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Abstract

An Investigation into the Cytokine Expression Profile o f  the 
Abdominal Aortic Aneurysm Wall

by

Rachel Katharine Middleton

Abdominal aortic aneurysm is a disease commonly found in elderly males involving 
dilatation of the abdominal aorta. The aneurysm wall is characterised by a decrease in the 
elastin/collagen ratio, apoptosis of smooth muscle cells and a prominent inflammatory 
infiltrate. Degradation of the extracellular matrix has been attributed to matrix 
metalloproteinases (MMP), the expression and activation o f which is tightly regulated by 
inflammatory mediators such as cytokines. The presence o f an inflammatory infiltrate is a 
potential source of cytokines within the aneurysm wall.

The aim of this thesis is to investigate the nature of the cytokines that are expressed within 
the aneurysm. Further work aims to characterise the expression of key cytokines and to 
investigate their effect on MMP expression.

The cytokine profile o f the aneurysm wall was examined using a 42-cytokine protein array. 
Overall, a number o f pro-inflammatory cytokines, chemokines and growth factors were 
raised within the aneurysm wall. Interleukin-6  (IL-), IL-8 , monocyte chemoattractant 
protein-1 (MCP-) and MCP-2 were highly elevated in the aneurysm above the 
physiological levels found in abdominal and thoracic aorta.

The expression of chemokines within the aneurysm wall was characterised further using 
immunohistochemistry. IL-8  was found to co-localise with the infiltrate, which was 
predominantly formed from CD20+ B-lymphocytes and CD3+ T-lymphocytes, whilst 
MCP-1 co-localised to CD6 8 + macrophages.

The effect of IL-8  on the expression of MMP-2 and MMP-9 was investigated through an in 
vitro aneurysm model. The results showed that MMP-2 was expressed constitutively, 
whilst MMP-9 expression from the same culture decreased with time. IL-8  did not effect 
MMP-2 and MMP-9 expression.

In conclusion, the abdominal aortic aneurysm wall is a highly pro-inflammatory and 
chemotactic environment. Co-localisation of IL-8  and MCP-1 with the infiltrating cells 
suggests a role for these cytokines in aneurysm pathogenesis. However, a direct 
involvement between IL-8  and MMP expression is unlikely.
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1. Abdominal Aortic Aneurysms

1.1 The History of Abdominal Aortic Aneurysms

The first written description of an arterial aneurysm was reported by the Egyptians in the 

Ebers Papyrus, 2725 B.C.1. The term aneurysm is thought to come from the Greek word 

“aneurysma”, meaning to widen or dilate. In the second century A.D. the first accurate 

description of an aneurysm was described by Galen, who wrote, “When the arteries are 

enlarged, the disease is called an aneurysm... If the aneurysm is injured the blood gushes 

forth and it is difficult to staunch it”2. Later in the second century the Greek surgeon, 

Antyllus, developed a treatment which involved proximal and distal ligation of the artery, 

followed by an incision into the aneurysm sac and evacuation of the thrombus, due to his 

belief that the thrombus caused the dilatation3. This technique, though it was seldom used, 

represented the first detailed procedure in the history o f vascular surgery to attempt to treat 

aneurysms.

The bipolar ligation remained the only available treatment until 1710 when simple 

proximal ligation was advocated by the French surgeon, Anel. In 1785, John Hunter used 

the single ligature technique to ligate the proximal femoral artery to successfully treat a 

popliteal aneurysm. The first attempt to ligate an aortic aneurysm was performed in 1817 

by Hunter’s protege, Sir Astley Cooper. Unfortunately the patient died three days later4. 

The treatment was based on the theory that ligation would slow or arrest circulation within 

the aneurysm sac, causing thrombosis, eventually alleviating any symptoms and preventing 

rupture o f the aneurysm. However, ligating the aneurysm rendered the extremities 

vulnerable to ischaemic damage.

In 1888, Rudolph Matas performed his first endoaneurysmorrhaphy for a large traumatic 

aneurysm of the brachial artery (Figure 1-1). Encompassing the work of Antyllus he 

reported a method for restoring the continuity o f luminal blood flow down the affected 

artery. The technique involved proximal and distal ligation, followed by an incision into 

the sac, removal o f the thrombus and intravascular suturing o f the arterial openings within 

the aneurysm sac5. However, with the need to sacrifice the branching arteries this 

technique was limited to treatment of aneurysms where the branching arteries were not
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Chapter 1: Abdominal Aortic Aneurysms

essential to prevent ischaemia. Its use was therefore limited in the treatment of aortic 

aneurysms and other major arteries.

S u p  P hoti i s  da

/sr  Pna> use a

L ig a t u r e .

ti/SHAl.

Figure 1-1. M atas’ original drawing of his initial endoaneurysmorrhaphy in 18886.

At the beginning of the twentieth century, Carrel and Guthrie began experimenting on the 

use of homograft aortic replacements. The first successful resection o f an abdominal aortic 

aneurysm (AAA) using an arterial graft replacement was performed by Dubost in Paris, 

1951 and the principle of AAA repair has remained largely unchanged4. Subsequently 

with the development of synthetic, prosthetic grafts the operative mortality o f open AAA 

repair has fallen to 5-6%7. An impressive result when compared to Hunter’s period where 

aneurysm repair, using ligation, had only a 5% chance of success4.

The endovascular AAA repair (EVAR) technique was introduced in 1991 by Parodi, 

presenting surgeons with the ability to repair AAAs with less physical trauma to the 

patient8. Recently, the results o f a 4-year trial into the long-term benefits of EVAR versus 

open AAA repair showed that EVAR in fit patients led to a 3% decrease in aneurysm- 

related deaths9.
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Chapter 1: Abdominal Aortic Aneurysms

1.2 Definition

An aneurysm is an abnormal focal dilatation of an artery and is classified according to its 

site, morphology and underlying aetiology. However, applied clinically this description is 

vague and requires quantification.

1.2.1 Definition of an Aneurysm

Several definitions have been proposed to define the AAA. Firstly, Sterpetti et. a l defined 

an AAA according to when the ratio of the diameter of the infrarenal aorta to the 

suprarenal aorta is >1.5*°.

An alternative definition suggested that an AAA is present when the maximum external 

diameter o f the infrarenal abdominal aorta is either (1) greater than 40mm or (2) exceeds 

the maximum diameter o f the aorta between the origin o f the superior mesenteric and left 

renal arteries by at least 5mm11.

In 1991 the joint councils o f the Society for Vascular Surgery and the International Society 

for Cardiovascular Surgery (S VS/ISC VS) sought to standardise the definition o f an arterial 

aneurysm. They recommended an aneurysm be defined as ‘a focal dilation of an artery 

involving an increase in diameter o f 50% or more compared with the normal expected 

diameter’12.

Application of this definition to the AAA means that for the normal male infrarenal aorta, 

with a mean diameter o f 14.1-20.5mm (range, 0.4-3.7mm)12, an AAA exists when the 

luminal diameter o f the infrarenal aorta is greater than 30mm.

To date, whilst the generally accepted definition is that o f the S VS/ISC VS there is a still a 

degree o f variation in the definitions used for reporting AAAs.

1.2.2 Aneurysm Site

An aneurysm can occur anywhere along the arterial tree and can be classed according to 

site as either thoracoabdominal, abdominal or peripheral aneurysms. The 

thoracoabdominal aneurysm is classified as types I-IV depending on the length o f the

6



Chapter 1: Abdominal Aortic Aneurysms

descending thoracic/abdominal aorta involved13. The most common aneurysm variant is 

the AAA, of which 89% affect the infrarenal abdominal aorta14 (Figure 1-2) and only 5% 

involve the suprarenal aorta15.

Approximately 20% of AAAs extend into one or both common iliac arteries and about a 

third of these affect the internal iliac artery. AAA may also be associated with other 

peripheral aneurysms. The peripheral arteries that are most commonly affected are the 

iliac, popliteal, femoral and carotid arteries with popliteal aneurysms comprising 80% of 

all peripheral aneurysms17.

1.2.3 Morphology

Aneurysms are usually ‘true aneurysms’ where the dilatation involves all three layers of 

the artery wall. These aneurysms may be saccular (where the aneurysm involves dilatation 

of a section o f the arterial wall to form a ‘sac-like’ protrusion) or fusiform (symmetrical 

dilatation of the artery giving the aneurysm a ‘balloon-like’ appearance); the latter form 

being the more common variant.

Alternatively, an aneurysm may be classed as a false aneurysm where the aneurysm does 

not involve all three layers of the artery wall. These aneurysms are caused by penetrating 

trauma or iatrogenic injury, for example from the use o f an arterial monitoring line or 

infection. The resulting haematoma sometimes remains in continuity with the lumen

Normal aorta Aorta with large 
abdominal aneurysm

Figure 1-2. Diagrammatic representation of an infrarenal AAA16.
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giving rise to a false aneurysm. This false aneurysm is essentially formed from compacted 

thrombus and surrounding connective tissue.

An additional form of aneurysm is the dissecting aneurysm where the intima, the innermost 

layer of the aortic wall, of the aorta is stripped away from the media, the central layer, 

resulting in blood flowing through the vessel wall in addition to the luminal flow13, 18. 

Dissecting aneurysms usually occur in the descending thoracic aorta or aortic arch, 

secondary to hypertension or connective tissue disease.

1.3 Natural History of the Abdominal Aortic Aneurysm

The infrarenal aortic diameter has been reported to increase with age in both men and 

women19'22. However, Wilmink el. al. reported that only a small proportion of aortas
7̂expand with age . O f those aortas that become aneurysmal the natural history of the 

disease is to progressively expand, the rate varying amongst individuals, until eventually 

the aneurysm wall ruptures. AAAs may rupture posteriorly into the retroperitoneum, 

producing a contained leak and allowing the possibility of surgical repair, or rupture
1 7anteriorly, which usually results in exsanguination and death . The clinical goal is 

therefore to prevent rupture through early intervention. The two main features used to 

predict AAA rupture are aortic diameter and expansion rates.

1.3.1 Aneurysm Diameter

The principle feature that determines AAA rupture is aortic diameter. The natural history 

of aneurysm rupture is difficult to ascertain because large AAAs (>55mm) are usually 

repaired and previous autopsy studies were unable to reflect diameter in vivo or were not 

reproducible. This led to a reported range of rupture rates from 1% 24 to 6 % 25 per annum 

for an AAA of <50mm and from 1.0% 26 to 9.4% 27 for aneurysms 55-59mm28. The UK 

small aneurysm trial (UKSAT) followed the survival of patients with small aneurysms (40- 

55mm) for a mean surveillance period of 4.6 years and reported a mean risk of rupture of 

small aneurysms of 1% per year7. The increased risk of rupture with increased aortic size 

is summarised in Table 1-1 (from pooled data ). Surgical intervention is indicated at a 

diameter of >55mm and the sudden rise in the risk of rupture is most notable at this size.
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Table 1-1. Annual rupture rates of AAAs according to size28

Initial AAA diameter (mm) Annual risk o f rupture (%)

30 0.2-0.429

40 0 .8 -1 .I29

40-55 0 .6 3°-1 .0 7

55-59 9.427

60-69 1 0 .2 27

>70 30.531-32.527

1.3.2 Expansion

AAA expansion is a continual process and rapid expansion is associated with an increased 

risk in rupture27,32. Brown et. al. found that patients with aneurysms (50-59mm) who 

ruptured had a mean expansion rate of 4.4mm/year compared to the non-ruptured group 

whose mean expansion rate was 2.1 mm/year. When they compared the expansion rate of 

patients with aneurysms >60mm the expansion rate of the ruptured group was 8.4mm/year
9 f\compared to 3.9mm/year . However, it has been debated if the apparent associated risk 

merely stems from the increased diameter size, which is a known risk . Nevitt et. ah 

found that it was increased aneurysm size not expansion rate that was associated with the 

increased risk o f rupture34.

It has been reported that there is a linear relationship between initial size and the rate of 

expansion35. Limet et. ah found that aneurysms with a diameter o f <40mm had an 

expansion rate o f 5.3mm/year, increasing to 6.9mm/year for a diameter of 40-49mm and 

7.4mm/year for diameters >50mm32. Small aneurysms expand more slowly. A study of 

790 males with an aneurysm between 30-39mm (mean size, 33mm) showed a median 

expansion rate of 1.1 mm/year36. The results of the surveillance group in the UKSAT 

showed that with a mean AAA diameter of 46.1mm the median small aneurysm growth 

rate was 3.3mm/year (interquartile range 2.0-5.3mm)7. The expansion rate of AAAs has 

been described using an exponential model32, which explains the pattern that large 

aneurysms expand at a much greater rate than small aneurysms. Rapid expansion is often a 

step preceding rupture and therefore surgical repair is also indicated for aneurysms that 

have an expansion rate of > 10mm/year.

9
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1.4 Epidemiology

Aortic aneurysms are very rare in people under the age o f 55 years and those occurring 

under this age limit are virtually confined to patients with connective tissue disorders, such 

as Ehler-Danlos and Marfans syndrome. The majority o f aneurysms are idiopathic AAAs 

in elderly males.

1.4.1 Incidence

The annual incidence (number of new AAA cases in a specific population over a given 

time period) o f AAAs in Western society is estimated as being between 11.3-117.2 per

100,000 person-years in men and between 2.2-33.9 per 100,000 person-years in women37' 

42 (Table 1-2).

Table 1-2. Reported incidence of AAAs

Incidence reported Incidence per 100,000 person-years

Location for year: Men Women Total

England and Wales37 1983 11.3 3.0 —

Oxford38 1999 14.9 2 .2 —

Scotland39 1984 — — 63.6

The Netherlands40 1992 37.6 5.5 —

Western Australia41 1980-1981 117.2 33.9 —

Rochester, USA42 1971-1980 -- — 36.5

The incidence o f AAA has increased over the past decades37'43, despite a downward trend 

in deaths from other cardiovascular diseases. A recent report on AAA incidence in 

England and Wales for the period 1979-1999 found that mortality rates had increased from 

80 to 115 per million in men and from 13 to 25 per million in women. The admission rates 

for all AAAs in the Oxford region were found to have increased from 52 to 149 per million 

per year in men and from 3 to 22 admissions per million per year in women. This 

represented an annual rise of 8.2% (95% confidence interval (Cl) 7.1-9.2) in men and a 

12.1% rise (95% Cl 9.1-15.1) in women38.

10
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The reported incidence o f ruptured AAAs varies from 1-21 per 100,000 person-years44 and 

its incidence is increasing45. UK statistics show that ruptured AAAs cause 2.1% of all 

deaths in males and 0.75% of all deaths in women over the age of 65 years in England and 

Wales46. This accounts for approximately 8,000 deaths in England and Wales per annum 

in males over 55 years and it is now the 13th commonest cause o f death in the Western 

world28.

1.4.2 Prevalence

With the increase in incidence and an ageing population the prevalence of AAAs (the total 

number of AAA cases existing at a given moment in time) has increased47. Estimating the 

prevalence and incidence of AAA within a population is difficult to measure accurately 

due to the asymptomatic nature of the disease. However, ultrasonic screenings of the male 

population throughout England has estimated a prevalence o f between 1.3-12.7%44. 

Autopsy reports have estimated male AAA prevalence to be between 2.3-4.3%47'49. Table 

1-3 shows the prevalence of large AAAs (>40mm) in males in England over the age of

Table 1-3. Prevalence of AAAs in screening surveys of the male UK population

Location
AAA diameter 

(mm)

Age

(years)

Number of 

patients screened

Prevalence

(%)
Large AAA : >40mm

Northumberland50 >49 65-79 628 1.6

Huntingdon51 >46 >50 3,030 1.3

Oxford52 >40 65-74 426 2.3

Gloucestershire53 >40 65 4,232 1.3

Birmingham54 >40 65-75 2,669 3.0

Small AAA: >29mm

Northumberland50 >29 65-79 628 6.7

Huntingdon51 >30 >50 3,030 5.2

Huntingdon44 >29 >50 7,493 5.2

Oxford52 * 65-74 426 5.4

Birmingham54 >29 65-75 2,669 8.4

Chichester55 >29 65-80 2,342 7.6

*5mm greater than the diameter of the suprarenal aorta.
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50 years to be between 1.3-3.0% and small AAAs (29—40mm) to be prevalent in 5.2-8.4% 

of males.

With the male predominance o f AAAs fewer studies have been conducted on the 

prevalence o f AAAs in females. The estimated prevalence o f AAAs (>30mm) in women 

is between 0.6-1.3%55'57.

1.5 Aetiology

AAAs have several distinct aetiologies which can be grouped either as congenital or 

acquired. Most aneurysms are classified as acquired and result either from connective 

tissue disorders, trauma, infection, inflammatory disorders, genetics or a non-specific, 

degenerative disease. The majority of AAAs are non-specific and this thesis concerns 

itself with this latter condition.

1.5.1 Congenital

AAAs in infants are uncommon although they are usually acquired through infection, 

iatrogenic trauma, vasculitis, a connective tissue disorder or tuberous sclerosis. True 

congenital "primary" neonatal AAA is exceedingly rare with unknown aetiology58. In 

2001, Mehall e t a l  reported only the fifth case o f a congenital AAA in a male infant of 

six weeks old with a 60mm diameter infrarenal AAA59.

1.5.2 Connective Tissue Disorders

AAAs are associated with two inheritable disorders o f connective tissue: Marfans 

syndrome and Ehlers-Danlos syndrome type IV.

