1617 Recommended once-off screening of 65-year-old asymptomatic men has resulted in a
statistically significant reduction in AAA-related mortality and rupture in Canada '8. Following
the initial screening, follow-up screening results in a risk reduction of 42% at 5 years and 21%
at 10 years '*?°. In addition to lowering the risk of death, pre-emptive screening has further
assisted in understanding the disease. For example, it has provided greater clarity on disease
prevalence in the USA, UK and Australia (2.2%, 1.5% and 6.7% respectively) 2?2, Information

25,26

derived from screening has identified risk factors such as aging *** and gender as strong

predictors of AAA incidence. As previously noted men are more likely to develop an AAA;
however, women are likely to have a fatal outcome if diagnosed '*!°. People aged 75 years or
more account for 66% of the total diagnosed aneurysms, demonstrating the significance of age
as a risk factor 7?3, Additionally, the disease has a higher incidence in Caucasians compared to

any other race ?’. Other risk factors include atherosclerosis and pre-existing hypertension >2%%°

and environmental factors such as smoking 283932,



1.3 The current methods of treatment for diagnosed AAA

Aneurysm size, risk of rupture and patient-specific factors such as comorbidities that affect life
expectancy and operative risk can influence the treatment strategies >>. While an AAA is not
reversible early detection through screening enables patients to seek treatments and intercept
disease progression. Early detection through the previously discussed screening allows
interception of the disease progression. This is done through lifestyle changes and treatment of

comorbidities that collectively improve a surgical intervention's success.

1.3.1 Lifestyle Interventions

Lifestyle interventions target patients with a small AAA (diameter: 4.0 - 5.5 cm) intending to
slow the expansion rate and provide better survival outcomes post-surgery >*. Many lifestyle
factors contribute to an increased risk of AAA. Once diagnosed, cessation of smoking is one
of the most important lifestyle changes to implement. Smokers have a higher AAA expansion
rate than non-smokers (2.56 mm/year vs 2.1 mm/year respectively) >3, Exercise is an
additional lifestyle factor that can be adjusted to help treat comorbidities after diagnosis. A
group of researchers considered different intensities of exercises and their effect on patients
with a small AAA. The study concluded that high-intensity interval training reduced the rate
of expansion compared to the non-rehabilitation group (2.1 + 3.0 versus 4.5+4.0 mm/y) *’. The
most common comorbidities are cardiovascular complications, including hypertension and
coronary artery disease 3. There is limited research into dietary changes and AAA. However,
patients with cardiovascular disease have better outcomes when avoiding traditional Western

diets. This is achieved through reducing salt intake and eating foods low in saturated fats and



cholesterol. Interestingly, these dietary changes have shown to decrease growth rates in mouse

models of AAA 3949,

1.3.2 Prescription Therapies
The use of prescription medication for the treatment of AAA patients targets the comorbidities
such as hypertension which often accompany the disease. Pharmacotherapies administered are

patient-specific and can often involve anti-hypertensives and statins *'.

The search for effective drug therapies to treat AAA is ongoing, and many clinical trials have
not been successful. Previous clinical trials have used propranolol (anti-hypertensive: beta-
blocker), doxycycline (antibiotic) and amlodipine (anti-hypertensive: Ca>* channel blocker)
over a 6-24-month period and all studies reported no benefit in halting the growth of AAA #!~
43 Metformin is a drug commonly prescribed for patients with type 2 diabetes and is currently
undergoing clinical trial as a therapeutic agent for AAA (metformin therapy). Its use has shown
that high blood glucose levels increase AAA diagnosis risk, whereas patients already diagnosed
with diabetes and on metformin have a lower risk of AAA **. However, there is also conflicting
evidence suggesting that metformin has no long term protective effects on AAA 4°. Taken

together, it is clear that novel treatments are required for AAA.

1.3.3 Surgical Intervention

The use of surgical intervention is critical for patients with large AAA (diameter: >5.5cm)
survival, although no long-term survival benefits have been reported for small AAA “¢*% The
Royal Australian College of General Practice states that surgery should be considered if: an
aneurysm is greater than 5.5cm for men and S5cm for women; if there is rapid growth

(>1.0cm/year); or if symptoms such as abdominal/back pain and tenderness appear. The two

5



most common surgical repair types for an intact AAA are the open AAA repair (OAR) and the
endovascular AAA repair (EVAR) *>*. OAR involves an incision from the breastbone to the
navel. From there the aorta is clamped while the aneurysm is cut, and a graft is sewn to connect
the two ends of the aorta **. EVAR patients are placed under local anaesthetic, and a small
incision is made near the groin °°. A camera and needle are threaded through the femoral artery
to attach a stent-graft to the aortic wall. The use of EVAR Surgery has increased with 43-74%
of AAA patients opt for this approach over OAR due to the less-invasive nature of the surgery
49 However, OAR surgery is still used due to it being more cost-effective, while offering a
lower risk of complication while also being than EVAR surgery’!. When comparing OAR's
survival rates to EVAR, they are similar 69.9% vs 68.9%, respectively 2. Ruptured AAA is
particularly fatal, resulting in a mortality rate of 90%, where only one in three patients will
reach the hospital alive ®. While it is possible to perform reparative surgery, it reduces the risk

of mortality to 40% 8. Given the high mortality rates associated with rupture and post-surgery,

the need for alternative pharmacological therapy is of great clinical significance.

1.4 Pathophysiology of AAA

Human AAA is broadly described as either a true aneurysm where each layer of the blood
vessel has expanded or a false aneurysm where there is an enlargement of a single layer 3>,
A true aneurysm can either be fusiform (symmetrical) or saccular (asymmetrical).
Simultaneously, a pseudoaneurysm can be either a hematoma (leakage of blood) or arterial
dissection (splitting of the vessel) (Figure 1.2) >=7_ It is unknown why aneurysms form, but a
pseudoaneurysm is a complication of trauma inflicted on the vessel and can occur post-surgery

5358 Fusiform is the more common type of true aneurysm, although saccular aneurysms have

a higher risk of rupture *. It is important to note that in humans, AAA commonly occurs



infrarenal with a regular abdominal aorta diameter of 1.5-1.7cm 7. Studying human samples is
limited because they can only be obtained from surgery or death, which occurs at a later stage
of AAA formation. Therefore, to understand the entire pathogenesis of AAA, animal models

are necessary.

True Aneurysm Pseudoaneurysm

Fusiform Saccular Hematoma Aortic Dissection

Figure 1.2 An image representing the different types of aneurysms. A true aneurysm

Adventitia

intima

Symmetrical  Asymmetrical

occurs when there is expansion of all three layers of the aorta. A true aneurysm can either
be “fusiform” (the ballooning occurs on both sides and is thus symmetrical) or “saccular”
(ballooning occurs on one side and is asymmetrical). A pseudoaneurysm occurs when there
is expansion in only one layer of the aorta. a pseudoaneurysm can either be a “hematoma”
(blood leaks into the media and pools) or an aortic dissection (where there is a tear in the

aortic wall causing a leakage). Image created by Sherriff, A. unpublished, using Biorender



1.5 Animal Models of Abdominal Aortic Aneurysm

Studying human AAA samples provides population statistics, including incidence and
demographics. However, clinical studies are limited to identifying associative evidence, hence
the need for animal models of AAA. Animal models have uncovered potential pathways
involved in AAA formation, which has resulted in interventional strategies and drug therapy
research. Animal models also pose limitations, predominantly a lack of translatability
demonstrated in previous drug therapy studies. (Table 1) '°. Nonetheless, the use of animal
models has been quintessential for uncovering current mechanisms associated with AAA.

Current models are discussed below and summarised in Table 1.

1.5.1 Elastase perfusion model

The elastase perfusion model involves the pressurised infusion of porcine pancreatic elastase
(PPE) into an aorta segment for up to two hours *. Induction of PPE leads to elastin breakdown
and infiltration of leukocytes in the early stages. As the AAA progresses, it begins to develop
the characteristic intraluminal thrombus (ILT), also present in AAAs human pathology .
Additionally, the increases in diameter match human AAA progression as aneurysm growth is
nonlinear in both ¢!. The length of infusion/treatment strongly influences the mortality rate due
to hind limb ischemia %2. The model's significant limitations include the need for microsurgical
expertise, and the duration is limited to 8 weeks, limiting the potential to examine long-term

prolonged drugs effects %93,



1.5.2 Calcium chloride model

The calcium chloride (CaCl;) model involves a laparotomy and application of cotton gauze
pre-soaked in CaCl: to the aortic adventitial surface. Surprisingly, the exact pathophysiology
of AAA formation remains unclear in this model, it is thought that the calcium ions which are
known to have a high affinity for elastin, influences elastin fibre breakdown '**. This model
presents very few similarities to human pathophysiology, where only medial degeneration and

leukocyte infiltration are observed !-60:6264,

1.5.3 1 Kidney/Deoxycorticosterone acetate/salt (1K/DOCA/salt)model

The 1K/DOCA/salt model is an invasive mouse model whereby mice are placed under
anaesthesia and undergo uninephrectomy while a deoxycorticosterone acetate (DOCA) pellet
is implanted, and drinking water is replaced with 0.9% saline %>, It is traditionally a volume-
dependent, low circulating renin model of hypertension. The 1K/DOCA/salt model is a less
characterised AAA model and more commonly used as a model of hypertension or chronic
kidney disease. Nonetheless, AAA incidence (exclusive of ruptures) is 60%, while ruptures
are much lower at 18% ¢’. Studies that modify this model and only use the DOCA pellet and
saline present a similar incidence (68.7%) and rupture (12.5%) rate °®. Similar to the other
models discussed, elastin degradation is a crucial part of this model, with other pathologies

such as inflammatory cell infiltration and oxidative stress being present as well ¢°.



1.5.4 Angiotensin ll-infused model of AAA

The angiotensin (Ang) Il-infused mouse model of AAA was first characterised by Alan
Daugherty °. This model involves subcutaneous implantation of an osmotic minipump that
delivers Ang 11 (0.7 to 1.4 mg/kg/day) over a 28 day period' >’!. The Ang II infusion model of
AAA traditionally utilises hypercholesterolemic mice such as the apolipoprotein E-deficient
(ApoE™") mouse. Studies using this strain have previously demonstrated exacerbated incidence
of atherosclerotic lesion formation ’'~74. However, atherosclerosis is not a prerequisite for AAA
formation, as demonstrated by C57B16 mice (WT) also developing AAA following Ang II
infusion °. However, while mice without hypercholesterolemia present with a lower incidence
of AAA than ApoE” mice (45% vs 80% respectively), they allow studying AAA formation in
genetic strains of mice without the need to crossbreed with hypercholesterolemic strains of
mice 7®. While the Ang II and 1K/DOCA/salt models also induce hypertension, it has been
shown that AAA formation is not dependent on elevated blood pressure "8, Like the
1K/DOCA/salt model, AAA pathology in the Ang II-infusion model is linked to inflammation.
It displays aortic elastin degeneration, macrophage infiltration, aneurysm wall remodelling and
aortic rupture >7!. The Ang II model can also be modified to include the co-administration of
B-aminopropionitrile (BAPN). BAPN is known to exert an inhibitory effect on lysyl oxidase
(LOX), which plays a role in maintaining homeostasis of the elastic lamina ”°. While LOX
activity is essential for normal vascular function, inhibition of LOX activity decreases the
stability of the vessel wall ¥, This reduced stability is why AAA incidence can be as high as

90% in this model and is defined as a chronic-advanced stage of AAA 8!,
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Table 1. Models of AAA formation

Model Severity Rate of growth Similarities to human AAA Differences to human AAA References
. . Moderate- Atherosclerosis (only in hypercholesterolemic No ILT present or persistent
Angiotensin AAA present as . . . . . growth, aneurysms occur
; . severe (dose mice), wall disruption, medial degeneration, s 1,10,60
[I-infusion early as day 3 . . . suprarenal, and occasionally
dependent) leukocyte infiltration and risk of rupture .
thoracic
1Kidney/ AAA present as Elastin degradation, MMP actwgtlop, smooth Aneurysms occur suprarenal and
Moderate muscle cell degeneration and oxidative stress, ; 65,67-69
DOCA/Salt early as day 3 . thoracic
risk or rupture
Elastase AAA present at | Occurs infrarenal, ILT present medial No rup ture unl@ss very eaﬂy o
. Moderate . . . no wall dissection or continued 1,60,82,83
perfusion day 14 degeneration and leukocyte infiltration present .
growth. No atherosclerosis
. . . . . No rupture, wall disruption,
Calcium Mild AAA present at | Medial degeneration and leukocyte infiltration ersistent erowth. ILT 1.10.60.84
Chloride day 14 are present within the AAA. p g ’ ’ e

atherosclerosis
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1.6 Extracellular remodelling of the aorta

To date the complete pathophysiology of AAA remains unclear, but it is understood that the
aortic wall undergoes extensive remodelling in response to various stressors, including
hypertension. More specifically, "remodelling" of the aorta refers to excess alterations of the
structure, contributing to the pathophysiology of many cardiovascular diseases *. The aortic
wall structure is comprised of three distinct layers; the intima, media and adventitia (figure
1.3). The intima is the innermost layer of the vessel wall and consists of a monolayer of
endothelial cells and the basement membrane. The media is made up of layers of vascular
smooth muscle cells (VSMCs) that are separated by elastin and collagen. The adventitia is the
outermost layer and is comprised of an intricate network of extracellular matrix (ECM)
proteins, including collagen and elastin as well as vasa vasorum (tiny blood vessels) ’. Elastin
is an insoluble and hydrophobic protein produced by VSMCs in the media and fibroblasts in
the adventitia 3. Elastin is also the dominant protein in the vascular wall making up 50% of its
dry weight . The role of elastin is to provide structure to the vascular wall and act as a store
for recoil energy, making it a key component of the aortic wall that provides elasticity 7.
Collagen is the predominant connective element and is synthesised by smooth muscle cells in
and fibroblasts *. Collagen is stiff and rigid and has a range of subtypes where type-I and type-
I1I collagen are the most relevant to the vascular wall ®®. Collagens are organised within the
vessel wall to maintain the vascular structure and strength. As seen in AAA, excess collagen
development leads to vascular fibrosis and increased stiffening, resulting in an inability to
expand and contract ®’. Many factors play a role in this remodelling, but some of the most

important are matrix metalloproteases (MMPs) activity and inflammation of the aorta.

12



Adventitia: extracellular
matrix proteins (collagen
and elastin), vasa vasorum

Media: extracellular matrix
proteins (collagen and
elastin) vascular smooth
muscle cells

Intima: endothelial cells,
basement membrane

Figure 1.3 A schematic diagram of the various layers within a healthy aorta. A
cross-sectional image depicts the layers of the aortic wall. The external layer, the
adventitia, comprises extracellular matrix proteins like collagen and elastin and vasa
vasorum (tiny blood vessels). The middle layer, the media, comprises vascular
smooth muscle cells, elastin and collagen. The innermost layer, the intima,

comprises endothelial cells and the basement membrane. Image created by Sherriff,

A. using Biorender

13



1.6.1 Matrix metalloproteinases and AAA

MMPs are a family of enzymes that are involved in modulating ECM composition %°. MMPs
are generally expressed at a low level and regulated by cytokines, growth factors and tissue
inhibitors of metalloproteinases (TIMPS) *°. The ratio of MMP to TIMPS is known to be
greater in AAA as compared to a healthy aorta >, where MMPs are upregulated, causing an
imbalance in the degradation rate and regeneration of ECM factors *°. Several MMPs have
been implicated in ECM degradation during the development of AAA °. For example, MMP-
2 and MMP-9 are known to weaken the aortic wall, leading to its eventual ballooning. MMP-
2- and MMP-9-deficient mice have been reported to be protected from AAA formation °!. In a
healthy aorta, MMP-2 is lowly expressed within the media, but it is upregulated in AAA
patients (particularly small and medium-sized AAA) *>. A decrease in collagen causes a
weakening of the aortic wall, with an increase in susceptibility to ballooning due to forces
exerted on it by blood flow **. Increased MMP-9 causes an increase in elastin degradation
within the media, which is a hallmark of AAA growth °2. Elastin degradation correlates with
increased aortic wall distensibility, which is believed to cause the characteristic ballooning
seen in AAA ¥ Increased wall distensibility describes an increase in the arterial swelling as
blood flow forces exert pressure on the vascular wall **. The extensive degradation of elastin
and collagen by MMP leaves the aortic wall-less structurally secure, resulting in the vessel's

ballooning.

While MMP-2 and MMP-9 have the most significant role in AAA development, there are other
MMPs involved. Neutrophils can secrete ECM degrading factors such as neutrophil
collagenase (MMP-8) to trigger the structural remodelling within the aorta *’. Neutrophil
collagenase breaks down vascular collagen while neutrophil protease breaks down elastin, and

together they contribute to the weakening of the vessel wall °>. MMP-8 is increased in AAA
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compared to healthy tissue, but more strikingly, it is significantly upregulated in ruptured tissue

obtained in biopsies compared to matches AAA tissue **’.

1.6.2 The development of an intraluminal thrombus (ILT)

ILTs are present in 70%-80% of all AAA cases, especially in large aneurysms, and are made
up of a complex mixture of activated platelets, leukocytes, thick fibrin mesh and entrapped
erythrocytes *%%9%% While it is unclear why an ILT forms, some theories suggest it to be
based-on platelet accumulation '°, biochemical changes '°! or biomechanical modifications 4.
Of the three, biomechanical changes have been suggested to be the most important as this
incorporates the changes in peak wall stress (PWS). PWS describes the amount of stress which
can be exerted on the aortic wall before it exceeds the mechanical strength of the tissue **.
When the pressure on the aorta exceeds the wall strength, it causes a rupture of the AAA *,
AAA is associated with increased PWS, and the dense fibrin network found within the ILT
alleviates any increases in pressure **. Eased pressure results in a decrease in PWS, meaning
an increase in blood flow and protection from rupture due to stress '°2. However, as the ILT
grows, it is thought to become more detrimental than beneficial. Thus, the size of the ILT is
related to the risk of AAA rupture '®*. AAA rupture occurs as large ILT become hypoxic,
negatively affecting the adjacent vascular wall >”*°. The hypoxia can further weaken the vessel
wall by the degradation of ECM factors and increased cell inflammation °”°. The loss of ECM
factors causes a profound decrease in wall stability and has greatly attributed to the

pathogenesis of AAAs.
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1.7 Current theories of AAA pathogenesis

There are currently two main theories regarding AAA pathogenesis that are associated with the
development of atherosclerosis/thrombosis and/or immune driven destruction of the aortic

wall. This thesis will provide a summary of both theories while focusing on the latter.

1.7.1 Atherosclerosis is a driver of AAA formation

Atherosclerosis is defined as an inflammatory condition that is associated with an accumulation
of lipids and cholesterol in the arterial wall that can obstruct blood flow. Atherosclerosis is also
one of the leading causes of cardiovascular disease, an umbrella term inclusive of AAA 1%,
This theory states that AAA develops as a pathological response to aortic atherosclerosis
<sup>105</sup><sup>105</sup><sup>105</sup><sup>105</sup>8>105106, Furthermore,
while atherosclerosis is a risk factor for AAA, it is also present in 95% of cases ', As a result
of the obstructed blood flow, it is thought that aortic wall expansion acts as a compensatory
mechanism *!. Changes in haemodynamic factors, such as shear stress, stimulate the positive
remodelling through activations of MMPs 3197 An excess of this positive remodelling is what
leads to the vessel instability and the characteristic ballooning of an AAA.
Hypercholesterolemia and atherosclerosis can exacerbate AAA incidence in mouse models of
AAA and until recently, studies often used strains that are more susceptible to spontaneous
atherosclerosis development. However, mice with healthy cholesterol (125 to 200mg/dL) are
generally resistant to atherosclerosis, are still capable of developing AAA '%+19 This suggests
that other mechanisms promote AAA formation independent of lipid deposition ', hence,

atherosclerosis is not a prerequisite for AAA formation in preclinical models.
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1.7.2 AAAs a result of immune-driven degradation of the aortic wall.