Marfans syndrome is a systemic disorder of connective tissue caused by mutations in the 

fibrillin-1 gene60. The clinical manifestations of this disorder are dislocation of the ocular 

lens, long-bone overgrowth and aortic aneurysms, typically o f the aortic root. It is 

inherited in an autosomal dominant manner and begins in the first or second decade of life. 

It leads to premature death caused by aortic rupture or dissection61,62.

12
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Normally fibrillin-1 protein monomers aggregate to form microfibrils which surround a 

core o f elastin to produce elastic fibres63. This provides elastic arteries and the aorta with 

extensibility. In Marfans syndrome the mutation in fibrillin results in a decreased elastin 

content and fragmentation o f the elastic fibres within the aortic wall. Apart from the 

structural role o f fibrillin, it has been suggested that fibrillin may have a dynamic role in 

the regulation o f the proteolytic activity within the extracellular matrix. It has been 

suggested that fibrillin is involved in the regulation of transforming growth factor-/? (TGF- 

/?), which in turn has a role in matrix metabolism61,62.

Ehlers-Danlos syndrome represents a rare group of connective tissue disorders but only 

type IV is associated with arterial rupture. This vascular form of Ehlers-Danlos syndrome 

is caused by mutations in the type III procollagen gene leading to reduced quantities or 

abnormalities of the protein. The reduction in collagen results in arterial dissection or 

rupture62.

1.5.3 Trauma

As mentioned in 1.2.3 Morphology, trauma to the vessel wall can lead to the development 

of a false aneurysm. The site most commonly affected is the femoral artery after invasive 

procedures. A false aneurysm occurs in 0.1% to 0.2% o f diagnostic angiograms and 3.5% 

to 5.5% of interventional procedures64. Longer procedures, large-bore catheters, 

anticoagulation and a poor puncture technique are associated with a higher incidence of 

false femoral aneurysms. False aneurysms of the aorta are rare and usually associated with 

previous aortic bypass surgery, but may occasionally occur from a non-medical penetrating 

injury.

1.5.4 Infection

Infected (mycotic) aortic aneurysms are uncommon. Before 1960 infected aortic 

aneurysms were reported to represent 2.6%-3.4% of all aortic aneurysms65,66. Since then 

the frequency o f infected aneurysms has fallen to between 0.5%-1.3%67'69. The aetiology 

has also changed. In the preantibiotic era, the most common cause of infected aortic 

aneurysm was bacterial endocarditis with Streptococcus pyogenes. In modem times, 

intravascular procedures and depressed immunocompetence have become more common 

risk factors70. Concomitantly, with the decrease in Streptococcus infections

13



Chapter 1: Abdominal Aortic Aneurysms

Staphylococcus aureus and Salmonella sp. have become more frequent within infected 

aneurysms71.

As will be discussed in Chapter 2.5.2 Inflammation, Chlamydia pneumoniae has also been 

found within the aortic wall of some AAA specimens7 2 ,73 and has been proposed as a 

mechanism involved in the initiation of AAA formation.

Syphilis was once a major cause of infected aneurysms. With the decrease in the incidence 

of syphilis the prevalence of syphilitic aneurysms has accordingly decreased. Syphilis is 

caused by Treponema pallidum  and in tertiary syphilis this results in obliterative 

endarteritis of the vasa vasorum leading to aneurysm formation.

Aortic aneurysms are a rare complication of tuberculosis. With the worldwide resurgence 

of tuberculosis, due to antibiotic resistance, the clinical presentation of this rare condition 

may increase in the future74.

1.5.5 Inflammatory Disorders

Inflammatory abdominal aortic aneurysms (IAAA) form 2.5-10.0% of all aneurysms75. An 

LAAA was first described in 1972 by Walker et. al. as a distinct form of aneurysm with a 

“thick, firm, smooth w all... which is shiny white in appearance”76. An IAAA is defined by 

the triad o f a thickened aneurysm wall, extensive perianeurysmal and retroperitoneal 

fibrosis and dense adhesion to adjacent abdominal organs77. The aetiology of the IAAA is 

not fully understood and there is some controversy over whether the IAAA truly is a 

distinct clinical and pathological entity or simply an inflammatory variant of the non

specific aneurysm78.

Other inflammatory disorders of the aorta which result in aneurysm formation include 

polyarteritis nodosa, Kawasaki and Takayasu’s arteritis. The aetiology of these conditions 

is incompletely understood.

1.5.6 Familial Genetics

In 1977, Clifton reported the first case of familial clustering of AAAs79 and it is now 

known that some AAAs have a familial component to their aetiology.

14



Chapter 1: Abdominal Aortic Aneurysms

Formal segregation studies have shown that AAAs are likely to be inherited in an 

autosomal dominant or recessive manner. Kuivaniemi et. al. investigated familial 

inheritance in 233 families and reported that 72% of the families appeared to show 

autosomal recessive inheritance, whereas 25% showed autosomal dominant inheritance 

and in eight families the familial aggregation could be explained by autosomal dominant 

inheritance with incomplete penetrance80. This variation in the mode o f inheritance would 

suggest that the various familial clusters result from different genes.

Candidate genes that have been investigated include those encoding for type III collagen, 

matrix metalloproteinases (MMPs), protease inhibitors, angiotensin converting enzyme 

(ACE) and various cytokines. It seems unlike that a single gene is responsible for the 

initiation o f AAA formation. Whilst the genetic component may render the individual 

susceptible to the disease, AAA aetiology is likely to be a complex, multifactorial process 

involving environmental and genetic factors. A detailed discussion of the role of genetics 

in the development o f AAAs is given in Chapter 2.5.3 Genetics.

1.5.7 Non-specific, Degenerative Disease

Previously aneurysms were termed as “atherosclerotic” based on the considered aetiology 

of the disease. It was thought that atherosclerosis caused the arterial wall to weaken, 

resulting in the dilatation of the vessel in response to arterial pressure. The basis for this 

assumption was that the aortic wall of the aneurysm is frequently affected by 

atherosclerosis and that aneurysmal disease shares some o f the risk factors associated with 

arterial occlusive disease (AOD) (smoking, male sex, advanced age, hyperlipidaemia and 

hypertension). However, the majority o f patients who develop AOD do not develop an 

aneurysm. Other discrepancies are that operable aneurysm patients are generally ten years 

older than those with occlusive disease81 and that diabetes, which is a major risk factor for 

AOD, is rare in AAA patients82. Subsequently it has been shown that biochemically these
on

diseases differ with regards to inflammatory and proteolytic mediators ' . These 

discrepancies have resulted in the realisation that these are distinct pathological processes 

and these aneurysms are now termed “non-specific”.
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1.6 Risk Factors

Risk factors associated with AAAs are advanced age, male sex, family history, 

hypertension, smoking, previous cardiovascular disease and hypercholesterolaemia (Figure 

1-3). Diabetes and chronic limb ischaemia are negatively associated44,88'90.

1.6.1 Advanced Age

Non-specific, degenerative AAAs are rare below the age of 50 and then the incidence and
Cl cc

prevalence o f AAAs increases steadily with age ’ . Vardulaki et. a l  reported that the

incidence of AAA in the male population at the age of 50 years was 0.08%, which 

increased to 0.67% by the age of 65 years. The annual incidence of AAA was found to fall 

after 65 years, however the prevalence continued to rise with age91. Morris et. al. found 

that between the ages o f 50-64 years 2.3% of the male population had an AAA (^Omm), 

which increased to 8 .8 % of the male population aged 65-79 years and in the population 

aged over 80 years it affected 11.9% of males51.

1.6.2 Male Sex
• • CC Q 9  O '!

The prevalence of AAAs in males is 3 to 6  times higher than in females ’ ’ . Vardulaki 

et. al. reported that the prevalence of AAAs was 6 .8 % in males compared to females at 

1.1%93. A recent meta-analysis of population based screening studies showed that male
o o

sex was strongly associated with AAAs with a combined odds ratio of 5.69 . The 

aneurysm detection and management (ADAM) veteran affairs cooperative study group 

determined that female sex was negatively associated with AAAs, with an odds ratio of 

0.22 (Cl, 0.07-0.68)89. Interestingly, in necropsy studies the age standardised mortality 

rate of AAA is only twice as high in men than women94. Whilst AAAs are more prevalent 

in males it has been suggested that the risk of rupture is greater in women26 and women are 

more likely to die from rupture95. With increasing age the male to female ratio of death 

from aneurysm rupture decreases95.

1.6.3 Family History

As discussed in 1.5.6 Familial Genetics, a family history of AAA is positively associated 

with AAAs. Screening studies have shown that there is a high prevalence of AAAs 

amongst first-degree relatives of AAA patients, with up to 18% o f brothers and 5% of
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Figure 1-3. Forest plot of studies of risk factors for AAAs. Black squares indicate odds ratio and 95% 

confidence intervals from individual studies and diamonds represent combined odds ratio and 95% 

confidence intervals from random-effects models. The size of the black squares are proportional to the 

weight of the study in the analysis88.
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sisters having an aneurysm80. The odds ratio of a first-degree relative o f an AAA patient 

having an AAA themselves is between 2.6-4.496'98.

1.6.4 Hypertension

Hypertension is a well documented risk factor for AAAs99' 101 and it has been implicated in 

aneurysm pathogenesis, growth rate and risk of rupture102. One study reported that patients 

with a raised diastolic blood pressure had a 30-40% increased risk o f having an AAA, 

whilst an isolated raised systolic pressure had no affect on the risk . However, there are a 

number of contradictory reports, usually from population based screening programmes54,98,
1 A l

, which have not found an association between hypertension and AAAs. A meta

analysis of screening studies has reported that hypertension is only weakly associated with 

AAAs and had a combined odds ratio of 1.3 3 88.

1.6.5 Smoking

Evidence for the association between smoking and AAAs was first provided by the 

Framingham study in 1967104 and is the most strongly associated risk factor for AAAs after 

male sex (Figure 1-3)88. A screening study found that smoking had an odds ratio of 5.57 

(95% Cl 4.27-7.31) for aneurysms of >40mm. This association increased significantly 

with the number o f years of smoking and decreased significantly with the number of years 

after quitting. Smoking accounted for 78% of all AAAs that were 40mm or larger in the 

study sample89. Lifetime male smokers are 2.5 (95% Cl 1.5-4.4) times more likely to 

develop an aneurysm than non-smokers. Ex-smokers were reported to have a slightly 

lower risk o f 1.5 (95% Cl 0.9-4.4)93. Smoking has also been associated with the higher 

growth rates o f small AAAs105.

1.6.6 Cardiovascular Disease

Patients with cardiovascular disease and peripheral vascular disease are twice as likely to 

have an AAA than those without44. Comuz et. a l reported a moderate association of 

myocardial infarction (odds ratio 2.28) and peripheral vascular disease (odds ratio 2.50) 

with AAAs88. A screening programme of 2,669 males aged 65-75 years found that patients 

with AAAs had a significant increase in ischaemic heart disease (21.9% vs. 11.6%), 

history o f myocardial infarction (18.3% vs. 7.4%) and peripheral vascular disease (13.2% 

vs. 8.0%) compared to males without AAAs54. A case-control study o f AAA prevalence in
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patients with coronary artery disease showed that the prevalence o f AAAs was greater in 

the coronary artery disease group than in the age-matched control group (14% vs. 3 %)106.

1.6.7 Hypercholesterolaemia

Some evidence suggests that AAA are associated with raised lipids89,98,107,108. Singh et. 

al. reported, in a population-based study of 6,386 males and females, that a low serum 

level of high density lipoprotein was associated with an increased risk of AAAs107. 

However, other studies have not found an association with hypercholesterolaemia44,100,109. 

Blanchard et. al. reported that there was no association between AAAs and clinical 

hypercholesterolaemia, serum levels of total cholesterol, low density lipoprotein or high 

density lipoprotein109.

1.7 Clinical Presentation

An AAA may present as either asymptomatic, symptomatic or ruptured. Approximately
1 7three quarters of AAAs are asymptomatic at initial diagnosis and, in the absence of a 

local screening programme, are found incidentally during routine examination or through 

the patient’s observation of a pulsatile mass in the abdomen. Aneurysms become 

symptomatic when they expand rapidly or leak and pain indicates an increased likelihood 

of rupture. Symptomatic AAAs may cause symptoms through the pressure they exert on 

surrounding structures and present as vague abdominal or back pain. Alternatively, 

symptoms may result from embolisation of mural thrombus from the AAA causing 

ischaemia or infarcts of the lower limbs. As described in 1.3. Natural History o f  the 

Abdominal Aortic Aneurysm, the final stage in AAA expansion is rupture. The diagnostic 

triad o f a ruptured AAA is hypovolaemic shock, pulsatile abdominal mass and abdominal 

or back pain. If the rupture occurs into the peritoneal cavity or results in a large 

haemorrhage the patient may present with circulatory collapse or sudden death. 

Approximately 50% of patients with ruptured aneurysms die before reaching hospital. The 

mortality rate for emergency repair is between 30-70% and therefore the overall mortality 

rate for a ruptured aneurysm is between 65-85%110.
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1.7.1 Diagnostic Methods

Routine screening for AAAs is performed using B mode ultrasonography, which gives an 

accurate assessment of both diameter and site of aneurysm. The image acquired can be 

affected by excessive bowel gas and is less clear in obese patients. Ultrasound 

measurements are reproducible within a range of 6 mm, however it may not yield sufficient 

detail o f the visceral and renal vessels for it to be used for aortic reconstructive surgery. A 

more detailed image of the AAA and its morphology can be obtained through computed 

tomography or magnetic resonance angiography17,111.

1.7.2 Screening

With the risk of mortality associated with rupture being between 65-85%110 compared to a 

30-day operative mortality risk of 5-6% for elective repair7 it has been debated if there 

should be a nationwide screening programme of the at risk group, i.e. males over the age of 

65 years.

The purpose of a screening programme is to reduce aneurysm-related deaths by identifying 

AAAs before they rupture and to treat electively those aneurysms deemed at risk of 

rupturing. The effect of screening on mortality was recently assessed by the multicentre 

aneurysm screening study (MASS) as a randomised controlled trial o f males between the 

ages of 65-74 years. Comparison of the screened group to the non-screened control group 

showed a reduction of 53% in aneurysm-related deaths in the screened group over a mean 

period of 4.1 years110.

Within the Leicestershire region screening is offered as a one-off screening to males at the 

age of 65 years. Those males with aortas around 25mm are not screened again. It has been 

shown that males over the age of 65 years with an aortic diameter <26mm do not 

significantly develop a clinically relevant AAA over a 12 year period112.

1.7.3 Treatment

At present the only treatment available is elective surgery to prevent further AAA growth 

and rupture. The decision to treat an asymptomatic aneurysm occurs when the risk of 

rupture outweighs that of operative mortality. Surgery is required once the AAA is
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>55mm, or has an expansion rate of > 10mm per year, or displays symptoms; providing that 

the patient is fit enough to undergo surgery.

With screening programmes identifying a large number of small, asymptomatic aneurysms 

it has been debated if  small aneurysms should be immediately repaired or monitored until 

they reach an operable size. Two prospective trials, the UKSAT and the ADAM study, 

have determined that survival is not improved by elective repair o f small aneurysms and 

that ultrasonographic surveillance for small aneurysms is safe7,30.

Open Repair

Conventional “open” repair involves major abdominal surgery with the exposure of the 

AAA, clamping proximally and distally to the aneurysm and replacement of the 

aneurysmal section with a prosthetic graft. Most centres report a 30-day mortality of 

6 %110. The mortality associated with open repair is affected by the cardiovascular fitness 

of the patient and other pre-existing co-morbidities. Complications arising from open 

repair include myocardial infarction, multi-organ failure, graft infection and lower limb 

ischaemia due to embolisation. The physical trauma o f the laparotomy and ischaemia 

induced by aortic cross-clamping alone means that in a fit patient it will be several months 

before they are restored to full health.

Endovascular AAA Repair

The alternative surgical treatment with minimal invasiveness is EVAR. This procedure 

involves the placement of a stent-graft inside the aneurysm sac via the femoral arteries to 

exclude the aneurysm from the circulation. EVAR has the advantage that it avoids a major 

laparotomy, is less physically traumatising so that the majority o f patients do not require 

time in intensive care, patients mobilise earlier and on average are discharged in less than 4 

days. This type o f repair may be better for patients with co-exisiting disease, who would 

be considered to be at high risk from open repair.

The question o f the long-term prospects of patients who have EVAR has recently been 

addressed through the randomised controlled EVAR I and II trials9,113. The EVAR I trial 

randomised patients physically suitable for EVAR to receive either an open repair or an
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EVAR. The results showed that EVAR resulted in a 3% reduction in aneurysm-related 

mortality compared to open repair and this reduction was sustained at 4 years9.

The benefits of EVAR for those patients deemed unfit for open repair compared to non

intervention was assessed through EVAR trial II. At the end o f the four year follow-up 

period EVAR had not improved survival over non-intervention and was associated with a 

need for continual surveillance and reinterventions113.

1.7.4 Prognosis

Whilst successful aneurysm repair extends the patients life expectancy it does not return 

the patient to the survival rate of the normal age- and sex-matched population114'116. A 

Norwegian study found that the 10-year survival rate for all patients after operation was 

38%, compared with an expected rate of 52%. The standardised mortality was 

approximately 30% higher in the operated group than in the demographically matched 

population. Older patients and those with known cardiac disease had the lowest long-term 

survival114. Late deaths from cardiovascular or cerebrovascular causes are more frequent 

in AAA patients with repaired AAAs than in the age- and sex- matched population116. 