While it is accepted that inflammation plays a role in AAA pathogenesis, the precise
inflammatory mechanisms lead to AAA is a topical area of research. Inflammatory AAA is
characterised by thickening of the aneurysm wall due to inflammation, peri-aneurysmal
fibrosis and marked adhesion to surrounding structures '. Additionally, due to the complex
characteristics of inflammatory AAA, there is often an increased risk when these patients
undergo surgical intervention '®°. Evidence of inflammation being the causation of AAA is that
ubiquitous inflammatory cell infiltration has been demonstrated in all AAA, irrespective of
atherosclerosis (Figure 1.4) '%°. Cell infiltrates include neutrophils, macrophages and T cells
which will be further described later. Post-surgical biopsies harbour numerous immune cell
infiltrates within the ILT and the aortic wall ''®''*, Furthermore, AAA models consistently

describe an influx of immune cells to the aortic wall 71114116,

1.8 Inflammation is a crucial driver of aneurysm formation

While the exact process leading to the pathophysiology is unknown, AAAs are strongly
associated with the accumulation of highly active immune cells predominantly found in the
adventitial layer and ILT. The increase of AAA inflammatory cells is a stark contrast to healthy
aortas that present with very few inflammatory cells °. Histological staining of AAA samples
from human and animal models have revealed that the most prominent inflammatory cells

infiltrating the aneurysm are macrophages, neutrophils and CD4" T cells .
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Healthy Aorta Aneurysm formation
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Figure 1.4: A schematic diagram of immune cells within a healthy aorta vs an aorta
with a developed aneurysm. The healthy aorta is defined by its ability to produce
extracellular matrix proteins (ECM) in accordance with its degradation to keep a healthy
balance. Furthermore, there is constant immune cell surveillance for foreign pathogens.
This is opposed to the aneurysm where there is a decrease in ECM factors due to increased
inflammation as well as MMP expression and activation. Furthermore, immune cells such
as macrophages accumulate in the vascular wall and to release pro-inflammatory cytokine

release in addition to MMPs. Image created by Sherriff, A. unpublished using Biorender

1.8.1 Neutrophils

Neutrophils are one of the first immune cells to be recruited to the inflammatory site and play
an essential role in AAA pathology ''7. Once at the site of inflammation, neutrophils can
produce reactive oxygen species (ROS), bioactive lipid mediators, and various proteases
(cathepsin, neutrophil elastase and myeloperoxidase) to exert their effects !'8. Neutrophils have
been linked to oxidative stress, proteolytic degradation of the media, inflammation of the
adventitia, angiogenesis and ILT development ''*!20. As previously discussed, neutrophil
collagenase MMP-8 plays a vital role in the aortic ballooning and is upregulated in AAA

18



ruptures 212!

. The importance of neutrophils in AAA formation has been confirmed as
neutrophil depletion significantly decreased the AAA frequency and size in an elastin perfusion

model of AAA 2!, As such, neutrophils have been identified as significant contributors to AAA

development and subsequent rupture.

1.8.2 Tcells

T cells are a part of the adaptive immune response and have been implicated in experimental
and human AAA. A recent study demonstrated that T cells might be the most dominant immune
cell population in human AAA '?2. During the immediate response to vascular injury, CD8* T
cells will produce additional TNF-a as well as IFN-y, contributing to the already present

123 More specifically, IFN-y producing CD8" T cells enhance cellular apoptosis

inflammation
and MMP activity, promoting AAA formation '?*. This was demonstrated through antagonism
of IFN-v in elastase treated WT mice, causing an absence of AAA >, While CD8" T cells and

CD4" T cells are upregulated, the latter displays more activity within an AAA 23,

CD4" T cells are essential for fighting infection and they assist in coordinating immune
responses by stimulating other immune cells such as macrophages, B lymphocytes and the
aforementioned CD8" T cells 2. CD4" T cells are known to be markedly increased in serum
of patients at the end stage of AAA '*’. Animal-based research often utilises recombination
activation gene 17" (Ragl™") mice, which lack mature B and T lymphocytes. Studies using this
strain have shown them to be protected from AAA formation 2128, Further research has
demonstrated when human CD4" T cells are added to the Rag/”" mice, there is a marked
increase in diameter 2%, This response to CD4" T cells could suggest a possible role in

increasing AAA severity.

19



T regulatory (Treg) cells are another subtype of T cells and are essential for preventing
chronic inflammation, which in turn suppresses AAA. Treg cells release the anti-
inflammatory cytokines such as IL-10 within an AAA, which causes a reduction in cell death,
macrophage function and an overall reduction in inflammatory cell recruitment 27132 It
has also been demonstrated that larger AAA have significantly fewer Treg cells than

smaller AAA, suggesting that when the diameter reaches a threshold, differentiation to Tregs

may be reduced which may further promote AAA-associated inflammation '!!,

1.8.3 Macrophages

Macrophages are an innate immune cell and are the most abundant inflammatory cell in an
AAA in both human and animal models !°. Macrophages accumulate in the adventitia and
are thought to contribute to the destruction of the ECM 33134 The phenotype and function of
macrophages are primarily dependent on the local cytokine milieu that can be broadly
divided into M1 pro-inflammatory macrophages (e.g. in the presence of interferon-gamma
(IFN)-y) and M2 anti-inflammatory macrophages (e.g. in the presence of IL-4 and IL-10)
135136 M1 macrophages are characterised by their ability to produce ROS which destroy
infectious organisms and tumour cells %13, M1 macrophages also release multiple pro-
inflammatory cytokines such as IL-6, tumour necrosis factor-o. (TNF-o) and IL-1p 7.
Additionally, M1 macrophages cause an increase in the secretion of monocyte
chemoattractant protein-1 (CCL2; formerly MCP-1) by VSMCs '*®. CCL2 recruits immune
cells which cause an additional increase in MMP activity and serine proteases which assist in
the breakdown of ECM factors in aneurysms '*°. M1 macrophages have been linked to MMP
production, and are thus considered to play a crucial role in vascular remodelling and more

specifically weakening the vessel wall during AAA formation '3,
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Interestingly, the cellular density of M2 macrophages is more significant in the aortic wall of
an AAA then M1 macrophages '*’. However, M1 macrophages are located within the
adventitia while the M2 macrophages are primarily found within the ILT %, While there is
varying quantities of M1 and M2 macrophages in human AAA samples, dependent on
complexity of the patients disease , M2 have a higher concentration then M 1'%, The primary
function of M2 macrophages is to facilitate the repair and wound healing and is upregulated as
a compensatory mechanism during AAA development '3¢!4! M2 macrophages improve
survival, decrease aortic dilation and preserve elastin within an elastase perfusion model of

AAA %,

1.9 Therole of the Inflammasome in AAA

The inflammasome regulates immune responses and tissue homeostasis, as such, their
upregulation is a possible cause for the destructive immune response in AAA ¥
Inflammasomes are a group of pattern-recognition receptors (PRRs). PRRs include toll-like
receptors (TLR), which scan the endosomal compartments for pattern-associated molecular
patterns (PAMP's) 43, PRRs also include NOD-like receptors (NLRs), which distinguish host-
derived or pathogenic signals called danger-associated molecular patterns (DAMPs) and
PAMPs ¥, The inflammasome is a unique set of PRRs as they have a high molecular weight
and are platforms for caspase-1 activation and activity '*.The most studied inflammasome to
date is the NLRP3 inflammasome.. It’s structure consists of the NLRP3 domain, an adaptor
protein called Apoptosis-Associated Speck-Like Protein Containing CARD (ASC), and a pro-

caspase-1 portion 143144,
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1.9.1 NLRP3 "Priming" and "Activation"

Inflammasome activity consists of two steps that include a priming followed by an activation
step. The priming sequence occurs first where TLRs recognise a PAMP, leading to signalling
downstream to NF-xB and AP-1, which then upregulate genes encoding the subunits of NLRP3,

pro-caspase-1, pro-IL-1P and pro-IL-18. Secondly, activation of NLRP3 can result from many

stimuli, including increased ROS, an influx of ATP, and cathepsin signalling 145‘150.

Alternatively, cathepsin B has been shown to activate inflammasomes through the cytosolic
release of phagocytosed microcrystals '°!. Extracellular ATP, which acts as a danger signal to
the immune system, is another well-described stimulus for NLRP3 activation '**. NLRP3
inflammasome activation leads to NLRP3 oligomerisation, causing PYD clustering and
interaction with CARD-containing adaptor ASC to recruit pro-caspase-1. This clustering allows
for the auto-cleavage of pro-caspase-1 into two subunits, p10 (kDa) and p20 (kDa), which
heterodimerise to form an active caspase-1. Caspase-1 then cleaves pro-IL-1p and pro-IL-18
into their respective active forms, IL-1B and IL-18 %3, This process is summarised in Figure
1.5. The central focus of this thesis is the inflammasome-derived cytokine, IL-18, its receptor

targets and its potential role in AAA pathology.
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Figure 1.5: A schematic diagram of the priming and activation of inflammasomes. A
schematic diagram representing the "priming"/signal 1 sequence which consists of Toll-like
receptor (TLR) and receptors for cytokines utilising NF-kB to upregulate Nod-like receptor3
(NLRP3), ASC and pro-caspase-1. Following this "activation"/signal 2 will occur where a
number of signals represented by green arrows will act on the NLRP3 inflammasome causing
it to activate leading to caspase-1 activation through autocleavage and the conversion of pro-
IL-1B and pro-IL-18 to IL-1p and IL18 respectively. The diagram demonstrates the three
components of the NLRP3 inflammasome; the receptor recognition site (NLRP3 domain),

the adaptor protein (ASC) and pro-caspase 1. Image adapted from Krishnan et al '*.
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1.10 Interleukin 18 signalling

IL-1p and IL-18 both induce inflammatory responses to further the progression and development
of an aneurysm. Of the two inflammasome-derived cytokines, much research has focused on
therole of IL-1p and AA A formation. Genetic deletion of IL-1J3 or the pharmacological blockade
of its receptor, IL-1R, significantly suppressed AAA development in elastase perfusion and
Ang Il models of AAA. 19152 At the commencement of this thesis, the role of IL-18 in AAA
formation had not been explored even though IL-18 has a range of pro-inflammatory effects
in the human body. These include macrophage activation, T cell activation and MMP induction
153 These pro-inflammatory effects are also involved in psoriasis, acute kidney injury and