This may be because AAAs are positively associated with smoking and hypertension and 

AAA patients frequently have co-existing morbidities such as coronary heart disease. 

Therefore patients who develop AAAs and undergo repair tend to be less healthy than the 

normal population, have a reduced life expectancy and often die from a cardiovascular 

event unrelated to the AAA following successful AAA repair44.

1.7.5 Pharmacological Therapy

Screening programmes are identifying a large number of small AAAs which are treated on 

a “wait and see” basis. Currently there is no alternative therapy to surgery, however it 

would be desirable if  a drug therapy could be used to reduce or halt AAA growth and 

prevent rupture. Previous attempts at drug therapy have used P-blockers, non-steroidal 

anti-inflammatory drugs (NSAID) and MMP inhibitors.

Animal and human studies have suggested that the p-blocker propranolol may decrease the
117 118growth rate o f small aneurysms ’ . Propranolol delays the formation of aortic

aneurysms in the blotchy mouse aneurysm model. In this model propranolol decreased the
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solubility of the dermal connective tissue, suggesting propranolol has a direct effect on 

connective tissue metabolism119. In the hypertensive rat model, propranolol reduced the 

size o f experimental AAAs118. However, this treatment proved to be untenable in human 

trials. One trial was stopped after two years because of statistically high mortality in the 

propranolol group and prior to this 60% of the propranolol group had had to stop treatment. 

The study was unable to conclude whether AAA expansion had been reduced in the 

propranolol group due to the small number of participants remaining in the trial120. A 

larger study found that the annual AAA growth rate was similar between the propranolol 

and the placebo groups. Additionally, the side effects o f propranolol were not well 

tolerated, with patients in the propranolol group having a significantly poorer quality of 

life121.

Indomethacin, a NSAID, has been shown to attenuate aneurysm growth in animal
122 123models ’ . Indomethacin is a non-specific cyclooxygenase inhibitor. Cyclooxygenases

(Cox 1 or Cox 2 isoforms) control the synthesis of prostaglandin E2, which regulates the 

expression o f MMP-9. Miralles et. al., using an elastase-induced rat AAA model, showed 

that indomethacin decreased prostaglandin E2 synthesis, and therefore MMP-9 expression, 

through inhibition o f the Cox 2 isoform resulting in preservation o f medial elastin122. A 

recent study o f NSAID drugs in a rat aneurysm model found that indomethacin alone 

statistically decreased MMP-9 expression, however it did not limit aneurysm expansion, 

suggesting that MMP-9 inhibition was not sufficient to reduce aneurysm expansion124.

With the known up-regulation of MMPs within the aneurysm wall a number of studies 

have investigated a variety of MMP inhibitors. Doxycycline, a tetracycline derivative, has 

been shown to reduce the expression of MMP-2 and MMP-9 by AAA tissue explants125. 

Rat aneurysm model systems have shown that doxycycline treatment diminishes the extent 

of aortic dilatation, preserves medial elastin and reduces MMP-9 activity. It does not
1 9A

affect MMP-2 expression . A phase II trial o f doxycycline found that this drug was well 

tolerated by patients and was associated with a gradual decrease in plasma MMP-9 levels.
1 97However, in a 6 -month penod no significant changes were noted in AAA diameter .

To date there is insufficient experimental evidence to support a suitable pharmacological 

use for any o f these drugs. With a better understanding o f the pathogenesis of AAAs a
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future therapeutic target may be identified and provide a pharmacological treatment for this 

condition.

1.8 Summary

The AAA is a common degenerative disease of the elderly, which is most prevalent in 

Caucasian males between the ages of 65-80 years. An aneurysm is a dilatation of the aorta 

which progressively expands, often asymptomatically, until it ruptures leading to extensive 

intra-abdominal haemorrhage, circulatory collapse and death. Aneurysm rupture accounts 

for 8,000 deaths in England and Wales per annum and is a leading cause of death in the 

Western world28.

The only treatment available is elective, prophylactic surgery to prevent further expansion 

of the aneurysm and remove the risk of rupture. However, this surgery is not suitable for 

all patients and there is a risk of post-operative complications, including mortality. There 

is a need for an alternative medical treatment but previous attempted drug therapies have 

not been successful. In order to design a suitable treatment a greater understanding of the 

pathology of the disease is necessary.
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2. Pathogenesis of Abdominal Aortic Aneurysms

2.1 Anatomy of the Aorta

The aorta is the main artery of the body and acts as a conduit carrying oxygenated blood 

out of the heart and distributing it around the body via branching-off vessels. It exits the 

heart from the left ventricle and traverses from the thoracic area down towards the pelvis, 

where it terminates at the bifurcation when the aorta divides to become the left and right 

common iliac arteries. The aorta is sub-divided into the ascending, aortic arch, 

descending, thoracic and abdominal aorta.

2.1.1 Abdominal Aorta

The abdominal aorta begins at the aortic hiatus of the diaphragm, anterior to the twelfth 

thoracic vertebra, and descends to the fourth lumbar vertebra where it ends at the aortic 

bifurcation.
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median sacral artery

Figure 2-1. Diagrammatic representation of the abdominal aorta and its branches128.
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The abdominal aorta tapers as it descends reflecting the number of large branches 

emanating from it. Anteriorly branching from the abdominal aorta are three visceral 

arteries: the coeliac artery, superior mesenteric artery and inferior mesenteric artery. 

Laterally branching from the abdominal aorta are a further three visceral arteries: the 

suprarenal artery, renal artery and testicular/ovarian artery. Also laterally branching are 

abdominal wall branches - the inferior phrenic artery and four lumbar arteries. The 

abdominal aorta terminates when it branches to form the two common iliac arteries and the 

median sacral artery128. The branching of the abdominal aorta is depicted in Figure 2-1.

2.2 Histology of the Aorta

The aorta is classed as an elastic artery due to the large quantity o f elastin within its wall. 

Rather than just functioning as a conducting tube the aorta also facilitates the continuous 

movement o f blood down the arterial tree through passive distension during systole and 

elastic recoil during diastole. To perform this function the three-dimensional structure of 

the aortic wall confers the vessel with tensile strength and elasticity. In common with all 

elastic arteries the aortic wall is arranged into three concentric layers: the tunica intima, the 

tunica media and the tunica adventitia (Figure 2-2).

2.2.1 Tunica Intima

The tunica intima is the innermost layer of the aorta and surrounds the lumen with a single 

cellular layer of endothelial cells, which are anchored on a thin basal lamina. The 

endothelium controls the passage of substances to and from the lumen by restricted 

transendothelium diffusion through tight junctions and by pinocytosis. The subendothelial 

layer of the intima is comprised of connective tissue components, such as collagen and 

elastin. The main cell type of the subendothelium is the smooth muscle cell (SMC), which 

secretes extracellular matrix (ECM) components. Fibroblasts are also present. The tunica 

intima is separated from the tunica media, the central layer, by the internal elastic 

lamina129.
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2.2.2 Tunica Media

The tunica media is the thickest layer in a healthy aorta, containing a large amount of 

elastin and is chiefly responsible for the elasticity of the aorta. It is a highly organised 

layer of connective tissue with concentric elastic lamellae embedded between layers of 

SMCs. Collagen fibres are arranged in a regular alignment with the elastic lamellae to 

provide the aorta with the properties of high tensile strength. There are no fibroblasts 

present in this layer, therefore the SMCs alone are responsible for the maintenance of the 

medial ECM. Fenestrations in the lamellae facilitate the diffusion of substances through 

the arterial wall. In the adult the aorta has between 40-70 lamellae; the number of elastic 

lamellae decreases along the descending length of the aorta129. The tunica media is 

separated from the tunica adventitia by the external elastic lamina.

2.2.3 Tunica Adventitia

The tunica adventitia is the external layer of the aorta and is less than half the thickness of 

the tunica media. It consists of connective tissue but is less well organised than the tunica 

media. The adventitia consists predominantly of collagen fibres, although some elastic 

fibres are present. The elastin found in the adventitia is present as elastic fibres, not in 

structured lamellae. The collagen fibres in the adventitia serve to prevent the expansion of 

the aortic wall beyond its physical limits during systole. The principal cells of this layer 

are fibroblasts and macrophages. Being to far from the lumen to be supplied by 

pinocytosis the adventitia is supplied by its own blood vessels, vasa vasorum, and nerves, 

nervi vascularis129.

INTIMA:

Endothelium

Basement membrane 

Internal elastic lamina

MEDIA:

External elastic lamina 

ADVENTITIA

Lumen

Figure 2-2. The layered structure of the aorta129
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2.3 Extracellular Matrix of the Aorta

The layers o f the aorta consist of a variety of cells surrounded by an extensive ECM. ECM 

is an intricate network o f proteins and polysaccharides found in the extracellular space 

which are assembled into an organised meshwork. The ECM in the vascular wall acts as a 

supporting and structural framework. It provides a scaffold for the anchorage of vascular 

cells, determines the physical properties of the aorta and has roles in vessel maintenance. 

The macromolecules that constitute the ECM are mainly produced locally by endothelial 

cells, vascular SMCs and fibroblasts within the matrix. The two main component of the 

ECM of the aorta are the structural fibrous proteins, elastin and collagen, which account 

for the main physical properties of the aorta. Additionally, proteoglycans form a hydrated 

gel-like “ground substance” in which the fibrous proteins are embedded.

2.3.1 Elastin

Elastin is the most abundant protein of the aortic wall being the major component of the 

elastic fibres, which forms the elastic lamellae in the media. It is responsible for aortic 

distensibility during systole without damage to the vessel and the elastic recoil o f the aorta 

during diastole130.

Elastin is a highly insoluble protein and is composed largely o f two alternating sequences 

along the length o f the polypeptide: a hydrophobic sequence, which is responsible for the 

elastic properties o f the molecule, and an alanine- and lysine-rich sequence, which forms 

the cross-links between adjacent elastin molecules131. Elastin is initially secreted as 

tropoelastin, a soluble precursor of elastin, into the extracellular space where desmosine 

and isodesmosine cross-links form to generate a network o f insoluble elastic fibres. The 

cross-links are formed by the initial action of lysyl oxidase on lysine residues of the 

tropoelastin132.

Elastin comprises 90% of the protein content of the elastic fibres. The elastic fibres are 

formed from a central core of elastin surrounded by a sheath o f microfibrils. The
• • • fCKmicrofibrils are composed o f a number of distinct glycoproteins, including fibrillin . The 

importance o f fibrillin in elastic fibre integrity is demonstrated by patients with Marfans 

Syndrome. As discussed in Chapter 1.5.2 Connective Tissue Disorders these patients are 

defective in the fibrillin-1 gene and are prone to aortic dissection or aneurysm rupture. The
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microfibrils are thought to be important in the assembly of elastic fibres by providing a 

scaffold for the deposition of secreted elastin131.

2.3.2 Collagen

The tensile strength o f the aorta, which prevents over distension during systole, is provided 

by the collagen network. Initially, the load on the aortic wall is borne by elastin, with the 

collagen fibres coiled up, resulting in a highly distensible vessel. However, with 

increasing load the elastic limit of the vessel wall is approached. To avoid potential wall 

damage the collagen fibres uncoil as the wall is stretched and progressively the load is 

borne by these fibres, preventing further distension of the aorta130.

Collagen exists in various isoforms. Between 80-90% of the collagen found in the aortic 

wall consists o f types I and III, with the remainder consisting of types IV, V, VI and VIII. 

Collagen type I predominates in the aorta and represents approximately 60% of the aortic 

collagen, whilst type III accounts for approximately 30%132. Both these collagen isoforms 

are present throughout the layers of the aorta133.

The basic unit o f fibrillar collagen is a 300nm triple helix. The triple helix is secreted as 

procollagen into the extracellular space and converted to collagen molecules through the 

cleavage o f N- and C- terminal propeptides. The collagen molecules aggregate to form 

quarter-staggered fibrils. These newly synthesised collagen fibrils are soluble and have no 

tensile strength. These fibrils aggregate into larger collagen fibres and the mature collagen 

is stabilised by the formation of pyridinoline and deoxypyridinoline cross-links, initiated 

by the lysyl oxidase enzyme. The cross-linking of mature collagen results in an insoluble 

collagen network with high tensile strength131,132.

2.3.3 Proteoglycans & Structural Glycoproteins

Glycoproteins present within the vascular wall include: fibrillin, fibronectin, vitronectin, 

laminin, tenascin and thrombospondin132. Many of these glycoproteins have an adhesive 

role by simultaneously interacting with cells and the ECM. For example, fibronectin 

promotes the attachment of fibroblasts and various other cells to the ECM and laminin 

supports the attachment o f epithelial cells to the basal lamina in the intimal layer131. As 

mentioned, fibrillin is involved in the formation of elastic fibres.
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Proteoglycans consist of protein covalently linked to a class of polysaccharide chain 

known as the glycosaminoglycans. The proteoglycans provide the ground substance in 

which the elastic lamellae and collagen fibres are embedded and it is this polysaccharide 

gel that enables the matrix to resist compressive forces. Some of the proteoglycans present 

within the vascular wall are: aggrecan, versican, biglycan, decorin, fibromodulin, 

fibroglycan and glypican. The aqueous phase of the polysaccharide gel permits the 

diffusion of nutrients and metabolites through the ECM. These molecules also regulate 

cellular activities such as proliferation, migration, adhesion, differentiation and control the 

availability of cytokines stored in the ECM131,132.

2.3.4 Cells of the Extracellular Matrix

Not only are the structural properties of the ECM components important for the aorta to 

withstand systolic pressure and elastic recoil, but the orientation of these proteins is also 

important in achieving optimal functionality. Vascular SMCs and fibroblasts are essential 

for the maintenance o f the ECM through the synthesis and secretion of the ECM 

components: collagen, elastin, laminin, gelatin and proteoglycans134. However, these cells 

are also important in controlling the orientation of the matrix components and therefore the 

overall three-dimensional structure of the ECM. The orientation o f secreted ECM proteins 

is influenced by the orientation of the cell’s cytoskeleton131. Whilst these cells have the 

ability to synthesis new ECM components in response to vascular injury, the deposition of 

the components is such that over time the optimal three-dimensional organisation of the
1 T?ECM is lost and correspondingly the wall is weakened .

2.4 Pathological Changes in the Abdominal Aortic Aneurysm

The AAA is characterised by a structural disorganisation and loss o f elastic lamellae, a 

decrease in medial SMC density and an intense inflammation o f the adventitia. The 

inflammatory process is characterised by infiltration o f the adventitia by mononuclear 

phagocytes and lymphocytes.

2.4.1 Elastin Degradation

Alterations in the elastin and collagen composition of the ECM was first described in 1970 

by Sumner et. a l  who reported a reduction in the elastin and collagen content of AAAs
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compared to normal and atherosclerotic aortas135. It is now well established that an 

extensive loss of elastin occurs in AAAs136' 139 (Figure 2-3, EVG). Quantitative analysis of 

elastin in the healthy aorta showed that elastin accounted for 35% of the dry weight of the 

media whilst in AAAs this was reduced to 8%136. Carmo et. al. demonstrated that the 

desmosine and isodesmosine cross-links between elastic fibres were decreased by 90% in 

AAA samples compared to non-aneurysmal aorta and this corresponded with a 91% 

decrease in elastin140. Gandhi et. al. reported that the ratio of cross-links to the amount of 

elastin present was not significantly different between the AAA samples and the
1 38controls . These reports suggest that AAAs do not suffer from an elastin cross-linking 

deficiency but simply a degradation of elastin. As mature elastin is not synthesised in the 

adult aorta, and elastin has a half-life of approximately 70 years130, damage to the elastin 

content cannot be rectified.

Loss of elastin is considered to be an early event in AAA formation141,142. Dobrin et. al. 

found that elastase treatment of arterial explants caused segments to dilate without 

rupturing and decreased vessel distensibility. In contrast, collagenase treatment of

EVG EVG

Figure. 2-3. Structural changes of the AAA wall. Elastin van Gieson (EVG) staining of the infrarenal 

aorta from (A) non-aneurysmal aorta and (B) AAA shows that the elastic fibres (stained black), which are 

layered in the control, are notably absent in the AAA. The haematoxylin & eosin (H&E) staining of the (A) 

control aorta and (B) AAA shows the inflammatory infiltrate found within the aneurysmal adventitia137.
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arterial segments resulted in increased vessel distensibility and wall rupture143. These 

results suggested that with the loss of elastin the arterial load is transferred onto the 

collagen network resulting in decreased distenstibility with the collagen preventing over 

expansion of the vessel. Dobrin et. al. concluded wall integrity depended on intact 

collagen, rather than elastin, and in order for the vessel to rupture it required the 

mechanical failure o f the collagen network143,144.

2.4.2 Increased Collagen Metabolism

Unlike elastin, collagen is synthesised throughout life and the collagen content represents 

the net effect of synthesis and degradation. The total collagen content of the AAA wall 

has been reported to be reduced135, 140, unaltered138 or elevated137, 145, 146. Carmo et. al. 

observed a decrease in total collagen content, whilst there was an increase in collagen 

cross-linking. They suggested that whilst mature collagen accumulated, as shown by the 

increase in cross-links, the synthesis of new collagen was somehow defective leading to an 

overall loss of total collagen140. However, it has been reported that there is an increase in 

the newly synthesised, type III propeptide in AAAs147. Rather than decreasing Bode et. al. 

suggested that the collagen content was maintained, or even increased in AAAs due to an 

increased rate of collagen synthesis147. One study found that the proportion of medial 

collagen in the AAA wall increased from 62% to 84% of the total volume146. An increase 

in collagen turnover has been supported by messenger RNA (mRNA) studies, which have 

shown type I and III procollagen to be raised within the AAA148,149.