I54-157 " 1L-18, is produced from macrophages, endothelial cells,

myocardial function
keratinocytes and intestinal epithelial cells '°®. Due to its potent inflammatory effects, IL-18
production is tightly regulated and requires the priming and activation sequence described
previously '%°. IL-18 selectively binds to the IL-18 receptor (IL-18R) that is comprised of two
main subunits; IL-18Ra and IL-18Rp. IL-18 binds with low affinity to IL-18Ra and requires
IL-18Rp to act as a co-receptor with IL-18Ra to create a high-affinity complex '°®. Binding
results in MyD88 recruitment and phosphorylation of the four IRAKSs and TRAF-6, leading to
the activation of NF-KB and release of pro-inflammatory cytokines, including IFN-y '3, Thus,
when IL-18 was first isolated in mouse serum it was originally described as “IFN-y inducing

factor” 14,

The potent IL-18-dependent inflammatory response is regulated by an endogenous
protein called IL-18 binding protein (IL-18BP), which binds to IL-18 with high affinity (400
pM) and prevents binding to the IL-18R. IL-18BP is constitutively expressed and

exists in high concentrations that are up to 20-fold greater than IL-18 '60-161,
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1.10.1 The natural inhibitor of IL-18, IL-37

While IL-18 requires the IL-18Ra to recruit the accessory protein IL-18R[3 to cause pro-
inflammatory actions, another cytokine known as IL-37 can also bind with IL-18Ra and
recruit an alternative accessory recruitment protein, IL-1R8. Once attached, it is known that
human IL-37 causes MyD8S inhibition, the opposite effect of IL-18, leading to an anti-
inflammatory effect 162, IL-37, an anti-inflammatory cytokine, has exclusively been found in
humans tissue types such as liver, thymus, lung, and bone marrow at low levels in healthy
humans 93162, Expression of IL-37 occurs almost exclusively in response to severe
inflammatory conditions. A study conducted by Nold et al. '%* found that transgenic mice
expressing human IL-37 (IL-37Tg) were protected against lipopolysaccharide (LPS)-induced
inflammation compared to WT mice. IL-37Tg mice exhibited decreases in hypothermia,
acidosis, and hepatitis and decreased circulating IFN-y levels %4, Furthermore, IL-37Tg mice
exhibited elevated expression of anti-inflammatory cytokines IL-10 and IL-13, but also
reduced expression of IL-1c and IL-8 by up to 88% 9. As depicted in Figure 1.6B, 1L-37
binds to the IL-18Ra and IL-1R8, producing an anti-inflammatory response and blocks
MyD88 2. Notably, while a mouse homologue of IL-37 has yet to be identified, these studies

support an anti-inflammatory pathway sensitive to human IL-37.

Interestingly, given that both IL-18 and IL-37 require IL-18Ra to promote pro-inflammatory
and anti-inflammatory effects, deletion of the IL-18Ra in mice could induce variable impacts
of the pathogenesis of inflammatory disorders. In mouse models of lupus erythematosus,
IL-18-deficiency protects against renal damage, which can be recapitulated in IL-18Ra -
deficient mice '*°. Conversely, deletion of IL-18Ra in splenocytes, macrophages results in 2-3

greater
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fold expression of pro-inflammatory cytokines such as IFN-y, macrophage inflammatory
protein 1 and 2 (MIP1 and MIP2) and TNF-%! «. This finding suggested that deletion of
IL-18Ra abrogated the anti-inflammatory effects of a yet to be identified mouse IL-37-like
pathway. Thus, it would be interesting to determine the impact of IL-18Ra-deficiency in the

setting of AAA.
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Figure 1.6: A schematic representation of IL-18 and IL-37 binding to IL-18R receptors
and the subsequent signalling effects. A) A representation of the interaction of IL-18 and its
natural antagonist IL-18BP. It also shows the signalling cascade following the attachment of IL-
18 to IL-18R, which recruits MyD88 and signals TRAF6 to IRAKs and IKK, causing NK-kB
upregulation transcription of proinflammatory cytokines. B) The binding of IL-37 to the IL-18R

and the consequential inhibition of the MyD88 signal. Image by Vinh et al (unpublished).
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1.11 The role of the NLRP3 inflammasome and IL-18 in AAA

formation

While there are clear links between inflammation and AAA, the relationship between
inflammasomes, IL-18 and AAA is less defined. There is emerging evidence for an essential
role of inflammasomes in AAA formation. NLRP3”- and Caspase-17" mice are protected from
Ang II-induced AAA as demonstrated by reduced aortic diameters compared to the WT mouse
167 "Our group has recently shown that treatment with MCC950, an NLRP3 inflammasome
inhibitor, effectively decreases blood pressure and renal inflammation in 1K/DOCA/salt mice.
Relevant to this project, MCC950 also abolished mortality associated with AAA formation
and rupture '®. Human studies by Wortmann et al, have reported inflammasome expression
and activation in circulating blood mononuclear cells of AAA patients '®. Additionally,
NLRP3 was found to be overexpressed in the aorta of patients diagnosed with AAA and aortic
dissection compared to healthy donors '"°. This study correlated with the known gender-
associated risk factor where men are more likely to experience an AAA since women had
significantly lower inflammasome-related mRNA levels '%°. One study suggests increased

NLRP3 is partially due to the previously discussed SMC apoptosis within the aorta !,

There is less evidence for the role of IL-18 in AAA. However, highly relevant to the current
study, IL-18 levels are elevated in plasma from patients with acute aortic dissection '*!. Clinical
studies have also shown increased expression of IL-18 in the aorta of patients suffering from
AAA " Interestingly, IL-18 is known to increase the expression and activity of several MMPs
which are strongly associated with AAA formation, including MMP-2, MMP-3 and MMP-9

172173 Therefore, in light of the preclinical and clinical evidence that supports a role for the
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NLRP3 inflammasome and IL-18, it’s speculated that IL-18 may be a strong promoter of AAA

formation.

1.12 Summary

To summarise the introduction, chronic inflammation is a significant factor in AAA
pathophysiology. Immune cells such as neutrophils, T cells and macrophages are drivers of
this immune response, while MMP-2 and MMP-9 primarily undertake extracellular
remodelling. The NLRP3 inflammasome, which induces a powerful innate immune response,
has been suggested to have a role in AAA development. This thesis focuses on IL-18, a pro-
inflammatory cytokine derived from NLRP3. While there are various AAA models, the gold
standard is the Ang Il-induced hypertension model, which will be used in this study. The
research conducted was to combat the crucial need for AAA pharmacological therapies, as the

current and only method of treatment is surgical intervention.

1.13 Hypothesis and Aims

Since IL-18 has potent pro-inflammatory effects and IL-37 act to oppose this by producing an
anti-inflammatory effect, we hypothesised that IL-18 promotes AAA formation while 1L-37

acts to suppress AAA formation.

Aim 1: To determine the effect of IL-18- and IL-18R-deficiency on the incidence and

progression of AAA formation in the Ang Il model of AAA.

Aim 2: To determine if human IL-37 overexpression causes a reduction on the incidence and

progression of AAA formation in the Ang Il model of AAA.
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The outcomes of this study may validate targeting the IL-18/IL-18R signalling axis as a novel

therapeutic approach to controlling AAA progression.
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Chapter 2: General Methods

2.1 Ethics

All experimental procedures were approved by the La Trobe University Animal Ethics
Committee (Project number: AEC 16-93). All operations were conducted following the

Australian Code for The Care and Use of Animals for Scientific Purposes (8" ed).

2.2 Mice

Male C57B1/6 (wild-type) (n = 34), IL-18" (n = 22), IL-18Ra”" (n = 25) and IL-37Tg (n = 24)
mice (total n = 101) aged 10-14 weeks were bred at AgriBio (Bundoora, Australia) before
transfer to the La Trobe Animal Research and Training Facility (LARTF). They were kept in
individually ventilated cages (Techniplast, Australia) at a maximum of four mice per cage.

Mice were kept under a 12-hour light-dark cycle, with access to food and water ad libitum.

2.3 Minipump surgery

WT mice were randomly assigned by a colleague to receive either Ang II (n=23) (1.44
mg/kg/day) or vehicle (n=11; containing the Ang II diluent (0.5M NacCl, 0.01% acetic acid in
dH:20)). Ang II or vehicle was continuously infused subcutaneously via an osmotic minipump
(Alzet Model 2004; Durect; USA) for a 28-day treatment period. Mice were anaesthetised with
inhaled isoflurane (2% at 0.4 L/min). Once unconscious, mice were injected subcutaneously
with carprofen (5 mg/kg) and bupivacaine (2.5 mg/kg) for analgesia. The mice were prepared

for surgery by shaving the subscapular region and sterilising with 4% chlorhexidine scrub
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followed by 2% chlorhexidine (in 70% isopropyl alcohol). A transverse incision was made
using scissors at the nape, and a subcutaneous pocket was created using blunt dissection with
haemostats, where an osmotic minipump was inserted. The wound was closed using sterile
sutures (5-0 nylon silk, Daclon SMI; Belgium). Carprofen (5 mg/kg) was injected
subcutaneously once a day for two days post-surgery. Mice were monitored twice daily for two
days, then once daily for the following 7 days, and then once daily every second day until the

28 days had passed.

2.4 Systolic Blood Pressure Detection

Systolic blood pressure (SBP) was measured via tail-cuff plethysmography using an MC4000
Multichannel blood pressure analysis system (Hatteras Instruments, USA). Mice were briefly
placed in a restraint on a heated platform (40°C), their tails were threaded through an inflatable
tail-cuff, and their pulse was detected using a light-emitting diode. SBP was measured when
the blood flow was occluded as a result of the cuff inflation. Mice were acclimatised to SBP
measurements prior to the commencement of this study. Baseline measurements (day 0) were
taken before the minipump surgery. Following minipump surgery, SBP was measured at days
7, 14,21 and 28. During each time point, 40 SBP measurements were recorded per mouse. The

average of the 40 readings was calculated to determine the SBP for each timepoint.

2.5 Ultrasound Imaging

Ultrasound images were taken of the abdominal aorta on days 0, 7, 14, 21 and 28 post-surgery
using The Vevo 2100 (VisualSonics; FUJIFILM; Canada). Mice were anaesthetised using

inhaled isoflurane (2% at 0.4 L/min) and laid supine on a heated platform. Mouse paws were
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lubricated with electrode gel (Sigma Gel, Sigma-Aldrich, Germany) before being restrained
using surgical tape. Abdominal fur was removed using depilatory cream (Nair Hair Removal
cream), and ultrasound transmission gel (Aquasonics, USA) was applied to the abdomen
directly below the sternum. An MS-400 ultrasound transducer was placed on the chest's centre
below the sternum and adjusted until the aorta was located. Pulse-Wave Doppler images were
obtained from longitudinal sections of the abdominal aortas (suprarenal) in B-mode. Data were
analysed using the VevoLab and VevoVasc software (FUJIFILM Visualsonics Inc. Canada) to

measure the external aortic diameter (expressed in millimetres).

2.6 Post-mortem and AAA classification

At the endpoint of the experiment (day 28), mice were killed using CO; asphyxiation. Blood
from the inferior vena cava was collected using a 27-gauge needle and placed in lithium heparin
blood collection tubes (1.3 ml, Sarstedt, Australia) to prevent coagulation. The right atrium was
cut to allow expulsion of perfusate while the left ventricle was pierced using a 27-gauge needle
and then perfused with phosphate-buffered saline (PBS; Sigma-Aldrich, USA) containing
clexane (400 IU, Sanofi Aventis, France) using a peristaltic perfusion pump (Cole-Palmer
Instruments, USA). The whole aorta was dissected up to the bifurcation of the common iliac
arteries. The aorta was then cleared of any peri-aortic fat deposits, and gross morphology
images were captured using an Olympus BX52 for AAA classification. AAA was classified
using Daugherty's scale of severity. The original scale was as follows; type I- dilated lumen in
the aorta's supra-renal region with no thrombus, Type II — remodelled tissue in the supra-renal
area that frequently contains a thrombus!”™, Type I1I- a pronounced bulbous form of type II that
includes a thrombus'’* and Type IV- a state in which there are multiple aneurysms containing

174

thrombus in the supra-renal region *. We further modified the scale to have a type 0; no
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aneurysm present, as well as a type 5; ruptured AAA, to obtain a more inclusive image of our

data set.

The aorta was then sectioned into three parts; the thoracic aorta, superior abdominal aorta and
inferior abdominal aorta. Both the thoracic aorta and superior abdominal aorta were snap-
frozen in separate Eppendorf tubes. At the same time, the inferior abdominal aorta was frozen
in Tissue-Tek® optimal cutting temperature compound (OCT compound, Tissue-Tek,

Australia). These samples were stored in a -80°C freezer.

2.7 Enzyme-linked immunosorbent assay (ELISA)

The blood taken from the mice was centrifuged at 10000 RPM for 10 minutes at 4°C in the
lithium heparin tubes to isolate the plasma, which was then snap-frozen. Plasma levels of IL-
18 were quantified using a mouse IL-18/IL-1F4 ELISA kit (Thermofisher®, USA, analytical
specificity = 19.0 pg/mL) per the manufacturer's instructions. A concentration range of serially
diluted standards (supplied) and the undiluted mouse plasma samples were loaded onto a
microtiter plate's wells in duplicates. The plate was then sealed and incubated at room
temperature for 1 hour. Following incubation, the plate was washed four times with saline
before a biotin-conjugated anti-mouse IL-18 secondary detection antibody was added and
incubated for 2 hours at room temperature. The washing step was repeated, followed by the
addition of streptavidin horseradish peroxidase with a final incubation period of 20 minutes. A
final wash step was performed, and 3,3,5,5’-tetramethylbenzidine (TMB) was added, and the
plate was placed in a dark room and checked every 5 minutes until a colour change occurred.

0.5 M of HoSO4 was added to stop the reaction, and the absorbance was measured at 450 nm
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using a Clariostar Plus Microplate reader (BMG; Labtech, Australia). The amount of IL-18 per

sample was then estimated from the standard curve.

2.8 Gelatin Zymography

Gelatin zymography analysing MMP-2 and MMP-9 activity was completed by Prof. Chrishan
Samuel (Department of Pharmacology, Monash University). Snap frozen abdominal aortic
samples taken from the mice were thawed and incubated with 5 mM 4-amino-phenyl mercuric
acetate (APMA; Sigma-Aldrich) for 6 hours at 37 C. The samples were then mixed with sample
loading buffer containing 62.5 mM Tris-HCI (pH 6.8), 2% (w/v) SDS, 10% (w/v) glycerol and
0.01% (w/v) bromophenol blue; (Bio-Rad, USA) in a volumetric ratio of 1:3 (sample loading
buffer: sample) for 1 hour at room temperature. Equal volumes of APMA-treated conditioned
media (4-30 pl) from each sample were loaded onto 7.5% acrylamide separating gels
(containing 1mg/I porcine skin gelatin (Sigma-Aldrich) and 3.75% acrylamide stacking gel).
They were then electrophoresed at 150V until the bromophenol blue marker dye reached the
bottom of the gel. It was then washed twice with 0.25% (w/v) Triton X-100 while being gently
oscillated for 15 minutes at room temperature. Gels were incubated with an incubation buffer
containing 50mM Tris-HCI (pH 7.5), 10mM CacClz, 1% (w/v) Triton X-100, 0.02% (W/V)
NaN3; and 1uM ZnCly) overnight at 37 C. After decanting the incubation buffer, gels were
stained with 0.01% (w/v) Coomassie blue R-250 (Sigma-Aldrich) in 40% isopropanol for 1
hour. They were then de-stained in 20% methanol containing 7% acetic acid for up to an hour
to reveal clear, discrete bands of gelatin lysis by MMP-2 and MMP-9. A pre-stained
kaleidoscope standard marker (Bio-Rad) was used as a molecular weight marker. Densitometry
of MMP bands was performed with a GS710 Calibrated Imaging Densitometer (Bio-Rad) and

Quantity-one software (Bio-Rad). The density (OD reading) of each MMP measured with each
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treated group was expressed as the relative ratio of the untreated control group's values, which

was expressed as 1.

2.9 Statistical analysis

Unless otherwise stated, data are expressed as mean + standard error of the mean (SEM) with
a significance level of P>0.05. GraphPad Prism v8 (GraphPad Software Inc., USA) or SPSS
Statistics software v26 (IBM, USA) was used to perform all statistical analyses. SBP
and diameter size data were analysed using a two-way repeated-measures ANOVA with
Bonferroni post hoc test (a two-way ANOVA was performed without repeated measures with
relevant post hoc analysis). Analysis of ELISA experiments were performed using a one-way
ANOVA with Bonferroni's post hoc test. A chi-squared test was performed to analyse the
AAA incidence data. A Log-Rank test was used to compare Kaplan-Meier survival
curves, and a non-parametric Kruskal-Wallis analysis was used to analyse AAA severity

data.
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Chapter 3: Results

3.1 Pilot Ang Il Dosing Experiments

Pilot experiments were performed to establish the required dose of Ang II needed to induce a
AAA incidence of 40-60% (inclusive of deaths due to aneurysm rupture) in WT mice. We
observed that the dose of 1.44 mg/kg/day for 28 days, induced an optimal AAA incidence of

60%, and thus, this dose was used in all subsequent experiments (Figure 3.1).

3.2 Angllincreased SBP in all strains

In all mice that survived the treatment protocol, Ang Il increased SBP by ~40 mmHg compared
to baseline measurements in all mice strains (Figure 3.2). No changes in SBP were observed
in vehicle-treated WT mice over the 28 days. Interestingly, no differences in pressor responses
to Ang II was found between any of the mouse strains. In order to prevent selection bias for
survivors, an analysis was also performed on SBP data from all mice prior to death due to
rupture (Appendix 5.1). Consistent with the results observed in surviving mice only, no
differences in pressor responses to Ang II were observed between all strains when including

data from mice that died prematurely.

3.3 Incidence of AAA

AAA incidence that also included deaths due to AA A rupture was recorded and quantified over
28 days (Figure 3.3). As expected, AAA formation was not observed in the vehicle-treated WT
mice while treatment with Ang II caused AAA formation in 55% of WT mice (P<0.05).

Strikingly, the incidence of AAA was absent in IL-18" mice. In contrast, AAA incidence was
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significantly augmented in Ang Il-infused IL-18Ra”" mice compared to WT mice (88% vs
53%, P<0.05). Interestingly, the IL-37Tg mice had an AAA incidence of 38%, which was not

statistically significant from the Ang II-treated WT mice (P>0.05).

3.4 Angll-treated WT and IL-18Ra” mice but not IL-37Tg mice

experienced premature death due to AAA rupture.

Mice that died prematurely during the 28-day Ang II infusion underwent an autopsy to confirm
that death was due to AAA rupture. A Kaplan-Meier survival curve was used to compare the
mortality rate between all strains throughout the 28-day study period (Figure 3.4). As expected,
no deaths were observed in the mice strains that did not develop aneurysms (vehicle-treated
WT and IL-18" mice). Interestingly, it was found that approximately 1-week after surgery,
mice that developed AAA were susceptible to AAA rupture (Ang Il-infused WT mice, IL-
37Tg and IL-18Ro”" mice). While the Ang Il-infused WT and IL-37Tg demonstrated a similar

decline in survival, the survival of IL-18Ra”" mice declined at an augmented rate (P<0.02).