Subsequent to elastin degradation and aortic dilatation it has been suggested that the 

increase in wall stretch results in an increase in collagen synthesis as a compensatory 

mechanism141 and has been observed in vitro150. A compensatory increase in collagen may 

stabilise the AAA, but is overcome in the case of AAA rupture. Ruptured AAAs express a 

higher level o f collagenases than non-ruptured AAAs146. The mechanical failure of the 

collagen network in preventing AAA rupture may result from an increased proteolytic 

degradation of the collagen fibres.

2.4.3 Smooth Muscle Cell Apoptosis

The AAA is characterised by a thinning of the tunica media. In healthy aorta the elastic 

media is dominated by vascular SMCs, however in AAAs the SMC content of the media is 

substantially reduced. One study found that the medial SMC density was decreased by
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74%151. This study also reported that there was no evidence of overt cellular necrosis but 

that many o f the SMCs were apoptotic. Henderson et. al. also found a reduction in SMCs 

and evidence of increased apoptosis in AAAs134. They showed that infiltrating T- 

lymphocytes expressed apoptotic mediators, including FasL. Aneurysmal SMCs were 

found to express Fas and therefore, potentially, SMC apoptosis could be induced upon 

FasL-Fas binding134. SMCs from AAAs also exhibit altered biochemical properties 

distinct from other vascular SMCs. Liao et. al. cultured AAA and non-aneurysmal inferior 

mesenteric arterial explants from the same patient and found that the AAA-derived SMC 

had a diminished proliferative capacity and an accelerated replicative senescence152. This 

could result in a gradual loss of medial SMCs.

In the healthy aorta SMCs are responsible for the maintenance and repair of the ECM. 

SMCs, as a source o f ECM components including collagen, may have a protective function 

and their loss by apoptosis could contribute to the development of AAAs134. However, 

these cells are also a source of MMP-2153,154 and MMP-9153, suggesting that SMCs could 

participate in AAA formation. The use of a decellularised guinea pig xenograft 

transplanted into rats to induce AAA formation demonstrated that aortic seeding with 

synergistic vascular SMCs prevented AAA formation in the treated rats. The seeded aortas 

were protected against elastin degradation, displayed a reduction in inflammatory cell 

infiltration and up-regulated the expression of tissue inhibitors of metalloproteinases 

(TIMPs). They concluded that SMCs were important for aortic wall homeostasis and that 

failure of this protective mechanism resulted in AAA formation155.

2.4.4 Inflammatory Infiltrate

AAAs are associated with a prominent inflammatory infiltrate (Figure 2-3, H&E), although 

the extent of inflammation varies amongst AAAs. Human AAAs demonstrate a large 

number of T-lymphocytes, B-lymphocytes, plasma cells, neutrophils, macrophages and 

dendritic cells within the outer media and adventitia156'158. Vascular dendritic cells have 

been shown to be in contact with both T- and B-lymphocytes and may act as an antigen 

presenting cell (APC) for both cellular and humoral responses within the vascular wall157, 

159. Phenotypic analysis of the infiltrating T- and B-lymphocytes revealed that both cell 

types consisted of activated memory cells160, 161. Arguments for the source of this 

activation have suggested an autoimmune reaction162 or an exogenous antigenic agent,
163such as Chlamydia pneumomiae .
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The importance of the inflammatory infiltrate in AAA formation has been demonstrated in 

a murine AAA model where THeiperlymphocyte (TH-lymphocyte) knockout mice were 

protected against aneurysm formation164. Similarly, the depletion of neutrophils in a 

murine AAA model inhibited AAA formation165. The possible role of the inflammatory 

infiltrate within the development of AAAs will be discussed in more detail in 2.5.2 

Inflammation.

2.5 Mechanisms of Abdominal Aortic Aneurysm Formation

The mechanism involved in the development of AAAs remains to be fully elucidated. 

Previously it was thought to be caused through atherosclerotic weakening of the aortic 

wall, however it is now considered to have a complex multi factorial aetiology. The four 

mechanisms that contribute to the induction and growth of AAAs are proteolytic 

degradation of the aortic wall, inflammation, genetics and biomechanical wall stress 

(Figure 2-4).

Wall S tre ss  
Genetic Predisposition

Degradation of 
medial wall / d

Fragmented elastin

Influx of 
Leukocytes

\  Smooth muscle cell 
Collagen and elastin fibres Release of cytokines, ROS

Lymphocyte

Macrophage

Figure 2-4. A potential mechanism for AAA development166. A combination of factors may be involved 

in the initial stages of aneurysm development, including a genetic predisposition, biomechanical wall stress 

and fragmentation of elastin, which through an unknown immunological pathway results in the recruitment 

of inflammatory cells into the aortic wall. The influxing leukocytes release inflammatory mediators, 

including cytokines, chemokines and reactive oxygen species (ROS). This results in further chemotaxis and 

induces the inflammatory cells to release and activate proteases, e.g. MMPs. The increase in active proteases 

leads to degradation of the media and aneurysm dilatation. /, intima; M, media; A, adventitia.
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2.5.1 Proteolysis

Wall homeostasis requires the carefully regulated balance between tissue repair and 

degradation to maintain the optimal structure of the ECM. Loss of regulation of vascular 

remodelling can lead to AAA development where the degradation of the ECM overcomes 

the capacities of the repair mechanism. The extensive fibrolytic degradation of the ECM 

of the AAA wall is attributed to an increase in mural proteolysis.

Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinases 

MMPs are a family of zinc proteases that have substrate specificity for ECM components 

and are grouped as: collagenases, gelatinases, stromelysins and membrane type (MT1- 

MMP) (Table 2-1). MMPs are expressed in normal tissue as part of the natural process of 

wound healing and maintenance of the ECM. However, the expression of MMPs can be 

altered in certain pathological conditions, for example: rheumatoid arthritis167, tumour 

metastasis and invasion168,169. MMP expression is tightly regulated at three levels:

Firstly, regulation occurs at the transcriptional level and may be regulated by hormones, 

cytokines and growth factors. Studies have identified the expression of MMP-1, MMP-2, 

MMP-3, MMP-9 and MMP-12 in AAAs154, 17(M72. However, the key MMPs associated 

with AAA development have been identified as MMP-2 and MMP-9153, which are
1 7̂elastolytic and are considered to work in concert to produce AAAs . Petersen et. al. 

demonstrated that MMP-2 levels correlated with aneurysm diameter and suggested it had a 

role in the early expansion of the unruptured AAA174. MMP-9 appears to be responsible 

for the continued expansion and rupture of AAA and is less prevalent in small 

aneurysms174,175. Mice with deletion of the MMP-2 or MMP-9 gene are resistant to the 

development of elastase-induced AAAs173,176. MMP-2 and MMP-9 expression has been
O f  O f

localised to vascular SMCs and macrophages, respectively ’ .

Secondly, post-translational enzymatic activation of the latent proenzyme is required to 

produce a fully activated MMP. Sakalihasan et. al. found that activated MMP-2 and 

MMP-9 were significantly higher in the AAA wall than in the controls177. In vivo the 

principal activator of pro-MMP-2 is MT1-MMP; whilst the main physiological activator of 

pro-MMPs is the serine protease, plasmin. Subsequently, the activated MMPs can act 

directly on pro-MMPs resulting in their activation.
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Thirdly, TIMPs inhibit MMPs by irreversibly binding to active MMPs. TIMPs are 

constitutively expressed within aortic tissue85, 86, which may reflect their role as key 

modulators of proteolytic activity. TIMP-1, a major inhibitor of MMP-9, has been 

reported to be up-regulated two-fold at the protein level in AAAs171, but was not 

significantly different at the mRNA level between AAA and AOD specimens86, 170, 178. 

TIMP-2, which complexes with MMP-2, has been reported to be significantly increased in 

AAAs178, unaltered85, 170 or decreased171. The overall increase in proteolysis within the 

AAA wall may reflect an alteration in the MMP/TIMP ratio. In the elastase-induced AAA 

rodent model deletion o f the TIMP-1 gene resulted in a larger AAA compared to the wild- 

type, suggesting that TIMP-1 has a protective effect on damping down the proteolytic
179response .

Table 2-1. MMPs documented to be altered in AAA in humans166

MMPs Alternative names Primary substrate Cells of origin

MMP-1 Collagenase-1, Collagen Epithelial,

Interstitial collagenase (type I, III) inflammatory

MMP-2 72kDa Gelatinase A Collagen (type IV), elastin SMCs, fibroblasts

MMP-3 Stromelysin-1 Collagen

MMP-9 92kDa Gelatinase B Collagen, elastin Macrophages,

SMC

MMP-12 Macrophage elastase Elastin Macrophages

MMP-13 Collagenase-3 Collagen (type IV) SMCs

MT-MMP-1 MMP-14 Activates pro-MMP-2 Membrane bound

TIMP-1 Inhibitor of MMPs

TIMP-2 Inhibitor of MMP-2

Serine Proteases

Plasmin is initially secreted as plasminogen, an inactive zymogen, and converted to 

plasmin by the actions of tissue-plasminogen activator (t-PA) or urokinase-plasminogen 

activator (u-PA). The active plasmin can activate pro-MMPs resulting in a proteolytic 

cascade and can also have a direct effect on ECM breakdown180. This pathway is 

controlled through the inhibitory actions of plasminogen activator inhibitor-1 (PAI-1),
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which inhibits u-PA and t-PA. The targeted deletion of the u-PA gene prevented AAA 

formation in apolipoprotein E (apo E) deficient mice and in the absence of u-PA there 

appeared to be a limitation in the plasmin-dependent activation o f MMPs181. Similarly, the 

over-expression o f PAI-1 prevented AAA dilatation in aortic xenografts182, a model system 

which usually results in aortic dilatation. The serine proteases, plasmin, u-PA and t-PA are 

increased within the AAA wall87,183,184.

Cysteine Proteases

The cathepsins are a family of cysteine proteases. Cathepsin S and K regulate intracellular 

protein degradation and turnover, and are localised to SMCs and macrophages within 

atherosclerotic plaques185. They are also over-expressed at sites of arterial elastin 

damage186. Cathepsin D, H and L are involved in the degradation of structural proteins and 

were found to have a greater activity in the AAA wall compared to normal aorta187,188.

The major inhibitor of cathepsins is cystatin C. Cystatin C knockout, apo E deficient mice 

have a greater aortic diameter, increased elastin degradation and an increase in collagen 

content compared to apo E deficiency alone189. Increased human AAA size and expansion 

are associated with cystatin C deficiency190.

2.5.2 Inflammation

Inflammation is a complex response to local injury or trauma. The initiation and 

persistence of inflammatory responses are tightly regulated to ensure an effective response 

against an infectious agent, minimal damage to the host and rapid clearance of the 

activated immune cells. In AAAs this control is lost and chronic inflammation results in 

extensive wall damage.

Initiation of Inflammatory Cell Infiltration

The AAA wall is characterised by a dense inflammatory infiltrate o f macrophages and 

lymphocytes. A report on the phenotypes of the inflammatory infiltrate observed that the 

lymphocytes present in AAAs were of a different cluster of differentiation (CD) marker 

phenotype to those lymphocytes in the blood160. This suggested that the lymphocytes 

present in the AAAs were not just a result of extravasation from the blood but were 

specifically recruited into the adventitia by an unknown stimulus. The mechanism for this
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recruitment remains to be elucidated. The following theories for the development of the 

inflammatory infiltrate have been proposed:

Elastin Degradation Peptides

Elastin degradation peptides (EDPs), resulting from the fragmentation of elastin within the 

AAA wall, may act as a chemotactic signal to infiltrating neutrophils and monocytes 

during the early stages of AAA formation158. The biological activities of EDPs are 

mediated through a 67kDa elastin binding receptor. EDPs were identified as having 

chemotactic properties through an experiment which showed that extracted soluble 

proteins from AAAs were chemotactic to differentiated mononuclear phagocytes, however 

if  the EDP receptor was blocked chemotaxis was abolished191.

Autoimmunity

The presence of B-lymphocytes and large amounts of immunoglobulins (IgG variety)

which react with microfibrils of the aortic wall may be indicative of an autoimmune

response to specific tissue antigens . Haug et. al. described an association between

autoimmune disease and IAAAs192. However, Walton et. al found that the repertoire of

immunoglobulin variable heavy chain genes expressed by the infiltrating B-lymphocytes 
1was unrestricted . Ocana et. a l found that AAA-derived B-lymphocytes were, upon 

analysis of the kappa and lambda light chains expressed, polyclonal in nature160. 

Furthermore, analysis of T-cell receptor (TCR) gene expression found that the TCR V/3 

gene expression in AAA tissue was also polyclonal194. The diversity in antigen specificity 

of the B- and T-lymphocyte population suggests that these lymphocytes are not the result 

of clonal expansion o f a few autoantigen specific B- or T-lymphocytes, as would be 

expected in an autoimmune response.

Infectious Agent

There is some debate over whether Chlamydia pneumoniae is a causative agent of aortic
72 73aneurysm development. Initial reports suggested that C. pneumoniae ’ and C. 

pneumoniae reactive T-lymphocytes163 were found within the wall of AAAs. Conversely, 

other studies have been unable to detect this organism within the AAA wall195, 196. An 

investigation into the effects of C. pneumoniae on MMPs found that in asymptomatic 

AAAs there was no significant difference in MMP-2 and MMP-9 expression between the 

AAA group with C. pneumonia and those AAAs without197.
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Chronic Inflammation & Inflammatory Mediators

Once the immune response has been initiated within the AAA it develops into a chronic 

inflammatory response. The role of the inflammatory infiltrate in the development of 

AAAs was highlighted by an elastase-perfused animal study where the exposure of the 

aorta to elastase initially resulted in elastin degradation, accompanied with modest 

dilatation, but truly aneurysmal dilatation occurred several days post-perfusion and 

coincided with the medial infiltration of activated macrophages and T-lymphocytes198. 

Based on these findings, it has been postulated that an initial stimulus for remodelling 

results in an influx of inflammatory cells and the activation o f the proteolytic system 

within the AAA wall (Figure 2-4). The effect of the infiltrate on aortic wall homeostasis 

and in the further development of the AAA has yet to be defined. The cells of the 

infiltrate, lymphocytes and macrophages, are known to produce a variety of inflammatory 

mediators.

Cytokines

Cytokines can regulate the transcription of MMP genes. The cytokines interleukin-1 (IL- 

1) and tumour necrosis factor (TNF) can induce the transcription of certain MMPs199, 200, 

whilst the anti-inflammatory cytokine IL-10 is known to inhibit MMP transcription201. IL- 

1/3 can stimulate the up-regulation of PAI-1 in AAA-derived SMCs183. The possible role 

and evidence for cytokine involvement in AAA pathogenesis will be dealt with in more 

detail in Chapter 3 Cytokines.

Reactive Oxygen Species and Antioxidants

Inflammatory cells can produce reactive oxygen species (ROS), including superoxide (O2 ) 

and hydrogen peroxide, which may promote aneurysmal wall degradation. The levels of 

superoxide in the human AAA wall was found to be 2.5 fold higher than in adjacent tissue 

and 10 fold higher when compared to control tissue202. Using an elastase-induced AAA 

model one study found that the inducible enzyme nitric oxidase synthase, which 

contributes to a pro-oxidant environment, was up-regulated over 50 fold by day 2 post- 

elastase infusion. By day 10 post-infusion the expression of superoxide dismutase, a 

potent antioxidant, was down-regulated more than 20 fold203. In addition to their toxicity, 

ROS have been shown to activate MMPs204,205 and induce SMC apoptosis206.
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Angiotensin II

Angiotensin II (Ang II), which is converted from angiotensin I (Ang I) by the proteolytic 

action of ACE, has been shown to accelerate the progression of atherosclerosis and in apo 

E-deficient mice administration of exogenous Ang II induces the formation and expansion 

of AAAs207, possibly through the up-regulation of u-PA208. Further evidence for the 

involvement of Ang II was demonstrated by the inhibition of ACE in a rat elastase-induced 

AAA model, which blocked the formation of Ang II and reduced AAA expansion rate209.

2.5.3 Genetics

Genetics factors may be involved in susceptibility to AAAs, as demonstrated by the 

familial aggregation of AAAs. The genes which render an individual susceptible to AAAs
OA

are unknown and vary amongst the different familial clusters . The main candidate genes 

investigated have roles in ECM composition, proteolysis and inflammation.

Connective Tissue Components:

Collagen

In patients with a family history of AAAs lower quantities of type III collagen have been 

detected in 6-18% of the patients146,210,2n. Several mutations have been described in the 

type III collagen gene (COL3Al)2n'2lA. Mutations in this gene resulted in a 50% reduction 

in type III collagen in heterozygous mice; the homozygous mutant mice did not produce 

type III collagen and died from blood vessel rupture215. Analysis of gene expression of 50 

patients with AAAs found that only 2% had a mutation in the type III collagen gene213. 

There is no evidence that mutations in the type I collagen gene are involved in AAA 

formation.

Fibrillin

Targeted deletion o f the fibrillin-1 gene (Fbnl) in mice results in a Marfan-like phenotype, 

leads to an inflammatory response and formation of aortic aneurysms63,216. Francke et. al. 

found a G lyll27Ser mutation in the fibrillin-1 gene in families with ascending aortic 

disease, aneurysms and dissection, but who did not have Marfans syndrome. This
• • * 2 1 7mutation was thought to predispose individuals to aortic dilatation later in life . In the 

absence of Marfans syndrome, an association between a mutation in the fibrillin genes and 

familial AAAs has yet to be determined.
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Proteases and their Inhibitors:

Matrix Metalloproteinases

There appears to be little evidence for their genetic involvement in the development or 

growth of AAAs. Eriksson et. a l  genotyped 455 AAA patients for polymorphisms in 

MMP-2, MMP-3, MMP-9 and MMP-12 but found no significant association between
^ i o

growth rate and genotype . Eighteen polymorphic sites were identified in MMP-2, 

however there were no significant differences in genotype or allele frequencies of any of 

the polymorphisms between the case and control groups219. Genotyping studies of the 

MMP-9 polymorphism, C-1562T, revealed that genotypes containing the T allele were 

significantly more frequent in AAA patients than in controls220. As this allele is more 

functionally active than the C-allele it may be responsible for the raised expression of 

MMP-9 found within the AAA wall.

Tissue Inhibitors o f  Metalloproteinases

Although decreased activity of TIMP has been suggested as a basis underlying AAA 

formation, little evidence suggests that TIMP-deficiency results from a genetic defect221, 

222. However, two linked polymorphisms in TIMP-1 have been reported to be significantly 

associated with AAAs in male cases without a family history. No association was found 

between TIMP-2 and AAAs223.

Plasminogen Activator Inhibitor-1

The PAI-1 gene has a single nucleotide polymorphism (-675 4G/5G) in its promoter. 

There is a higher frequency of the -675 5G insertion allele in patients with familial 

AAAs224. The 5G allele produces less PAI-1 compared to the 4G allele225, which would 

suggest that familial AAAs may result from a reduction in PAI-1, which would lead to 

increased activation of plasmin and increased MMP activation. However, genotyping of 

460 patients with small AAAs found no evidence that the frequency of the 4G/5G 

polymorphism is altered in patients with non-familial AAAs. A comparison of AAA 

growth rates did suggest that the 5G5G genotype may promote faster AAA growth, 

although this failed to reach significance .
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Inflammation:

Cytokines

The IL-6  gene has a polymorphic site (-174 G>C) within its promoter region. Jones et. a l 

showed that the G/G genotype was associated with lower IL-6  plasma concentrations227, 

although there was no association between IL-6  genotype and AAA growth. IL-10 

contains a -1082 G>A polymorphism where the A-allele results in reduced IL-10

production and Bown et. al. showed that this A-allele was significantly more common in
• 228 •AAA patients . IL-10 is an anti-inflammatory cytokine and individuals with reduced 

levels of IL-10 may be prone to AAA development due to an inability to mount a sufficient 

anti-inflammatory response. Other cytokine polymorphisms that have been investigated 

are: TNFa (-308 A>G), IL-10 (+3953 T>C), IL-6  (-174 G>C) and IL-10 (-592 C>A), 

however these were found not to be associated with AAAs228.

Human Leukocyte Antigen Class II

The human leukocyte antigen (HLA) class II genes give rise to the major 

histocompatibility complex II (MHC II) expressed on TH-lymphocytes, which enable the 

Tn-lymphocytes to present antigen to immune cells. These genes are highly polymorphic 

and several alleles have been suggested to predispose the carrier to AAA formation 

through an autoimmune response229, 23°. Hirose et. al. have suggested that HLA-DQ3 

antigen appears to have a protective effect in relation to AAAs231, whereas HLA-DR2(15) 

promotes AAA disease232.

Angiotensin Converting Enzyme

A polymorphism in the human ACE gene has been identified which exists as two alleles, 

the D-allele (deletion) and the I-allele (insertion). The D-allele lacks a 287bp sequence 

and is associated with higher ACE activity within tissues and therefore higher levels of 

Ang II, compared to the I-allele233,234. However, the risk o f carriers of the D-allele having 

an increased likelihood of developing an AAA is contentious with conflicting studies 

reporting either an association between the DD genotype and AAAs ’ , or a lack of
• 237,238association
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2.5.4 Biomechanical Wall Stress

Approximately 89% of aortic aneurysms affect the infrarenal aorta14. Compared with 

proximal aorta, the infrarenal aorta is chronically exposed to the highest peripheral 

resistance, lowest flow and highest oscillatory wall sheer stress239. These conditions 

increase inflammatory and pro-apoptotic gene expression in vitro and in vivo240,241. Low 

flow conditions have been shown in rodent AAA models to result in AAAs with fewer 

endothelial cells and SMCs than AAAs in rats with high flow242. In rats with high flow the 

increase in endothelial cells and SMCs had a stabilising effect on the AAA242. 

Additionally, conditions of increased aortic flow result in a reduction in mural macrophage 

infiltration243. However, whilst the infrarenal aorta may be predisposed to dilation the 

majority o f elderly people do not develop AAAs suggesting that additional initiation 

factors may be involved.

One computer modelling study suggested that intraluminal thrombus may result in an 

attenuated oxygen flow from the lumen to the underlying AAA wall244. This problem is 

compounded by the scarcity of the vasa vasorum in the abdominal aorta, which are quite 

abundant in the thoracic aorta, resulting in the abdominal aorta’s dependency on 

transluminal diffusion for oxygen and nutrients245,246. Further investigation by Vorp et. a l 

revealed that the AAA wall adjacent to a thick layer of intraluminal thrombus was weaker, 

exhibited a greater degree of cellular hypoxia and inflammation when compared to wall 

specimens from the same individual but at a site with less thrombus247. Accordingly, 

hypoxia has been proposed as a possible mechanism for the initial injury to the pre- 

aneurysmal wall.

Once an aneurysm has developed increased wall stress aids AAA growth and increases the 

risk of rupture. The process of dilatation influences the load on the aortic wall. According 

to Laplace’s law, for a cylindrical vessel, the circumferential wall stress is directly 

proportional to aortic diameter and blood pressure, and inversely proportional to the wall’s 

thickness28. Therefore with aortic dilatation the load on the wall increases, producing 

further dilatation of the aneurysm. However, as the aorta dilates its shape changes from 

cylindrical to spherical this reduces the load on the wall and counteracts the effects of 

dilatation. The relationship between risk of rupture and wall stress was highlighted by one 

study where the ruptured or symptomatic AAAs had a higher peak wall stress than
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diameter-matched asymptomatic AAAs248. However, computer modelling has been unable 

to reliably predict rupture.

2.6 Summary

The abdominal aorta is an elastic artery organised into three concentric layers: the tunica 

intima, tunica media and tunica adventitia. The organisation of these layers provides the 

aorta with elasticity and tensile strength, chiefly through the properties of its ECM 

components, elastin and collagen, respectively. In AAAs there is a prominent loss of 

elastin, increase in collagen turnover, increased SMC apoptosis and an inflammatory 

infiltrate. These changes result in a weakened aortic wall and dilatation. The mechanisms 

of proteolytic degradation, inflammation of the aortic wall, genetic predisposition and 

biomechanical wall stress are thought to contribute to the initiation and development of 

AAAs. Despite extensive research into the pathophysiology of the disease a detailed 

understanding of the mechanism involved in AAA formation remains to be determined.
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3. Cytokines

3.1 Definition

Cytokines are soluble, low molecular weight extracellular signalling proteins, or 

glycoproteins, of the immune system and are involved in cell-to-cell communication. They 

are secreted by a range of leukocytes and other cells in response to a stimulus and transmit 

a signal to effector cells by binding to the cytokine specific receptor on the effector cell. 

The receptor-ligand binding results in intracellular signal transduction and altered gene 

transcription leading to a cellular response. Cytokines regulate the response of the immune 

system and have an important role in both health and disease states249.

Cytokine nomenclature is mostly derived from the historical approach of naming cytokines 

based on biological activity and lacks a systematic basis for it. The term cytokine is all 

encompassing for these proteins and includes those cytokines previously termed 

lymphokines and monokines, which were cytokines secreted from lymphocytes and 

monocytes/macrophages, respectively. A systematic approach resulted in the introduction 

of the term interleukin (IL), which indicated cytokines of leukocyte origin, followed by a 

number. However, it is not universally applied to new cytokines and has led to anomalies 

such as IL-8  which structurally belongs to the chemokine family, whilst other members of 

this family are named due to their main activities, e.g. monocyte chemoattractant protein- 1 

(MCP-1). Clarification of the chemokine family has led to the introduction of a naming 

system where chemokines are grouped according to subfamily. The two main chemokine 

subfamilies are the CC and the CXC chemokines. By this system IL-8  is named CXCL8 

and MCP-1 is CCL2249.

3.2 Cytokine Properties

The response of an effector cell to a particular cytokine is determined by the presence of 

specific membrane receptors. Generally, cytokines and their receptors have a high affinity 

for each other; therefore picomolar concentrations of cytokines can mediate a biological 

effect. Cytokines usually act locally in either an autocrine (acting on the cell that produced
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it) or paracrine fashion (acting on a target cell in close proximity to the cytokine-secreting 

cell). Occasionally, cytokines act in an endocrine manner (targeting cells at a distant 

site) . Most cytokines are secreted, but some can be expressed on the cell membrane, or 

stored in reservoirs in the ECM.

Cytokines exhibit the attributes of pleiotropy, redundancy, synergy, antagonism and 

cascade induction ' . A pleiotropic cytokine produces different biological effects

depending on the target cell it interacts with. Cytokine redundancy means that two or more 

cytokines can mediate a similar function on the same target cell. Cytokine synergism 

between two cytokines or more results in an augmented response to the cytokines, which is 

greater than the response to the individual cytokines alone; whereas cytokine antagonism 

means that one cytokine inhibits or offsets the effects of the other. The induction of a 

cytokine cascade results from the action of cytokines on a target cell inducing that cell to 

produce a variety of cytokines, which in turn interact with additional target cells to produce 

other cytokines and so forth253. However, cytokine production is carefully regulated and 

generally the secretion of cytokines from activated cells is short-lived to prevent an over- 

exuberant and persistent immune response.

3.3 Cytokine Structure

Generally, cytokines have a mass of less than 30kDa. X-ray and nuclear magnetic 

resonance (NMR) studies have generated accurate structures of many cytokines. This 

combined with gene homology studies have enabled most cytokines to be placed into one 

of at least six structurally different families (Table 3-1). Structural models of 

representative members of each family are shown in Figure 3-1.
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Table 3-1. Structural families of cytokines249

Family Members Receptor type

Haematopoietins 

(4 a-helical bundles)

IL-2, IL-3, IL-4, IL-5, 

IL-6 , IL-7, IL-9, IL-13, 

G-CSF, GM-CSF, OSM 

IL-10, IFN-a, IFN-/3, IFN-7  

M-CSF

Cytokine receptor class I

Cytokine receptor class II 

Tyrosine kinase

EGF (/3-sheet) EGF, TGF-Of Tyrosine kinase

/3-Trefoil FGF-a, FGF-/3, 

IL - la , IL-1/3, IL-IRa

Split tyrosine kinase 

IL-1 receptor

TNF TNF-a, TNF-/3 NGF receptor

Cysteine knot NGF

TGF-/31, TGF-/32, TGF-/33 

PDGF, VEGF

NGF receptor 

Serine/threonine kinase 

Tyrosine kinase

Chemokines (triple 

stranded, anti-parallel /3- 

sheet in greek key motif)

IL-8 , MDMa, MIP-1/3, 

M IP-2,1-309, MCP-1, 

MCP-2, MCP-3, 7 IP-IO

Rhodopsin superfamily

The three-dimensional structures of the cytokines in bold type are shown in Figure 3-1. IL, interleukin; 

G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte/macrophage colony stimulating factor; 

OSM, oncostatin M; IFN, interferon; M-CSF, macrophage colony stimulating factor; EGF, epidermal growth 

factor; TGF, transforming growth factor; FGF, fibroblast growth factor; IL-lRct, interleukin-1 receptor 

antagonist; TNF, tumour necrosis factor; NGF, nerve growth factor; PDGF, platelet derived growth factor; 

VEGF, vascular endothelial growth factor; MIP, macrophage inflammatory protein; MCP, monocyte 

chemoattractant protein; y-fP, 7-interferon inducible proteia
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Human mterleukin-4 (short-chain 4-helix bundle)

Human PDGF (cystine knot dimerization domain)

H u m an  T G F  alp

Figure 3-1. Three-dimensional structures of cytokines which are representative of the main structural 
families254.
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3.4 Cytokine Function

Many cell types can secrete cytokines, however the main producers are TH-lymphocytes 

and macrophages. In broad terms, cytokines can interact with a network of immune and 

inflammatory cells to develop cellular and humoral responses, induce inflammatory 

responses, regulate haematopoiesis, control cellular proliferation and differentiation and 

promote wound healing. The form of biological activity that is induced depends on the 

individual cytokine and the target cell. Cytokines act in a non-antigen specific manner and 

will bind to any cell that expresses its specific receptor. In vivo cytokines rarely act alone 

as a target cell is usually exposed to a multitude of cytokines and the combined effect can 

vary greatly from the expected effect of the individual cytokines. Additionally, cytokines 

may induce a cascade of cytokine activities in which the cytokines produced at a later step 

may override the influence of the earlier cytokines on the immune response. With the non

specific nature of cytokines the specificity of the immune response is maintained by the 

inducible expression o f cytokine receptors on the target cells, or by a requirement for the 

direct interaction between the cytokine-producing cell and the target cell to induce 

cytokine secretion.

Whilst it is beyond the scope of this thesis to examine in detail the role of each cytokine 

within the immune system the following sections aim to give a brief overview.

3.4.1 Role of Cytokines in Regulating the Immune Response

The CD4+ Tn-lymphocyte is central to cytokine-mediated responses (Figure 3-2). The 

secretion of IL-1, accompanying the presentation of antigen by an APC to a resting Tn- 

lymphocyte, results in Tn-lymphocyte activation. The activated Tn-lymphocyte secretes 

IL-2 and up-regulates the expression of the IL-2 high affinity receptor. The autocrine 

binding of IL-2 to its receptor induces cell proliferation resulting in clonal expansion 

This expansion can be inhibited by the actions of TGF-jS256. Activated Tn-lymphocytes 

secrete IL-4 which can cause an up-regulation of MHC II on resting B-lymphocytes and 

allows these B-lymphocytes to act as APCs to T-lymphocytes. This, in the presence of an 

antigen, results in further activation of Tn-lymphocytes.
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INFLAMMATORY RESPONSE

Fibroblasts Endothelial cells

TNF. \  TGF-(5.\ / TNF /  IL-1
IL-1 \PDGF \  /  f  .Antigen

\  Macrophage /  M-CFS. TNF,
'  __ > - v  /  GM-CSF, G-CSF

v — S *  -  /  l L - l . I I . - 6 ,

“_______  r f t / § * _____ IL-ll. 1L-12

1 lypothalamus

Neutrophil

Neutrophil Hematopoiesis

Antigen Resting TH cell

Resting B cell

Eosinophils

Activated 
T„ cell

Activated 
B cell

Clonal expansion

Plasma cell

Figure 3-2. The role of cytokines in the regulation of the immune response253. See text, 3.4.1 Role o f  

Cytokines in Regulating the Immune Response, for details. Blue arrows indicate a stimulatory cytokine 

pathway. Red arrows indicate an inhibitory pathway.
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IL-4 also causes the activation of antigen-primed B-lymphocytes and, along with IL-2, IL- 

5, IL-13, TGF-/3 and interferon- 7  (IFN- 7 ), stimulates the proliferation, class switching and 

differentiation of activated B-lymphocytes257, 258. IL-6  is involved in the terminal 

differentiation of activated B-lymphocytes into antibody secreting-plasma cells259.

Macrophage activity can be enhanced by a range of cytokines secreted by activated Tn- 

lymphocytes. IFN- 7  is a potent activator of macrophage activity260, IL-4 up-regulates
' J f t  1 •MHC II , enhancing the macrophage’s ability to act as an APC, and increases phagocytic 

activity. IL-10 and IL-13 inhibit macrophage secretion of cytokines262'264. The activated 

macrophage can produce IL-8265, which chemotactically attracts neutrophils into the 

inflamed tissue and results in neutrophil activation. Neutrophils are phagocytic cells 

involved in the digestion and elimination of bacteria. A number of cytokines are involved 

in the inflammatory process and will be discussed in more detail in 3.4.3 Role o f  Cytokines 

in the Inflammatory Response.

A multitude of growth factors and cytokines produced by both the activated T-lymphocytes 

and macrophages are involved in haematopoiesis, the formation of blood cells. IL-3 and 

granulocyte/macrophage colony stimulating factor (GM-CSF) stimulate stem cells from 

which all blood cell lineages are derived and cooperate with other cytokines in the 

development of the different lineages. The leukocyte progenitor cells in the bone marrow 

give rise to macrophage and granulocyte lineages in response to macrophage colony 

stimulating factor (M-CSF) and granulocyte colony stimulating factor (G-CSF), 

respectively266.