3.5 Ultrasound imaging: temporal changes in aortic diameter

Ultrasound imaging of the abdominal aorta was performed weekly to monitor the progression
of aneurysm formation (Figure 3.5). Ultrasound images were captured at days 0, 7, 14, 21 and
28 from which external diameters were analysed using the VevoSonics software. (Figure
3.6.a). An increase in diameter was only observed in mouse strains that developed AAA; Ang
II-treated WT, IL-18Ra” and IL-37Tg. From day 14 onwards, the Ang II-treated WT mice's
aortic diameter was statistically greater than the vehicle-treated WT mice and Ang Il-treated

IL-18" mice (1.40 £ 0.05 mm vs 1.09 £+ 0.02 mm vs 1.12 = 0.02 mm respectively; P<0.05).
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However, no differences in the aortic diameters were observed between the Ang Il-treated
WT, IL-18Ra”" and the IL-37Tg mice throughout the study (1.40 + 0.05 mm vs 1.27 + 0.08
mm vs 1.27 £ 0.06 mm respectively; P>0.05). At day 28, the aortic diameter of the Ang II-
treated WT mice was statistically greater than vehicle-treated WT mice as well as the Ang II-
treated IL-18"" mice (1.46 + 0.07 vs 1.09 £ 0.02 vs 1.13 +0.02; P<0.05). Again, there were no
differences in the aortic diameters observed between the Ang II-treated WT, IL-18Ra”" and
the IL-37Tg mice at day 28 (1.46 = 0.04 vs £ 1.55 £ 0.07 vs 1.36 = 0.07). The
aforementioned analysis of aortic diameters was performed only on mice that survived the
entire 28-day treatment period and excluded aortic diameters from mice that died prematurely
To account for selection bias, a separate analysis was also performed for all mice (Appendix
6.2). The results were similar at day 28 where the aortic diameter of the Ang Il-treated WT
mice was statistically greater than the vehicle-treated WT mice and the Ang Il-treated
IL-18" mice (1.46 = 0.07 mm vs 1.09 + 0.02 mm vs 1.13 + 0.02 mm respectively; P<0.05).
However, at day 28 no differences in the aortic diameters were observed between the Ang
II-treated WT, IL-18Ra”" and the IL-37Tg mice throughout the study (1.46 = 0.07 mm vs
1.55 £ 0.07 mm vs 1.36 £ 0.06 mm respectively). Interestingly, when analysing data for
mice that died prematurely (Figure 3.6.b), a larger increase in aortic diameter was
observed in IL-18Ro”" mice only at day 7 compared to the aortic diameter of the WT mice

(1.426 £ 0.133 mm vs 1.164 + 0.054 mm; P<0.05).

3.6  AAA severity

After the mice were killed, the aortae were cleaned of all fat and images were captured
and scored based on a scale of severity previously developed by Alan Daugherty, with the
addition of a grade 0 and 5 to represent no AAA and ruptured AAA/death respectively
(Figure 3.7.b) 174 Ag predicted, all Vehicleétgeated WT mice and Ang Il-treated IL-18"

mice had a median



score of 0 as neither group developed any aneurysms throughout the course of the
study. Furthermore, Ang Il-treated WT mice displayed a significant increase in severity
compared to the vehicle-treated WT (median: 2 vs 0, P<0.05). The severity of IL-18Ra”

was statistically higher than the IL-37Tg mice (median: 3 vs 0, P<0.05).

3.7 Plasma IL-18 levels are elevated in IL-37Tg mice

Plasma IL-18 was quantified using an ELISA kit (Figure 3.8). In WT mice, Ang II infusion
did not influence plasma IL-18 levels compared to vehicle-treated WT (594 + 114 pg/ml vs
755.5 + 145 pg/ml; P>0.05). As expected, plasma IL-18 was undetectable in the IL-18"" mice.
Plasma IL-18 levels were similar in IL-18R7-a compared to the Ang Il-treated WT mice
(608 = 129 pg/ml vs 594 £114 pg/ml). However, plasma IL-18 was significantly greater in
IL-37Tg mice compared to Ang Il-treated WT (1314 + 227 pg/ml vs 594 £ 114 pg/ml;

P<0.05).

3.8 MMP-2 activity is elevated in IL-18Ra”" mice

Abdominal aortae from all groups were collected to detect MMP-2 and MMP-9 activity using
gelatin zymography (Figure 3.9). No differences in MMP-9 activity were found between all
mouse groups; Ang Il-treated WT, IL-187", IL-18Ra”" and IL-37Tg (1.28 £ 0.37 OD vs 1.52
+0.620D + 1.36+0.37 OD vs 1.00 = 0.16 OD respectively, P>0.05). Similarly, MMP-2
activity was not different between Ang Il-treated WT, IL-187 and IL-37Tg mice (0.80 + 0.22
OD vs 1.11 £ 0.15 OD vs 0.5553 + 0.15 OD respectively, P>0.05). However, MMP-2 activity
was significantly higher in IL-18Ra”" mice than Ang II-treated WT (2.54 = 0.83 OD vs 0.80

+0.22 OD, P<0.05).
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Figure 3.1. Pilot study to determine the incidence of AAA in WT (including premature
deaths due to rupture) after a 28-day period of Ang II infusion (1.44 mg/kg/day). N =
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Figure 3.2. Ang Il infusion increases blood pressure in all mouse strains. SBP measured

by tail-cuff plethysmography of vehicle-treated wild type (WT) mice (n=11) and Ang II-

treated WT (n=20), IL-187" (n=22), IL-18Ra”" (n=25) and IL-37Tg mice (n=23) over a 28-

day period. Data are expressed as mean = SEM. *P<0.05 vehicle-treated WT vs Ang II-

treated WT. Two-way repeated ANOVA with Tukey's multiple comparisons test.
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Figure 3.3. IL-18Ra deficiency elevated AAA incidence, while IL-18 deficiency
demonstrated complete protection from AAA incidence and overexpression of IL-37
had no change in AAA incidence. AAA incidence in vehicle-treated WT, and Ang II-
treated WT, IL-18", IL-18Ra”" and IL-37Tg mice (N=7-22). Data are expressed as a
percentage. *P<0.05 vehicle-treated wild type (WT) vs Ang II-treated WT. **P<0.001 Ang
II-treated WT vs IL-187 mice. ***P<0.005 Ang Il-treated WT vs IL-18Ro” mice. Chi-

squared analysis test.
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Figure 3.4. IL-18Ra”" mice have increased mortality due to AAA rupture in an Ang
II-induced AAA model. The mortality rate in vehicle-treated WT, and Ang II-treated WT,
IL-187, IL-18Ra”" and IL-37Tg mice (N=7-22). Data are expressed as a % of survival.
*P<0.05 Ang- II-induced WT vs vehicle-induced WT. **P<0.001 Ang-II induced WT vs

IL-187. ***¥P<(.05 Ang Il-treated WT v IL-18Ra.”". Log-rank test.
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Figure 3.5 Ang Il increases aortic diameter in all strains except IL-18-. Representative
ultrasounds images of the abdominal aorta from vehicle-treated wild type (WT) mice as
well as angiotensin II-treated WT, IL-18", IL-18Ra” and IL-37Tg mice over a 28-day
period via 2100 Vevosonics ultrasound machine. The yellow circles indicate a AAA at day

28.
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Figure 3.6 AAA growth rate and mortality due to rupture. A) Diameters of abdominal
aorta of all mice over a 28-day period as measured by ultrasound (N=7-22). B) Diameters
of abdominal aorta of mice that died from AAA rupture over a 7-day period as measured
by ultrasound (N==8-14). Data are expressed as mean + SEM. *p<0.05 vehicle-treated wild
type (WT) vs ang Il-treated WT.**P<0.05 IL-18Ra”" vs ang Il-treated WT. Two-way

repeated ANOV A with Tukey's multiple comparisons test.
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Figure 3.7 Daugherty's scale of severity based on representative images.

A) Representative images of the abdominal aorta from each mouse strain taken post-
mortem after dissection and cleaning of fat tissue around the aorta. B) AAA severity was
graded using the pre-established scale of severity known as Daugherty's scale in the
abdominal aorta of vehicle-treated wild type (WT) mice (n=11) as well as angiotensin II-
treated WT (n=20), IL-18" (n=22), IL-18Ra.”" (n=25) and IL-37Tg (n=23) after a 28-day
period. Type 0: no aneurysm was present. Type 1: dilation of the lumen in the suprarenal
region of the aorta but no thrombus is present. Type 2: is equivalent to remodelling of the
tissue in the suprarenal area that often contains a thrombus. Type 3: has a pronounced
bulbous form of type 2 that includes a bulbous. Type 4: multiple aneurysms are apparent
and contain thrombus, some overlapping in the suprarenal area Type 5: ruptured AAA. Data
are expressed as mean (n=7-22). *P<0.05 Ang Il-treated WT vs vehicle-treated WT.
*¥P<0.0001 Ang Il-treated WT vs IL-187". ***P<0.05 Ang Il-treated WT vs IL-37Tg.

Two-way ANOVA with Dunn's multiple comparisons test.
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Figure 3.8. Plasma IL-18 levels are increased in IL-37Tg mice. Plasma concentrations
of IL-18 were measured in vehicle-treated wild type (WT) mice (n=11) mice as well as Ang
II-treated WT (n=20), IL-18"" (n=22), IL-18Ra”" (n=25) and IL-37Tg (n=23) mice after a
28-day treatment period. Data are expressed as mean + SEM. *P<0.05 Ang II-treated WT

mice vs IL-37Tg mice. One-way ANOVA with Tukey's multiple comparisons test.
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Figure 3.9 Matrix metalloproteinase-2 activity is increased in IL-18Ra” mice. (A) Zuni
graph images of gel zymography. Zymography testing quantified activity of (B) MMP-9
and (C) MMP-2 in Ang Il-treated WT (n=20), IL-18"" (n=22), IL-18Ra.”" (n=25) and IL-
37Tg (n=23) mice after a 28-day treatment period. Data are expressed as mean = SEM.
*P<0.05 Ang Il-treated WT mice vs IL-18Ra”" mice. One-way ANOVA with Tukey's

multiple comparisons test.
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Chapter 4: General Discussion

This study was conducted to investigate the potential roles of IL-18, IL-18Ra, and
IL-37(human) in AAA development and progression. The significant findings of the study
were that: (1) IL-187 mice were entirely protected from Ang Il-induced AAA formation; (2)
genetic ablation of the IL-18Ra receptor for which IL-18 binds, augmented AAA incidence,
severity and mortality associated with AAA when compared to WT mice infused with Ang II;
and (3) IL-37Tg mice displayed a trend towards a reduction in AAA incidence and severity

compared to Ang II-treated WT mice.