3.4.2 Role of Cytokines in the THi and Th2 Response

Within the Tn-lymphocyte population exists two subsets: the THi-lymphocyte and the Th2- 

lymphocyte267. These subsets vary in the panel of cytokines they secrete and therefore the 

form of immune response they control. The Thi-lymphocytes stimulate cell-mediated 

immunity by producing IL-2 and IFN-7 , thereby stimulating cytotoxic T-lymphocytes (Tc- 

lymphocytes) and macrophages. The TH2-lymphocyte produces IL-4 and IL-10 which 

stimulate B-lymphocytes and antibody production leading to a humoral response ’ 

These two subsets are thought to arise from a common precursor. Macrophage derived IL- 

12 stimulates Thi-lymphocyte development269, whereas IL-4, derived from TH2- 

lymphocytes, natural killer cells and mast cells, stimulates TH2-lymphocyte development.
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Regulatory 
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Figure 3-3. The regulation of TH subsets by cytokines253. See text, 3.4.2 Role o f  Cytokines in the TH] and  

TH2 Response, for details. Solid arrows indicate stimulatory effects (+), dashed arrows indicate inhibitory 

effects (-). Purple arrows indicate the cytokines of the THi pathway; orange, the T m  pathway.

T hi- and TH2-lym phocytes are m utually  inh ib itory  th rough  the  cy tok ines that they  produce: 

IFN- 7  inh ib its the p ro liferation  o f  TH2-lym phocytes270, w hereas IL-10 inh ib its the 

p ro lifera tion  o f  T Hi-lym phocy tes268. T he action o f  IL-10 is ach ieved  through its 

suppression  o f  cy tok ine production  by  m acrophages and th ere fo re  it ind irectly  affects T hi- 

lym phocyte pro liferation .
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3.4.3 Role of Cytokines in the Inflammatory Response

Physical trauma induces a cascade of events known as the inflammatory response. An 

acute inflammatory response provides early protection from infection, lasts a short while 

and is usually accompanied by a systemic response. Neutrophils, attracted by IL-8 , 

migrate to the site of infection to phagocytose invading pathogens, release cytokines and 

other mediators. Amongst the cytokines released are macrophage inflammatory protein-la 

(MEP-la) and MIP-1/3, chemokines that attract macrophages to the site of inflammation271. 

The activated macrophages result in the release of more cytokines and increased 

phagocytosis. The activated macrophages secrete the cytokines IL-1, IL-6  and TNF-a and 

these account for many of the localised and systemic changes observed in the acute
'JC'i

inflammatory response . All three cytokines act locally to induce coagulation and 

increase vascular permeability. TNF-a and IL-1 increase adhesion molecule expression on 

vascular endothelial cells and also induce macrophages and endothelial cells to secrete
777chemokines , which results in an increase in extravasation of leukocytes into the vessel 

wall. Additionally, IFN- 7  and TNF-a increase the phagocytic activity of macrophages and 

neutrophils and encourage extracellular release of lytic enzymes260,274. The inflammatory 

response provides a first line of defence against pathogens, however the duration and 

intensity needs to be regulated to avoid unnecessary tissue damage. TGF-/3 is involved in 

limiting the inflammatory response and aiding wound repair275,276.

Chronic inflammation develops due to the persistence o f an antigen and results in 

substantial tissue damage. Cytokines produced by chronically activated macrophages 

stimulate fibroblast proliferation, collagen production and fibrosis277,278. Two principal 

cytokines involved in the development of chronic inflammation are IFN- 7  and TNF-a. In 

chronic inflammation the accumulation of activated macrophages is responsible for much 

of the tissue damage through release of lytic enzymes, ROS and nitrogen intermediates279. 

Activation of macrophages by IFN- 7  induces TNF-a expression. Synergistically IFN-7  

and TNF-a induce a chronic inflammatory response through the over-expression of

adhesion molecules, resulting in an increase in inflammatory cell infiltration, and MHC I
280 281expression, which presents antigen to Tc-lymphocytes ’ .
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3.5 Cytokines and Abdominal Aortic Aneurysms

As key regulators of the immune response a discrepancy in the cytokine profile may affect 

the homeostatic balance of the local system and result in tissue damage. Several 

pathophysiological disease states result from inappropriate cytokine expression, such as 

rheumatoid arthritis282'284, inflammatory bowel disease285'287, bacterial septic shock288,289, 

various cancers290’292 and atherosclerosis293'295. With the presence of a large inflammatory 

infiltrate within the AAA wall several studies have investigated the expression of various 

candidate cytokines within the wall and plasma of patients with AAAs. However, with 

variations in experimental techniques, stage of aneurysm formation and type of control 

groups used many of the studies to date are contradictory. The main cytokines that have 

been studied can be grouped on the basis of their function into the four groups; pro- 

inflammatory, anti-inflammatory, chemokines and growth factors.

3.5.1 Pro-inflammatory Cytokines

Pro-inflammatory cytokines generally promote further cytokine secretion, cause 

inflammatory cell and lymphocyte activation, increased proteolysis and tissue degradation. 

The main inflammatory cytokines which have been investigated within the AAA are IL-1, 

TNF-a and IL-6. IL-1 exists in two forms, the non-secreted form IL-1 a  and the secreted 

form IL-1/?. Both IL-1 a  and IL-1/? bind to the same receptor and result in T-lymphocyte 

activation, B-lymphocyte maturation and clonal expansion, and increased adhesion 

molecule expression on vascular endothelial cells. IL-1/? as the secretory form has been 

extensively studied. Several studies on IL-1/? expression in the AAA wall have found it to 

be increased200, 2%, not significantly different82, or lower in the AAA compared to 

controls84.

TNF-a is cytotoxic, induces chronic inflammation and secretion of cytokines. Several
82studies have described the up-regulation of TNF-a within the AAA compared to controls 

2oo, 297  ̂ a^j10Ugj1 this is conflicted by reports that TNF-a is not differentially expressed 

within the AAA296 or that it is lower in the AAA wall84. TNF-a is present in soluble and 

membrane bound forms, like IL-1, and the variation in the reports may reflect the various 

methods used to extract the protein. A mRNA study of TNF-a expression found that it was 

higher in AAA samples than in AOD82. Analysis of the soluble and membrane bound 

forms showed that the membrane bound form was present within AAA samples but was
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absent in AOD200. This would account for the observed total increase in TNF-a in AAA 

samples. However, another study reported a decrease in the membrane bound form in 

AAAs compared to AOD84.

IL-6  is a pleiotropic cytokine secreted by both lymphoid and non-lymphoid cells which 

regulates B- and T-lymphocyte function, haematopoiesis and acute phase reactions. IL-6  

has a polymorphism in its promoter region (-174 G>C) which can result in lower IL-6  

plasma concentrations m patients with a GG genotype . However, the study found that in 

small aneurysms the frequency of the C allele was similar to that of the normal
997population . Likewise, Bown et. al. did not find an association between this 

polymorphism and AAAs228. Several studies have measured the expression of IL-6  in 

plasma and in the aneurysmal wall of patients with AAAs. Overall, the expression of IL-6  

was found to be raised in aneurysm patients298"300.

3.5.2 Anti-inflammatory Cytokines

The overall inflammatory response depends on the balance of pro- versus anti

inflammatory cytokines. Anti-inflammatory cytokines limit the actions of the pro- 

inflammatory cytokines, partly through the inhibitory effect of IL-10 on Thi-lymphocytes 

and the resulting attenuation of the cell-mediated immune response. The main anti

inflammatory cytokines studied within the aneurysm are IL-10 and IL-4. It has been 

debated if a THi (pro-inflammatory) or TH2 (anti-inflammatory) immune response 

dominates within the AAA wall, as defined by the panel of cytokines produced by the Tn- 

lymphocytes301. Schonbeck et. al. described the increased expression of Th2 cytokines IL- 

4, IL-5 and IL-10 within the AAA compared to control aorta, with only low levels of Thi 

cytokines IL-2 and IL-15302. Davis et. al. found that AAAs expressed higher levels of IL- 

10 compared to AOD and that the pro-inflammatory cytokines IL-1/?, TNF-a and IL-6  

were significantly lower in AAAs than in AOD84. However, these findings on pro- 

inflammatory cytokines are contradicted by several studies, as discussed in 3.5.1 Pro- 

inflammatory Cytokines. Additionally, Galle et. al. found that the infiltrating CD4+ T- 

lymphocytes were a source of IFN-7 , a Thi cytokine, but not IL-4161. Szekanecz et. al. also 

described the presence of pro-inflammatory cytokines IL-6  and IFN-y in the AAA wall, but 

not IL-4299.
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The anti-inflammatory cytokine IL-4 stimulates the production of a variety of ECM 

proteins303, whilst blocking MMP-1 and MMP-9 release from alveolar macrophages 

without altering the secretion of TIMPs304. IL-10 is a potent inhibitor of pro-inflammatory 

cytokine secretion by macrophages305 and can regulate MMP/TIMP expression201. 

Considering the actions of IL-4 and IL-10 it could be hypothesised that the anti

inflammatory cytokines would provide a protective mechanism against AAA formation. 

Whilst it is unclear whether IL-4 is raised in the aneurysm or not, if these anti

inflammatory cytokines are elevated within the aneurysm wall this may reflect a 

homeostatic attempt to reduce inflammation within the wall and restrain the ongoing 

aneurysmal degeneration. However, Schonbeck et. a l suggested that the TH2 response 

may actually drive aneurysm formation302. Using a murine allograft AAA model one study 

demonstrated that mice deficient in the IFN-y receptor developed AAAs whilst the 

wildtype recipients developed intimal hyperplasia. Furthermore, treatment of the IFN-y 

receptor-deficient mice with an anti-IL-4 antibody prevented AAA formation and reduced 

collagenolytic and elastolytic activity. They suggested that a skewing of the immune 

response to that of a Th2 response actually promotes AAA formation306.

The dominance of the Th2 response in AAA pathogenesis is contradicted by a CaCb 

induced-AAA murine model where CD4'7' and IFN-y"7' mice were both protected from 

AAA formation, but upon administration of IFN-y aneurysm development was partially 

reconstituted164, suggesting THi response involvement. As AAA models these systems do 

not truly represent the natural progression of human AAAs and currently no consensus has 

been reached on whether a Thi/Th2 response dominates.

3.5.3 Chemokines

Directional movement of inflammatory cells into injured tissue is often induced by 

chemotactic molecules. The chemokines represent a superfamily of cytokines which 

function as potent chemoattractants and activators of specific leukocytes. They also have a 

wide range of effects on other cells such as fibroblasts and SMC, and can affect 

angiogenesis and haematopoiesis. Chemokines are grouped into subfamilies based on the
307amino acid sequence of a cysteine motif; CXC, CC, C and CX3C .

The CXC chemokines contain one amino acid between the two amino-terminal cysteine 

residues and can be further subdivided into ELR+ and ELR" CXC chemokines, depending
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on the presence of the glutamate-leucine-arginine (ELR) motif preceding the first two 

cysteines. IL-8 , growth-regulated oncogene-a (GRO-a), epithelial neutrophil activating 

peptide-78 (ENA-78) and other ELR+ CXC chemokines predominately act as 

chemoattractants and activators for neutrophils. Members of the ELR' subfamily, for 

example monokine-induced by IFN-y (MIG), lack the ELR sequence and mainly activate 

lymphocytes252.

The two conserved cysteine residues are adjacent in the CC chemokine family and 

members of this family act on a wider variety of target cells, including eosinophils, 

basophils and lymphocytes308. The CC family includes M IP -la , MIP-1/3, regulated upon 

activation, normal T-cell expressed and secreted (RANTES), MCP-1 and MCP-2. The CC 

chemokines are either chemoattractants or activators. For example, RANTES and MCP-1 

both target basophils but RANTES induces chemotaxis whilst MCP-1 induces histamine 

release309.

Chemokines have not been extensively studied within the AAA wall. AAA tissue has been 

shown to produce IL-8  and MCP-1310, but the remainder o f the chemokine family have 

been relatively overlooked. Plasma levels of IL-8  have been associated with increasing 

AAA diameter311. The potential importance of chemokines in AAA development was 

highlighted by one study where MCP-1 and RANTES were detected during the early 

stages of AAA development in an elastase-induced AAA model and before the onset of 

chronic inflammation312. It may be that subsequent to an initial injury chemokine 

expression results in the infiltration of inflammatory cells which results in chronic 

inflammation and increased proteolysis. However, the role of chemokines in AAA 

development is complex and another study found that a deletion polymorphism (A32) in 

the CCR5 gene, which in homozygotes results in a lack of CCR5 on leukocytes, was 

associated with AAA incidence313. CCR5 is a receptor that is found on leukocytes and 

vascular SMCs and binds MIP-1/3 and RANTES314. This may suggest that the chemokine 

signal through CCR5 is required to maintain wall homeostasis and prevent AAA 

formation313.
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3.5.4 Growth Factors

Various growth factors, the haematopoietic cytokines, are required for proliferation, 

differentiation and maturation of haematopoietic cells. Historically, growth factors were 

identified by their stimulatory properties towards the formation of haematopoietic cell 

colonies in bone-marrow cell cultures. This led to the discovery of a family of colony 

stimulating factors (CSF), responsible for the formation of distinct haematopoietic cell 

lines. The members of the CSF family are: multilineage CSF (otherwise known as IL-3), 

M-CSF, G-CSF and GM-CSF. Other growth factors promoting cellular proliferation 

include platelet derived growth factor (PDGF) and vascular endothelial derived growth 

factor (VEGF). PDGF is a mitogen for connective tissue cells and glial cells. It promotes 

wound healing and has some chemoattractant properties. VEGF is related to the PDGF 

family of growth factors. It is a mitogen for endothelial cells, activates and is a 

chemoattractant for monocytes, enhances blood vessel permeability and is a pro-coagulant. 

TGF-/3 is a pleiotropic cytokine involved in tissue remodelling, wound repair and 

haematopoiesis. It is an anti-inflammatory cytokine, which despite its name inhibits 

cellular growth, including macrophages and lymphocytes. As an anti-inflammatory 

cytokine it suppresses cytokine production, MHC II expression and promotes wound 

healing through the induced secretion of ECM components.

Very few growth factors have been studied within the AAA wall. The development of 

AAAs may be related to increased angiogenesis within the AAA wall, the degree of which 

correlates with the extent of the inflammatory infiltrate315 and is an ongoing process in the 

mature AAA316. The relationship between angiogenic factors and angiogenesis is 

uncertain. One study showed that VEGF was more highly expressed within AAAs
• 1 1 7  • •

compared to AOD and was associated with the extent of neovascularisation . This is also 

supported by a study which investigated the effects o f high and low blood flow, and 

therefore wall sheer stress, on AAA development and neovascularisation. Low flow 

promoted aneurysmal changes to the aortic wall and the experimental AAA also contained 

more adventitial capillaries. The extent of capillary density was associated with the 

expression of VEGF and PDGF. GM-CSF was also increased under haemodynamic 

conditions of low AAA blood flow239. TGF-/31 expression within the AAA is of interest 

because of its potential role in wound healing and stabilisation o f the AAA. Shteinberg et. 

al. did not find a difference in TGF-/3 expression between AAAs and AOD82, however 

Fukui et. al. found that TGF-/31 was significantly higher in the AAA than in AOD318.
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TGF-/31 is expressed by vascular SMCs in the normal arterial wall319. It has been 

suggested that TGF-/31 may provide a therapeutic mechanism for the treatment of AAAs. 

One study demonstrated that endovascular seeding of an AAA model with vascular SMCs 

resulted in experimental AAA stabilisation and was associated with a significant increase 

in TGF-/31 expression320. This finding was also supported by a similar study where over

expression of TGF-/31, induced by endovascular gene therapy, in a rat AAA xenograft 

model resulted in AAA stabilisation, preservation of medial elastin, decreased 

inflammatory cell infiltration and a decrease in MMPs321.

3.6 Summary

Cytokines are small extracellular messenger proteins of the immune system. They are 

secreted by a range of cells and leukocytes and result in an altered cellular response by 

binding to a receptor on their target cell. This family of proteins regulates the immune 

response and has roles in cellular and humoral responses, inflammation, haematopoiesis 

and wound healing. As cytokines are essential in maintaining homeostasis an alteration in 

the cytokine profile may affect this balance and result in a pro-inflammatory environment 

leading to tissue damage. Accordingly, several studies have investigated the expression of 

cytokines within the AAA. Whilst several animal model studies have demonstrated the 

importance of specific cytokines in experimental AAA formation, studies on cytokine 

expression within the human AAA wall are highly varied in study design and are 

contradictory. Despite knowing the potential importance o f these macromolecules in AAA 

formation, to date no comprehensive description of the cytokine profile within the AAA 

wall has been given.
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4. Aims & Scope of Thesis

4.1 Rationale of Thesis

AAAs are a common idiopathic disease of elderly males, associated with considerable 

mortality and a rising annual incidence. At present the only method of treatment is elective 

prophylactic surgery once the AAA reaches an operable size. However, with the use of 

screening programmes a larger number of small asymptomatic aneurysms are being 

identified which are monitored until they reach an operable size. It would be preferable if 

a pharmacological therapy could be used to treat these small AAAs to reduce or halt their 

growth. In order to achieve this a more comprehensive understanding of the pathogenesis 

of AAAs is required.

AAA is a complex multi-factorial disease associated with extensive inflammation of the 

aneurysm wall. As described in Chapter 3 Cytokines, cytokines are extracellular signalling 

proteins involved in regulating the local immune system and are essential for maintaining 

the homeostatic balance between protecting against invading pathogens and preventing an 

over-zealous immune response. In AAAs chronic inflammation results in structural 

damage to the aortic wall. Animal studies have shown that alterations in cytokine 

expression affect aneurysm formation164, 306, 321 ’ 322. Several human studies have 

investigated the expression of various cytokines within the aneurysm wall84, 227,296,302, 

however, the results have been conflicting and with relatively few cytokines studied it is 

difficult to ascertain a complete picture of the cytokine expression profile of the AAA. 

Generally, cytokine studies have focused on pro-inflammatory cytokines and have largely 

ignored the expression of chemokines and growth factors. As the overall effect of 

cytokines on the inflammation within the aneurysm wall is dependent on the combination 

of cytokines expressed, a detailed analysis of multiple cytokine expression of the aneurysm 

was performed.

The AAA is characterised by a prominent inflammatory infiltrate. As cytokines are 

involved in the regulation of local inflammation the relationship between the cytokines 

expressed within the aneurysm wall and the inflammatory infiltrate merited further
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investigation. In order to extend the knowledge of the involvement of specific cytokines in 

AAA mural inflammation the localised expression of specific cytokines was examined.

There are multiple possible roles for cytokines within AAA pathogenesis: the induction of

SMC apoptosis, recruitment of inflammatory cells into the AAA wall, maintenance of

chronic inflammation and activation of inflammatory cells134,159,160,312. The characteristic
1loss of elastin has been attributed to the activities of the gelatinases MMP-2 and MMP-9 ’ 

173,177 expression of these MMPs is controlled at the transcriptional level by specific 

cytokines199'201. Whilst the effects the pro-inflammatory cytokines IL-1/3 and TNF-a have 

on MMP expression within the aneurysm has been examined199, the main focus on the role 

of chemokines within the AAA wall has been on their chemoattractant properties. 

However, chemokines are also involved in inflammatory cell activation and can cause the 

release of MMPs323'325. Cellular migration towards a chemotactic signal within a tissue 

requires cells to traverse through a network of ECM fibres. Therefore to aid chemotaxis 

chemokines may not only supply a chemotactic signal but potentially may also up-regulate 

the expression of MMPs to facility migration. This thesis examines the possibility that 

specific chemokines found elevated within the aneurysm can up-regulate MMP expression 

within the AAA wall.

4.2 Aims

The main aim o f this thesis is to investigate the cytokine expression profile of the AAA. 

According to the rationale of the thesis its main objectives are:

1. To determine the cytokine expression profile of the AAA compared to non-aneurysmal 

aorta.

2. To validate the results of the mass cytokine screening by measuring the expression of 

specific cytokines using an absolute quantitative technique.

3. To characterise the expression of the elevated chemokines by determining their 

localisation within the aneurysm wall and to investigate a potential association 

between these chemokines and the inflammatory infiltrate.

4. To investigate the relationship between chemokines and MMP expression/activation.

68



Chapter 4: Aims & Scope o f Thesis

4.3 Scope

In order to address these points this thesis describes the characterisation of the cytokine 

expression profile of the aneurysm and the potential involvement of these cytokines in 

inflammation and MMP expression/activation.

Patients undergoing elective transperitoneal repair of infrarenal abdominal aortic aneurysm 

were recruited into the study. AAA wall was obtained from the anterior wall at the point 

of maximal aortic dilation. Control specimens were obtained from non-aneurysmal 

abdominal aorta from cadaveric kidney donors and from non-aneurysmal thoracic aorta 

from patients undergoing aorto-coronary bypass graft operations. With the limited 

availability o f abdominal aorta, thoracic aorta was used to provide an additional control 

group with similar demographic and clinical features to that of the AAA group.

Multiple complementary laboratory techniques were used to characterise the expression 

and involvement of cytokines within the AAA:

1. Multiple Cytokine Protein Array

The analysis o f the expression of 42 cytokines within the aneurysm and the controls was 

measured using a 42-cytokine specific antibody-based array. This technique measured 

simultaneously the relative cytokine expression within each specimen at the protein level.

2. Enzyme Linked Immunosorbent Assays

The array findings were verified using enzyme linked immunosorbent assays (ELISAs) for 

IL-6 , IL-8 , MCP-1 and MCP-2. Larger AAA and control groups were used. The ELISAs 

provided an absolute quantitative measure of the concentration of the cytokine proteins 

identified by the arrays.

3. Immunohistochemistry

Characterisation of the localised expression of IL-8  and MCP-1 within the aneurysm wall 

was visualised using immunohistochemistry. Co-localisation studies of these chemokines 

were performed using serial wall sections stained for T-lymphocytes (CD3, CD4 and 

CD8 ), B-lymphocytes (CD20) and macrophages (CD6 8 ). The association between these 

chemokines and the extent o f inflammation was examined.
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4. In vitro explant model

The effect of IL-8  on MMP-2 and MMP-9 expression was assessed using a human AAA

explant model treated with various concentrations of IL-8  (including a non-treated control).

Changes in the MMP expression and/or activation were measured using standard ELISAs

and specific MMP activity assays.

4.4 Null Hypotheses

The null hypotheses tested are:

1. There are no significant differences in the relative expression of any of the 42- 

cytokines, as detected by the arrays, between the AAA, the abdominal aorta and the 

thoracic aorta.

2. There are no significant differences in the quantitative expression of IL-8 , IL-6 , MCP- 

1 and MCP-2, as measured by ELISAs, between the AAA, the abdominal aorta and the 

thoracic aorta.

3. There are no significant differences in the cellular composition of the inflammatory 

infiltrate between AAAs with different grades of inflammation.

4. There is no significant difference in the extent of mural inflammation between AAAs 

expressing increasing levels of IL-8  or MCP-1.

5. In the event that (4) is disproved: There are no significant differences in the cellular 

composition of the inflammatory infiltrate between AAAs expressing increasing levels 

of IL-8  or MCP-1.

6 . There are no significant differences in the expression/activation of MMP-2 and MMP- 

9 between explants treated with IL-8  compared to non-treated controls.

70



Chapter Five 

Materials & Methods



Chapter 5: Materials & Methods

Chapter 5. Materials & Methods

Page Number

5.1 Introduction 74

5.2 Study Design 74

5.3 Tissue Collection 76

5.4 Aorta Homogenisation 76

5.5 Total Protein Quantification of Homogenised Tissue 77

5.5.1 Bicinchoninic Acid Protein Assay 77

5.5.2 Manipulation of Protein Concentration 7 8

5.6 Human Cytokine Protein Array 78

5.6.1 Array 79

5.6.2 Spot densitometry 82

5.7 ELISAs 82

5.7.1 Standard ELISAs 82

5.7.2 MMP Activity ELISAs 84

5.7.3 MCP-2 ELISA 85

5.8 Histology 86

5.8.1 Tissue Sectioning for Histology 86

5.8.2 Haematoxylin and Eosin Staining 86

5.8.3 Elastin van Gieson Staining 87

5.8.4 Immunohistochemistry 87

- Characterisation of the Inflammatory Infiltrate 87

- Detection of IL-8  and MCP-1 89

72



Chapter 5: Materials & Methods

5.9 Explant Culture 90

5.9.1 Culture Conditions 90

5.9.2 IL-8  Treatment 90

5.10 Statistical Analysis 91

73



Chapter 5: Materials & Methods

5. Materials and Methods

5.1 Introduction

This chapter describes the techniques used in this thesis. All research was performed in the 

Vascular Surgery Group, Department of Cardiovascular Sciences, University of Leicester 

with the exception of the histological work, which was carried out in the Special Histology 

Laboratory at Leicester Royal Infirmary. Unless otherwise stated all reagents were 

obtained from Sigma-Aldrich, Poole, UK and all procedures were performed at room 

temperature (RT). The compositions of the solutions used are given in Appendix I.

5.2 Study Design

Patients undergoing elective open AAA repair for asymptomatic infrarenal AAAs were 

recruited to this study. Symptomatic or ruptured AAAs were excluded, as were patients 

with LAAAs or evidence of retroperitoneal fibrosis. Full thickness AAA wall specimens 

were obtained from the anterior wall at the point of maximal aortic dilation during open 

AAA repair.

Ideally, infrarenal aorta obtained during surgery from age- and sex-matched patients would 

have been used as a control group. In the past infrarenal aorta obtained from patients with 

aortic occlusive disease has been used as an age- and sex-matched control group for AAA 

studies. However, with advances in surgery the frequency that this operation is performed 

has been reduced to the extent that insufficient samples would have been collected during 

the time duration of my research. There are no other suitable surgical procedures that 

would have enabled the collection of age- and sex-matched infrarenal aorta. To address 

this limitation control non-aneurysmal aortic specimens were obtained from two sources: 

cadaveric kidney donors supplied by the UK Human Tissue Bank (Leicester, UK) (non- 

aneurysmal abdominal aorta), and from patients with symptomatic coronary disease 

undergoing elective aorto-coronary bypass graft operations (non-aneurysmal thoracic 

aorta).
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Abdominal aorta was obtained from the infrarenal aortic patches from donated kidneys that 

were unsuitable for transplantation. The abdominal aortic specimens provided a control 

group which encompassed the anatomical site of AAAs and represented the morphology of 

the non-aneurysmal abdominal aorta. Furthermore, these specimens would have been 

under similar systolic pressures, flow conditions and wall stress as the aneurysmal 

abdominal aortas. However, the age for kidney donation is younger than the age for the 

development of AAAs and despite every effort to collect from donors at the upper age 

range for donations, the abdominal aortic specimens were younger than the AAA 

specimens. With the control abdominal aorta group being younger than the AAA group 

there may have been changes within the AAA wall which related to the ageing process, 

prolonged exposure to physical stresses and increased atherosclerosis, which were not 

accounted for by the younger control group.

To account for this thoracic aorta was used as an additional control group to provide the 

study with aortic samples with demographic features more closely matched to those of the 

AAA group. Thoracic aortic specimens were obtained from discarded pieces of thoracic 

aorta, which were routinely removed by punch biopsies during aorto-coronary bypass graft 

operations. However, there are several limitations to this control group relating to key 

differences between thoracic and abdominal aorta. Thoracic aorta has structural

differences compared to abdominal aorta, for example it has a higher elastin content and a 

greater number of vasa vasorum. It was therefore not used as a control in the histology 

studies described in Chapter 8. Chemokine Expression and the Inflammatory Infiltrate in 

the Abdominal Aortic Aneurysm. Additionally, thoracic aorta is less likely to suffer from 

hypoxia than the abdominal aorta and the difference in the location means that the local 

wall stresses differ between the two regions. Whilst the reason is not fully understood, the 

abdominal aorta is more frequently the site of aneurysm formation than the thoracic aorta. 

However, despite these differences thoracic aorta provided a control group that was more 

closely age- and sex-matched to the AAA group and was taken from patients with 

atherosclerosis. As an alternative to using thoracic aorta as a control group the data could 

have been age standardised to take into account the differences in age between the control 

abdominal aorta and the AAA groups. To demonstrate this, the results of the IL-6  assay in 

Chapter 7. were adjusted for age.
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Studies were all performed with the approval of the Leicestershire research ethics 

committee and written consent was obtained from all participants or next of kin.

5.3 Tissue Collection

Upon excision of the specimen it was collected immediately and initially processed in 

theatre before being transported to the laboratory. The method for collecting the tissue 

varied depending on the stage of the project. Freshly excised samples were washed briefly 

in 0.9% sterile saline to remove blood. The majority of the specimens were divided and 

the sections were either snap frozen or fixed in 10% formalin. Additionally, for the 

explant project specimens were also collected in Dulbeccos modification of Eagles 

medium (DMEM) [DMEM (Sigma #D5671), 4mM glutamine, lOOU/ml penicillin, 

100/Ag/ml streptomycin (all supplements from Gibco BRL, NY, USA)]. Due to the limited 

quantity of thoracic aorta obtained from the punch biopsies these samples were only snap 

frozen.

Once transported back to the laboratory all snap frozen specimens were stored at -80°C for 

batch analysis. The 10% formalin fixed samples were fixed for 24 hours at RT and 

embedded in paraffin wax for long-term storage. Samples collected in DMEM were 

prepared for culturing as described in 5.9 Explant Culture.

5.4 Aorta Homogenisation

In order to investigate cytokine expression within the aneurysm wall using the techniques 

of ELISAs and protein arrays the protein content o f the wall needed to be extracted 

through sample homogenisation.

The snap frozen aortic specimens were weighed, lOOmg of tissue was diced into 1mm2 

pieces with a scalpel blade and transferred to a dupont tube on ice. 1ml of homogenising 

buffer per lOOmg of wet weight of specimen was used. Two forms of homogenising 

buffers were used, depending on the application of the homogenised tissue:
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For cytokine arrays:

The tissue was homogenised using a lx  cell lysis buffer [supplemented with lx complete, 

mini protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany)] 

provided by the cytokine protein array 3.1 kit (RayBiotech, Inc. Norcross, GA).

For ELISAs and all other applications:

Homogenates were generated using the in-house homogenising buffer [2M urea, 50mM 

Tris-HCl, 20mM sodium chloride, 3mM ethylenediaminetetraacetic acid (EDTA), 0.1% 

(v/v) Brij 35, pH 7.6 (supplemented with lx complete, mini protease inhibitor cocktail)].

All homogenising buffers contained protease inhibitors to prevent proteolysis once the 

tissues were disrupted which would have resulted in the release of intracellular proteases. 

All specimens were homogenised using an Ultra-turrax T-25 homogeniser (IKA 

Labortechnik, Staufen, Germany) for 3 minutes at 13,500rpm. The homogenates were 

sonicated for 3 x 10 seconds, 12 /rm amplitude, in a Soniprep 150 sonicator (Sanyo, 

Watford, UK) to ensure that all cellular membranes were disrupted. Cellular debris was 

removed by centrifugation at 14,000rpm for 1 hour at 4°C, with no brake. The resulting 

supernatant was retained and its total protein content was determined.

5.5 Total Protein Quantification of Homogenised Tissue

5.5.1 Bicinchoninic Acid Protein Assay

Quantification o f the total protein concentration of the homogenates’ supernatant was 

determined using a bicinchoninic acid (BCA) protein assay (Pierce, Rockford, USA). This 

method uses the reduction of cupric cations (Cu ) to cuprous cations (Cu ) by proteins in 

an alkaline environment. The cuprous cations generated chelate with two molecules of 

BCA to form a purple coloured solution, which absorbs light at 562nm and is linear with 

increasing protein concentrations over a working range o f 20-2,000/xg/ml. The protein 

concentration of an unknown sample can be determined from the generation of a standard 

curve o f light absorbance against known concentrations o f bovine serum albumin (BSA).
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Duplicate sets o f BSA standards at a concentration range of 20-2,000/xg/ml were made 

from serial dilutions of a stock solution (2mg/ml). The BCA working reagent was 

prepared from 50 parts Reagent A and 1 part Reagent B. 100/d of standard or unknown 

homogenate were incubated with 2ml of working reagent for 30 minutes at 37°C. 100/d of 

deionised water was used instead of a protein solution as a blank. After the incubation 

period the tubes were cooled to RT and the absorbance at 562nm was measured by a 

spectrophotometer for each tube. The average value of the blank was subtracted away 

from all readings and the total protein concentration of the unknown homogenates was 

determined from the constructed standard curve.

5.5.2. Manipulation of Protein Concentration

In order to directly compare the results of each sample from the arrays and ELISAs all 

homogenates were manipulated to an equal total protein concentration of 250/rg/ml for the 

arrays and 1 mg/ml for the ELISAs. Homogenised samples that were too concentrated 

were diluted down with phosphate buffered saline, pH 7.45 (PBS) to the appropriate 

concentration. Samples which were too dilute were concentrated using a microcon YM-3 

centrifugal filter device (Millipore (UK) Ltd., Watford, UK) with a 3kDa molecular weight 

cut off to ensure that the small molecular weight chemokines were retained. 500/xl of 

sample was loaded onto the microcon spin column and centrifuged at 13,000rpm until 

excess liquid was removed. The column containing the concentrated homogenate was 

placed inverted into a new 1.5ml microcentrifuge tube and centrifuged at 4,000rpm to 

transfer the concentrate. Samples were stored in single-use aliquots at -80°C.

5.6 Human Cytokine Protein Array

The simultaneous detection of multiple cytokines within aneurysm tissue was achieved 

using a cytokine protein array 3.1 kit (RayBiotech, Inc.). The array consisted of duplicate 

spots of immobilised antibodies specific to 42 different human cytokines (Table 5-1), 6 

positive detection spots of biotinylated bovine IgG complexed to horseradish peroxidase- 

streptavidin (HRP-SA) and 6  negative spots of tris buffered saline (TBS) on a nylon 

membrane. All reagents, unless otherwise stated, were supplied with the cytokine protein 

array 3.1 kit.
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5.6.1 Array

The detection of cytokines within the homogenised tissue worked on a similar basis as an 

ELISA (Figure 5-1). Non-specific binding of cytokines to the array membranes was 

blocked using 2ml of lx  blocking buffer per membrane and incubated overnight at 4°C. 