4.1 IL-18is crucial for AAA formation

In the current study using a gold-standard model of AAA 7!, AAA formation was completely
abolished in IL-18" mice. Despite significant elevations in SBP, AAA formation was
independent of hypertension, which supports the current literature *!”>. During this Masters
project, Suehiro et al. published a study showing a reduction in AAA incidence in IL-18"
mice compared to WT (15% vs 58%) and mortality due to rupture (4% vs 15%) !76. These
findings are consistent with that of the current study though a notable difference is that we
observed complete protection from AAA formation (0% AAA incidence). A possible
reason for this difference may be attributable to the difference in the model used in each
study. While both studies infused Ang II at the same dose of 1.44 mg/kg/day over a four-
week period, Suehiro et al. also co-administered BAPN orally for the first 2 weeks of Ang II-
infusion. Hence, the co-administration of BAPN with Ang II significantly increases AAA
formation and risk of rupture 80 Tpyg  the increased severity of the model may explain
the slight difference in AAA incidence. Nonetheless, our findings are consistent with the
Suehiro et al. study, which strongly supports a significant role for IL-18 in AAA
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IL-18 acts via the receptor subunits, IL-18Ra and IL-18RP, to produce a pro-
inflammatory response. As previously discussed, IL-18 " results in a reduction of AAA
frequency; thus, it was hypothesised that the genetic ablation of the IL-18Ra receptor
subunit would induce similar levels of protection. Contrary to this, IL-18R”~a. mice had
augmented AAA incidence compared to Ang Il-treated WT mice (88% vs 53%,
respectively). Strikingly, almost half of all IL-18Ra”" mice infused with Ang II died due to
AAA rupture before the end of the 28 days, with the highest mortality occurring between
day 7 and day 21. This data suggests that IL-18Ro”™ mice exhibit accelerated AAA
growth rate, as the rate of expansion is strongly correlated to an increase in mortality due

to rupture '77.

Ultrasound imaging tracked AAA formation and progression by measuring diameters
(in systole) of the aorta at weekly time points. Interestingly, we observed no differences in
the mean aortic diameters from all mice strains that survived the 28-day Ang II infusion.
This information would suggest that if an AAA were to develop, it would progress at the
same rate regardless of strain. However, we hypothesised that the analysis of only mice
that survived whilst excluding mice that died due to AAA rupture could mask the
severity of AAA development, particularly in IL-18R”7-a. mice that had a severely
reduced survival rate. In support of this hypothesis, when analysing diameters of mice that
died prematurely due to AAA rupture, we observed significantly greater aortic diameters in
IL-18R~o mice after 7 days of Ang Il-infusion than Ang Il-treated WT mice. Note there
was an insufficient sample size to incorporate IL-37Tg mice at this time point. Hence,
collectively our data suggests that IL-18R7-a results in accelerated AAA formation,

subsequently increasing the risk of rupture, resulting in a greater AAA incidence.
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During this project, another study was published which investigated the role of
IL-18R-deficiency in AAA. Liu et al. crossbred ApoE™" hypercholesterolemic mice, IL-18R™
mice and ob/ob, used for obesity studies, to determine the link between IL-18 and obesity in
AAA ¥ This significant finding of this study was that AAA that occurred in Ang II-treated
IL-18R”" mice demonstrated a reduction in AAA pathology '’®. More strikingly, this strain
experienced blunted activity of MMP-2 and MMP-9 78, Additional results did contrast to our
study; despite no reductions in mortality (~30%), Liu et al. reported that Ang Il-treated
IL-18R”" mice resulted in reductions in aortic diameter and macrophage infiltration '8, A
disadvantage of the above-mentioned study was a lack of reporting on AAA incidence, and
as such direct comparison with our findings is difficult. Nonetheless, the contrasting results
between Liu et al and our study could be potentially attributed to different models
and differing mice strains (hypercholesterolemic ApoE” mice vs C57B16 mice). Liu et al,
also initially used the Ang II model, but due to high mortality also incorporated the CaCl,
model, however, those results were not compared !’8. The authors did acknowledge that their
small sample size (6 mice per group vs 20 mice per group in our study) could be statistically

underpowered and noted a larger sample size is needed to make a conclusive result.

A reduction in AAA pathology in IL-18R”" mice!”® suggests that IL-18 plays a crucial role in
AAA development by acting on the IL-18R. In our results, the augmented AAA pathology in
IL-18R7a. mice may be difficult to interpret since IL-18-deficiency resulted in
complete ablation of AAA formation. However, when interpreting this result, we must also
consider the results of the IL-37Tg mice. IL-37 is a potent inhibitor of the innate immune
response that also binds to the IL-18Ra but requires a different receptor subunit — [L-1R8 —
compared to IL-18, which requires IL-18R%! B. 1L-37 is known to act as a negative

feedback regulator of
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inflammatory responses '®*. Studies have demonstrated that reducing th/e synthesis of IL-37
results in an increased production of pro-inflammatory mediators '**. Our original hypothesis
was that overexpression of human IL-37 would result in protection against Ang Il-induced
AAA formation. To our knowledge, the current study is the first to examine IL-37Tg mice in
a model of AAA formation. This strain has previously been utilised to study transgenic
overexpression of human IL-37 in ApoE”" mice. These studies found human IL-37 promoted
protection against atherosclerosis and increased plaque stability 7. Ji et al. also reported that
administering recombinant IL-37 in ApoE” mice also decreased atherosclerotic plaque
development compared to vehicle control '3°. Furthermore, neutralisation of IL-18Ra using
monoclonal antibodies has been shown to reduce IL-37-mediated anti-inflammatory effects in
ApoE” mice ', Atherosclerosis is commonly found in patients who suffer from AAA, and
there is indeed a strong link between atherosclerotic plaque development and AAA formation
6. Although not statistically significant, we found that the IL-37Tg mice exhibited a trend
towards reducing AAA incidence than the WT (35% vs 57%). As mentioned above, 1L-37
binds to the IL-18Ra to exert anti-inflammatory actions. Thus, we speculate that genetic
deletion of IL-18Ra not only removes the detrimental effects of IL-18 on AAA formation but
also prohibits the activity of a yet to be identified IL-37 homologue in mice '** (Figure 4.1). In
support of this hypothesis, there is strong evidence that IL-18Ra deletion in splenocytes,
macrophages result in 2-3 greater fold expression of pro-inflammatory cytokines such as IFN-
v, macrophage inflammatory protein 1 and 2 (MIP1 and MIP2) and TNF-.%¢! o Of relevance to
the current study, TNF-a has been implicated in AAA development as a promoter of MMP-9
expression and macrophage infiltration '®!. Nold-Petry et al. also showed that deletion of
IL-18Ra in mouse embryonic fibroblasts results in phosphorylation of several pro-
inflammatory genes leading to elevated pro-inflammatory cytokine release '*2. The authors
suggested a yet to be identified ligand for the IL-18Ra existed and mediated the anti-
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However, it must be noted that there are indeed several studies in other disease models
that oppose our hypothesis where deletion of IL-18Ra recapitulates the protective effects of

IL-18-deficiency 1>>183,

Our results suggested that human IL-37 does not protect from the development of AAA, as
the incidence of AAA was not significantly reduced. Curiously, plasma IL-18 was increased
in IL-37Tg mice compared to WT mice. Our analysis of plasma IL-18 levels showed that
IL-37Tg mice showed a 2-fold increase in the levels of IL-18 compared to all other mice.
This increase in IL-18 may promote the pro-inflammatory pathway via IL-18Ra., leading to a
higher AAA formation degree. Thus, it is tempting to speculate that the elevated IL-18 may
have competed with the human IL-37 to mask any protection that it may have had.
Nonetheless, while not significant, the trend towards reducing AAA incidence
would undoubtedly suggest overexpression of human IL-37 may influence AAA
formation, but importantly, our results highlight a potential complex interplay between

IL-18, IL-37 and their shared receptor subunit, IL-18Ra.

An alternative to the hypothesis above could be that IL-18 could also be acting on another
IL-18R-independent site to promote AAA formation. Recent studies have reported that IL-18
can also act at another site to exert pro-inflammatory effects. Wang et al. showed that IL-18
directly interacts with the NaCl co-transporter (NCC). NCC is a transmembrane-domain ion-

transporter and vital for sodium/H>O absorption!®*

. Moreover, the study mentioned earlier
by Liu et al. reported that IL-18 interacts with NCC to promote AAA formation independent
of IL-18R !, The authors suggested that genetically deletion of both IL-18R and NCC, but

not individual
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deletion, is required to abrogate the pro-inflammatory effects of IL-18 %185 Thus, based on
this evidence, a revision to our first hypothesis is that IL-18Ra-deficiency not only
removes the IL-37-like pathway, but IL-18 can also still act on NCC — unopposed by IL-37 -
to promote AAA formation resulting in the augmented AAA formation observed in IL-18R
o mice. Thus, to summarise each strain's effects on AAA formation, we hypothesise that
IL-187 mice lack the pro-inflammatory stimuli mediated via IL-18Ro. and NCC. They may
also have unopposed activation of the anti-inflammatory pathway associated with a yet
to be identified IL-37 homologue in mice, leading to complete protection from AAA
formation (Figure 4.1A). Conversely, while IL-18Ra-deficiency prevents IL-18-mediated
effects through its cognate receptor, it also abrogates the IL-37-like pathway in addition to
IL-18 freely acting on NCC, resulting in augmented AAA formation (Figure 4.1B). Finally,
the overexpression of IL-37 confers a trend towards a reduction in AAA, which may
attribute to IL-37 acting on IL-18R( aFigure 4.1C). However, as IL-18 is still present in

these mice and plasma levels were elevated in these mice. Thus, IL-18 may be functionally

antagonising the effects of elevated human IL-37, resulting in no added protection.
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Figure 4.1 IL-18 promotes aneurysm formation. (A) Genetic deletion of IL-18 prevents
binding to the IL-18R receptor, effectively inhibiting the pro-inflammatory pathway's
activation. While IL-37 mouse homologue can act unopposed on the IL-18R inducing an
anti-inflammatory response. (B) Genetic deletion of IL-18R prevents the binding of IL-18
and IL-37 mouse homologue, but IL-18 can still interact with NaCl co-transporter (NCC)
to induce a pro-inflammatory response. (C) Overexpression of human IL-37 in transgenic
mice results in increased production of IL-18, whereby both can act on the IL-18R receptor,
but IL-18 also interacts with NCC to produce a pro-inflammatory response. Image created

by Sherriff. A, (unpublished)
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4.2 Mechanisms of IL-18 and IL-37 effects on AAA

Since IL-18 plays a role in AAA formation, we sought to identify potential mechanisms
associated with this protective effect. The activity of MMP-2 and MMP-9 was measured in
the tissue samples of our mice through gelatin zymography. No differences in MMP-9 activity
were observed between any of the Ang Il-treated strains. Similar results for MMP-2 were
found, except IL-18Ro”" mice had a significant increase in MMP-2 activity than Ang II-treated

WT. Studies have suggested IL-18 induces MMP-2 activity without direct effects on MMP-9

186

Suehiro et al. reported that IL-18-deficiency resulted in attenuation of macrophage infiltration
and MMP-2 and MMP-9 activity in the abdominal aorta!’®. While we did not observe effects
on IL-18-deficiency on MMP2 activity, the increase in MMP-2 activity in the IL-18Ra”" mice
in our study may be due to the lack of IL-37 activated anti-inflammatory pathway as mentioned
above. Jiang and colleagues reported that IL-37 overexpression significantly inhibited MMP-
2 activity '7°. However, an important potential confounder to the elevated MMP2 activity is the
fact that nearly all aortic samples used for MMP analyses in IL-18Ra”" had an AAA present.
Thus, compared to other strains where AAA were infrequent, it is not surprising that MMP-2
activity is elevated in the strain with the highest percentage of AAAs. Therefore, to prevent
potential confounding factors, future studies must separate aortas into non-aneurysmal and
AAA. A key consideration that could also be investigated is the level of TIMP activity in these
mice. Currently, there have been no reports exploring the relationship between IL-37 or IL-18

and TIMPs.
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4.3 Limitations

Although we have extensive physiological data to support the hypotheses, there is an apparent
lack of mechanistic data. To validate the findings of this study we would need to determine if
they are replicable in different mouse breeds, to determine if results are limited to breeder
genetics. We were also unable to determine if the IL-187 or IL-18R 17" mice demonstrate any
genetic compensatory mechanisms in the form of upregulation or downregulating other genes,
which could have impacted on the findings. The increased sample sizes for each group planned
for this year would have further consolidate the findings of the zymography data, allowing for
zymography data to be separated into non-aneurysmal (NA) and AAA groups. This would have
counteracted any bias that may be present due to AAA having higher amounts of MMP activity

as they have already undergone extensive remodelling compared to NA.

Another limitation of this study was that quantification of plasma IL-18 by ELISA alone does
not give an accurate indication of IL-18 levels. While it did provide insight into the relationship
between IL-37 and IL-18, it is vital to note that some IL-18 could have been undetected.
Simultaneous quantification of IL-18BP — which binds to IL-18 inhibiting detection during the
ELISA assay - would need to be done to measure freely active IL-18 levels 8. Thus, measuring
plasma IL-18BP levels would validate our findings associated with IL-37Tg mice. Due to IL-
18BP being upregulated in inflammatory disorders and in conjunction with its higher affinity
to IL-18 than IL-18R, we would expect to see increased amounts in our Ang II-treated WT, IL-
18Ra”" and possibly even in the IL-37Tg mice '3*. Furthermore, a study analysing human AD
has demonstrated that IL-18BP is significantly upregulated compared to human non-aneurysm

aorta'*!
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A future direction would be to analyse potential pathways involved with each strain, it would
be essential to validate these hypotheses by examining molecular mechanisms involved,
including macrophage infiltration (immunolocalisation and flow cytometry) and elastin
degradation (Van Gieson's staining). Moreover, studying the molecular pathways activated
within the vessels from each strain will confirm whether there are indeed pro-inflammatory or
anti-inflammatory pathways. This would highlight which pathways are preferentially activated
in different strains leading to the resulting AAA incidence. An attempt was made to conduct
staining experiments, such as Van Geison and macrophage immunofluorescence. Due to time
constraints and limited access to the lab due to the COVID-19 pandemic, these staining
experiments could not be completed. Another important future direction would be to support
the current study's findings by using pharmacological agents to inhibit or neutralise IL-18 or
IL-18Ra and measure AAA incidence. Intervention studies where pharmacological agents
administered to Ang II-infused WT mice with established AAAs could determine whether
neutralising IL-18 or IL-18R could stabilise and prevent rupture of AAA. This would mimic a
clinical scenario where patients with established AAA receive pharmacological treatment.
Furthermore, antibodies that target the accessory proteins required for IL-18 function (IL-
18RDb) or IL-37 (IL-1R8) could also be studied—determining whether the pro-inflammatory
pathway or the anti-inflammatory pathway is playing a more significant role in AAA
formation. Additionally, a time-course study that culls mice at day 7, day 14 and day 21 would
be crucial to understand the pathophysiology further. It would demonstrate when specific
inflammatory processes occur, such as ECM degradation, collagen deposition and the

development of a fibrin mesh 8¢1%7.
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We have had access to a recent experiment performed in our group using single-
cell transcriptomic (scRNA-seq) analysis of vehicle- and Ang Il-infused mouse aorta
(Appendix 5.3). This study demonstrated that in Ang II-treated WT mice, IL-18 is increased
in fibroblasts and macrophages. Interestingly, the scRNA-seq also found upregulation of
MMP-12 within the same macrophage clusters (Mac3 subset). MMP-12 is best known for its
ability to cleave elastin; previous research has already demonstrated it to be upregulated in
AAA ' Indeed, our scRNA-seq showed a marked increase in MMP-12 in Ang II-
treated mouse aorta, predominantly being expressed by a discrete population of
macrophages. This cell-specificity was expected as MMP-12 is also known as
macrophage elastase due to the fact that macrophages are its principal cellular source
189 Further analysis of the literature found no research has been conducted for the
implication of IL-18, IL-37 or even the NLRP3 inflammasome in MMP-12 activation or
upregulation. Future research investigating the role of MMP-12 and IL-18/IL-18Ra/IL-37

may be warranted.

4.4  Summary and conclusion

This study aimed to determine the roles of IL-18, IL-18Ra and IL-37 in the development of
AAA, with the prediction that IL-18 will induce AAA formation and IL-37 will inhibit AAA.
There are no pharmacological treatments available for AAA, and this study has
identified potential therapeutic targets for AAAs. Specifically, this study's findings
demonstrated that IL-18 plays an essential role in the initial development of AAA and
pharmacological inhibition of IL-18 represents a promising strategy to treat/control
AAA formation/progression. Surprisingly, targeting IL-18Ra is not a feasible preventative
solution for AAA since it may interfere with IL-37 activity leading to exacerbation of AAA

formation. Thus, therapies aimed 61



at targeting IL-18, but not the IL-18R, may represent a novel potential approach to halting the

progression of AAA.
Chapter 5: Appendix
Appendix 5.1
200
©
180-
€ O Veh WT
£ 160 ®* WT ]
o ® L1877 =
)
o ® |L-37 tg
g —
b 120-
100-
0 7 14 21 28

Angiotensin Il Infusion (Days)

Figure 5.1. Angiotensin-II induced hypertension across all mouse strains. Systolic BP
measurements of vehicle-treated WT mice (n=7), Angiotensin II-treated WT (n=19), IL-
18-/- (n=20), IL-18Ra-/- (n=22) and IL-37Tg mice (n=20) over a 28-day period via tail-
cuff plethysmography. Data are expressed as mean = SEM. *P<0.05 vs Ang II-treated WT.

Two-way repeated ANOV A with Tukey's multiple comparisons test.
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Appendix 5.2
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Figure 5.2. Change in aortic diameters during Ang II infusion A: Diameters of
abdominal aorta of all vehicle-treated WT (n=7), Angiotensin II-treated WT (n=19), IL-18-
/- (n=20), IL-18R0-/- (n=22) and IL-37Tg mice (n=20) over a 28-day period as measured
by ultrasound. Data are expressed as mean = SEM. *P<00.5 Ang II-treated WT vs vehicle-
treated WT. **P<0.05 Ang Il-treated WT vs IL-18-/-. Two-way repeated ANOVA with

Tukey's multiple comparisons test.

63



Appendix 5.3

A

Vehicle Angll
ECH e
oy Fibra2 i
: Fibrod ) Fitira1 a X
= Fibroz Fibm 14 2
Flbro13 ; Fibrod Fibeg13 § cels
y Pro.calls
Fibro3 Pro.cells ‘Ecsﬂg Fibra12
Fibroi2
| Fm;"’““ s B0 Teslls oo P04 GO T cells
o Unknown . FibiaT Lnikmawn v Fibra?.
w i k. T ;
¥ 0 Fibrof cells 1 0 Fibrod Tioelie 1 Granulocyte
& LEC o niEGHutocyte LEC NI calls
Fibrad Fibra10 pCikes Fibro8 Fibra il
Fibrod G g DC-like 3
Megothalium VSWC T cails 2 Mesothetium Fibrofl VaMGY
Tocells 2
| ZF'U"iW‘ESZ ol DC-ke 1 Pefioytes DC-ke: 1
lﬁm“:;::e"g - A I chwann cells 2 Fibro11 Mact
| Bl calis Schwan cells 1
251 Desdie ﬁ!ast calis 28 DC-likehgast cells
Pericylos
Py 1
Mac2  Macd  ppacs g MgS
VEMC2 B MacZ Macd
Macd Mac4.
-25 o 25 50 2 a 25 50
ISNE_1 ISNE_1
118 Mmp12
B Vehicle Ang lI C Vehicle Ang I
404 0 N 401 40
MacS Macs | Macs Mach
! il
204 ] s (i 2041 n K]
(3] - . - 4 (3] H 3
w' | Macd Macd Mm:ﬂ w' Mac3 Mac4
E 04 Mact L5 o Mac1 o) M:?I:‘,ﬂ ﬁ a4 Maci 1] Macl Macd
M‘.acZ ’ Mac2
204 0 e a0 20
Mac2: Mac2
i a 20 40 20 ] P P 20 [ 20 40 20 [ 20
1SNE_1 ISNE_1 ISME_1 ISNE_1

Figure 5.3. Single-cell transcriptomic analysis of vehicle- and Ang II-treated mouse

aorta. A) Feature t-SNE projection of vehicle- and Ang Il-treated mouse. Each dot

represents a cell, and cells coloured in red denote IL-18 gene expression. The intensity of

red colouring denotes relative level of expression. B) tSNE projection of macrophage

subclusters in the aorta. Red denotes IL-18 expression. C) tSNE projection of macrophage

subclusters in the aorta. Red denotes MMP-12 expression
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