The blocking buffer was replaced with 1ml of sample per membrane (250/xg/ml) and 

incubated at RT for 2 hours to allow binding between the cytokines within the homogenate 

and their specific antibodies. The homogenates were removed and the membranes were 

thoroughly washed 3 times in lx wash buffer I and 2 times in lx  wash buffer II. Each 

wash consisted of agitating the membranes in 2ml of the appropriate wash buffer for 5 

minutes. The bound cytokines were detected by a cocktail o f biotinylated secondary 

antibodies, each specific to a single cytokine, at a working concentration of 1:250 dilution 

in lx  blocking buffer. Each membrane was incubated with 1ml of the secondary antibody 

cocktail for 2 hours at RT. The membranes were washed as previously described and 

incubated for 1 hour at RT in 2ml of a 1:1000 dilution of HRP-SA to allow the streptavidin 

to bind to the biotinylated antibodies. The HRP-SA was removed and the membranes were 

washed as described. 1ml of the detection buffer, containing the horseradish peroxidase’s 

(HRP) substrate, was added per membrane and incubated at RT for 1 minute. Any HRP 

present on the membranes converted the substrate to a chemiluminescent signal. The 

membranes were blotted briefly to remove excess detection buffer and exposed to Kodak 

BioMax ML Film for 5 minutes. Figure 5-1 shows the working principle of the assay. The 

intensity of the signal developed as spots on the film and was proportional to the quantity 

of each specific cytokine present within the tissue homogenates.
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Table 5-1. Cytokines present on the protein array.

Array Cytokines

ENA-78 MCP-2

G-CSF MCP-3

GM-CSF M-CSF

GRO MDC

GRO-a MIG

1-309 MIP-15

IL -la RANTES

IL-1/3 SCF

IL-2 SDF-1

IL-3 TARC

IL-4 TGF-/51

IL-5 TNF-a

IL-6 TNF-/3

IL-7 EGF

IL-8 IGF-1

IL-10 Angiogenin

IL-12 OSM

IL-13 Thrombopoietin

IL-15 VEGF

IFN- 7 PDGF-/3

MCP-1 Leptin

For full list of abbreviations see List o f  Abbreviations.
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Sample containing cytokines are added to the 
multi-cytokine antibody array.

Array membrane

Incubation of the sample on the array results 
in the binding of the cytokines to their 

specific capture antibodies.

I

T
— Biotin

Biotinylated 2nd 
^  antibody

Biotinylated secondary antibodies are added 
which bind to their specific cytokines, bound 

by the capture antibodies.

H R P - S A

Non-reacting
HRP

HRP-SA is added. Streptavidin (SA) binds to 
the biotin on the secondary antibody.

Reacting 
^ H R P  - Signal

The substrate for HRP is added which is 
HHP converted to a chemiluminescent signal

substrate b>'the enzyme.

Exposed film

The chemiluminescent signal is 
detected on film.

Figure 5-1. Detection of 42 cytokines simultaneously by the cytokine array. A diagram illustrating the 

experimental stages involved in the detection of cytokines in aortic homogenate using an antibody-based 

cytokine array.

81



Chapter 5: Materials & Methods

5.6.2 Spot Densitometry

Relative quantification o f the intensity of the cytokine signal from the arrays was 

determined by spot densitometry using an Alphalmager 1220 analysis and documentation 

system (Alpha Innotech, Braintree, UK). Images of the array films were captured and the 

intensity of the spot signals were measured as the sum of the intensity of the pixels under a 

fixed area. Intensities were corrected for adjacent background. To allow a direct 

comparison between arrays the cytokine signal intensities within an array were normalised 

to the array’s positive control spot.

5.7 ELISAs

ELISAs enable absolute quantification of specific cytokines through comparison of the 

optical density (OD) of the unknown specimen to the OD of a standard curve of known 

concentrations.

5.7.1 Standard ELISAs

The expression o f IL-8 , MCP-1 and IL-6  in tissue homogenate (BioSource International, 

Inc., Nivelles, Belgium) and MMP-2 and MMP-9 in culture medium (Amersham 

Biosciences UK Ltd., Little Chalfont, UK) was measured using commercially available 

kits according to the manufacturer’s protocol. The MMP kits measured the total amount of 

MMP present (pro-MMP and active).

Whilst the experimental protocols varied between the kits the basic principle of the assays 

were similar. Each ELISA investigated the expression of one specific protein within a 

number of samples. A known concentration range was made from serial dilutions of the 

standard protein at a fixed concentration. Positive controls were either supplied with the 

ELISA or purchased separately from the manufacturer. Negative controls of the 

homogenate buffer or culture medium were used to determine the background light 

absorbance o f the solutions. Pre-coated 96-microtitre plates, coated with capture antibody 

specific to the protein under investigation, were incubated with the samples or standards 

for a fixed time period to allow binding between the antibodies and the specific protein 

within the samples/standards. Each sample/standard was measured in duplicate. The 

samples/standards were aspirated off and the wells were washed numerous times. A
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secondary detection antibody, which recognised a second epitope on the protein, was 

incubated in the wells for a fixed time period to allow binding between antibody and 

protein. The unbound antibody was removed and the wells were washed thoroughly. In 

some assays the detection antibody was directly conjugated to HRP. Other assays used a 

biotinylated secondary antibody which was detected by incubating the wells with HRP-SA 

for 30 minutes, which allowed the streptavidin to bind to the biotin, and then the wells 

were washed to remove any unbound HRP-SA. In all assays the amount of immobilised 

peroxidase in each well was directly proportional to the amount of cytokine captured 

within each well and was measured by a colorimetric reaction between the HRP and its 

chromogen substrate (tetramethylbenzidine). In the presence of peroxidase this colourless 

substrate turned blue. This reaction was stopped by the addition of 1M sulphuric acid 

resulting in a yellow colour change (Figure 5-2) which was read at 450nm using a 

microtitre plate spectrophotometer. All wells were background corrected and a standard 

curve was constructed from the OD of the standards of a known concentration. The 

concentrations of the unknown samples were interpolated from the standard curve. More 

detailed information on the separate protocols used is provided in Appendix II.

j ?  r  i  %

Standards

Figure 5-2. Example of an ELISA plate. An ELISA provides an absolute quantified measure of the 

expression of one specific cytokine. The concentrations of the unknown samples (rows 3-12) are determined 

from a standard curve constructed from the OD values of the standards versus their concentration.
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5.7.2 MMP Activity ELISAs

Whilst the previous MMP ELISAs gave a measure of the total MMP expression within the 

culture medium, in order to measure the level of endogenous active MMP an additional 

activity assay was done for MMP-2 and MMP-9. A working concentration range of 

standards was generated from serial dilutions of the stock pro-MMP standard. 100ill of 

standards and samples were pipetted into a pre-coated microtitre plate, coated with a 

capture antibody specific to the MMP under investigation, and incubated overnight at 4°C. 

The wells containing the captured MMP were washed four times with wash buffer to 

remove the rest of the sample. 50/d of p-Aminophenylmercuric Acetate (APMA), an 

activator of pro-MMPs, was added to the pro-MMP standards, whilst 50/d of assay buffer 

was added to the samples. The activator was not added to the samples in order to measure 

their endogenous MMP activity level.

For the MMP-2 activity assay 50/d of detection reagent was added immediately to all the 

wells and the plate was read at 405nm to obtain a time zero absorbance value (Abst=o). The 

detection reagent contains an enzyme in its inactivated state and its substrate. In the 

presence of activated MMPs this pro-enzyme is proportionally activated and catalyses the 

conversion o f its colourless substrate to a coloured compound. The conversion of the 

detection reagent was left to incubate for 3 hours at 37°C and a final absorbance reading at 

405nm was obtained (Abst=finai).

Following the addition of APMA and assay buffer in the MMP-9 activity assay the plate 

was incubated for 1.5 hours at 37°C to allow the conversion o f the pro-MMP-9 standards 

to activated MMP-9. 50/zl of the detection reagent was pipetted into the wells and the 

plates were read at 405nm to obtain a time zero absorbance value (Abst=o). The reaction 

was left to incubate for 2 hours at 37°C and a final absorbance reading at 405nm was 

obtained (Abst=f,nai)-
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Calculation of Results

The MMP activity is directly proportional to the generation of colour through the cleavage 

of a peptide substrate. Therefore the enzymatic activity can be measured through the rate 

of change of absorbance at 405nm and can be described by the following equation:

AbSt=final- AbSt=o 

h2

Where h is the incubation time with the detection reagent in hours. The absorbance change 

is linear with respect to the square of the incubation time.

The concentration of the active MMP in the unknown samples was determined from a 

standard curve of 5Absorbance405nm/h (y axis) against known concentration of standards, 

ng/ml (x axis). The unknown concentrations were interpolated from the graph.

5.7.3 MCP-2 ELISA

A ready-to-use ELISA kit was not commercially available and therefore for the detection 

of MCP-2 a human MCP-2 DuoSet ELISA development system (R&D Systems, 

(Abingdon, UK) [containing anti-MCP-2 capture and detection antibodies, MCP-2 

standards and SA-HRP] was optimised. The final protocol is described below.

A 96-well microplate was coated with 100/d per well of 5/xg/ml anti-MCP-2 capture 

antibody, sealed and incubated at 37°C for two hours. The old solution was removed and 

the plate was washed three times with wash buffer [0.05% Tween® 20 in PBS, pH 7.2]. 

Non-specific binding was blocked by adding 300/d of reagent diluent [1% BSA in PBS, 

pH 7.2, 0.2/zm filtered] to the wells and incubating for two hours at RT. The reagent 

diluent was removed and the wells were washed as before.

The range of standards recommended by the assay ranged from 62.5pg/ml to 4000pg/ml 

(2-fold dilution). As will be discussed in Chapter 7.3.4 Monocyte Chemoattractant 

Protein-2, the assay was optimised to increase its sensitivity. Validation o f the standard 

curve demonstrated that a range of 31.25pg/ml to 250pg/ml could be used. Standards were 

diluted down 2 -fold in reagent diluent. 1 0 0 /d of standard, samples and controls [consisting
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of a negative control of homogenising buffer and a positive control of recombinant MCP-2 

(PeproTech EC, London, UK)] were added to the appropriate wells and were incubated for 

two hours at RT. For each incubation stage the plates were agitated to increase the 

sensitivity of the assay. Wells were washed as before. 100/d of the detection antibody at a 

concentration of 50ng/ml was added to the wells and incubated for 2 hours at RT. Wells 

were washed as before. 100/d of a 1/50 dilution of the SA-HRP solution was added to 

each well and incubated for 20 minutes at RT in the dark. Wells were washed as before. 

100/d of a substrate solution [1:1 mixture of reagent A (hydrogen peroxide) and reagent B 

(tetramethylbenzidine) (R&D Systems)] was added to each well and incubated for 20 

minutes at RT in the dark. 50/d of stop solution [2N sulphuric acid] was added to the 

reaction and mixed. The plates were read at 450nm. The data were analysed as described 

for the standard ELISAs.

5.8 Histology

The structural characteristics, the composition of the inflammatory infiltrate and the 

localised expression of specific cytokines were studied through a series of specific stains 

and immunohistochemistry.

5.8.1 Tissue Sectioning for Histology

Paraffin-embedded aortic tissue was used as opposed to frozen sections as the structural 

integrity of the tissue is better maintained. As describe in 5.3 Tissue Collection, the aortic 

tissue had been fixed in 10% formalin prior to paraffin embedding. Tissue sections were 

sliced at 5/rni onto silane coated slides and dried at 37°C overnight.

5.8.2 Haematoxylin and Eosin Staining

General staining of the inflammatory infiltrate and tissue was achieved through 

haematoxylin and eosin (H&E) staining, with the negatively charged nuclei staining blue 

with the positively charged haematoxylin. Collagen and elastin being positively charged 

proteins attracted the negatively charged eosin and stained pink. The mounted tissue 

sections were dewaxed by passing sequentially through three washes o f xylene, then 

rehydrated by two washes in 99% industrial methylated spirit (IMS), one wash in 95% 

IMS and finally washed in water. All washes were done for 1 minute. This process is
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referred to as “taking to water”. The slides were immersed in Mayer’s haematoxylin for 5 

minutes and the unbound stain was washed off in running water. Slides were then 

transferred to a bath of 0.5% eosin for 1 minute and excess stain was washed off in running 

water. The sections were dehydrated by 1 minute immersions in one bath of 95% IMS and 

two baths of 99% IMS. The slides were finally immersed in three successive baths of 

xylene and cover-slipped using DPX mounting media (RA Lamb, Eastbourne, UK).

5.8.3 Elastin van Gieson Staining

Elastin van Gieson (EVG) staining was used to assess the extent of elastin loss from AAA 

specimens and stains elastin black, collagen red and SMCs yellow. Slides were taken to 

water as described for H&E staining. Sections were immersed for 5 minutes in 0.25% 

potassium permanganate, followed by submersion in 0 .1% oxalic acid for a further 5 

minutes. Excess stain was washed off in running water. Slides were washed in 95% 

ethanol prior to staining with Miller’s elastin stain (RA Lamb) for 45 minutes. Slides were 

washed in 95% ethanol and rinsed off in water. The slides were stained in van Gieson 

counterstain (RA Lamb) for 2 minutes. The slides were washed in water and the sections 

were dehydrated, xylene treated and coverslipped as describe for H&E staining.

5.8.4 Immunohistochemistry

Immunohistochemistry was used to identify specific cell types and the localised expression 

of certain cytokines. The inflammatory infiltrate was characterised through the use of 

specific primary antibodies against CD markers uniquely expressed on specific cell types. 

The regional expression of IL-8  and MCP-1 within the AAA wall was visualised using 

specific antibodies against these cytokines.

Characterisation of the Inflammatory Infiltrate

Formalin fixation can lead to masking of antigens and prevent their exposure to antibodies. 

In order to counter this various antigen retrieval methods can be used to improve antigen 

detection by increasing accessibility to the antigen. The optimum antigen retrieval 

methods and primary antibody concentrations used for each specific staining are shown in 

Table 5-2. A ChemMate Envision detection kit (DakoCytomation, Ely, UK) was used for 

detecting the binding of the primary antibodies in accordance with the manufacturer’s 

instructions.
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Table 5-2. Primary antibodies used to stain the inflammatory infiltrate.

Immune cell 

type

Cell-specific 

CD marker

Primary

antibody

Primary 

antibody 

dilution factor

Antigen

retrieval

method

T-cell CD3 Polyclonal rabbit 

anti-human 

CD3*

1:400 Pressure cooker

TH-cell CD4 Mouse anti

human CD4, 

clone 1F6**

1:25 Pressure cooker

Tc-cell CD8 Mouse anti

human CD8 , 

clone 1A5**

1 :2 0 0 Pressure cooker

B-cell CD20 Mouse anti

human CD20cy, 

clone L26*

1 :1 0 0 0 Citrate buffer, 

pH 6.0 

Microwave

Macrophage CD6 8 Mouse anti

human CD6 8 , 

clone PG-M1*

1:150 Trypsin

The primary antibodies were manufactured by * DakoCytomation or ** Novocastra Laboratories, Newcastle 

upon Tyne, UK.

As before the slides were taken to water by three xylene washes, then rehydrated by two 

washes in 99% IMS, 1 wash in 95% IMS and then placed in water. All washes were done 

for 1 minute. The appropriate antigen retrieval method for the desired staining was used 

(Table 5-2 & Appendix II). Following antigen retrieval, slides were washed twice in PBS, 

5 minutes per wash. lOOpl of the appropriately diluted primary antibody was incubated on 

each slide for 1 hour at RT. PBS was used in place of the antibody as a negative control. 

Tonsil was used as a positive control. The primary antibody was removed by washing in 

PBS as described previously. Endogenous peroxidase activity was blocked by incubation 

with lOOpl per slide of a peroxidase blocking solution for 10 minutes at RT. The slides 

were washed twice in PBS. The secondary antibody was added to the slides in the form of 

2-3 drops of the ChemMate Envision complex. This consisted o f a mix of secondary anti

mouse and anti-rabbit antibodies complexed to HRP. Slides were incubated for 30 minutes
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at RT. The slides were washed in PBS as before and lOOpl per slide of the chromogenic 

solution 3,3’-diaminobenzidine (DAB) was incubated on the slides for 10 minutes. The 

peroxidase converts DAB to a brown coloured product thereby staining the specific cell 

types. The DAB was washed off in water for 5 minutes. The tissue samples were 

counterstained by immersion in haematoxylin dye for 15 seconds. The slides were washed 

for 2 minutes in water and then dehydrated by 1 minute immersions, once in 95% IMS and 

twice in 99% IMS. The slides were finally immersed in three successive baths of xylene 

and coverslipped. The slides were viewed under the light microscope.

Detection of IL-8  and MCP-1

Optimisation of the staining for these cytokines resulted in different detection systems 

being used. Monoclonal primary antibodies and isotype controls were supplied by R&D 

Systems.

IL-8  was detected using the R&D Systems’ cell and tissue staining kit. Slides were taken 

to water and treated with the high pH microwaving antigen retrieval method (Appendix II). 

Slides were washed in PBS for 2 minutes. Endogenous peroxidase activity within the 

tissue was quenched by incubating the sections with a peroxidase blocking reagent for 5 

minutes. Samples were rinsed in PBS and washed in a PBS bath for 5 minutes. Non

specific binding of the antibody was blocked by incubating the slides with serum blocking 

reagent G for 15 minutes. Excess blocking reagent was wiped off. An avidin blocking 

reagent was added and the slides were incubated for 15 minutes. Slides were rinsed in 

PBS and excess PBS was wiped off. A biotin blocking reagent was incubated on the slides 

for 15 minutes. Slides were rinsed in PBS and wiped to remove excess PBS. lOOjLil of a 

monoclonal anti-human IL-8  antibody of mouse origin was incubated on the slides for 1 

hour at a working concentration of 30/zg/ml. A mouse IgGi isotype antibody was used as a 

negative control. Samples were rinsed with PBS and washed three times in PBS for 15 

minute per wash. The primary antibodies were detected by incubating the slides with an 

anti-mouse biotinylated secondary antibody for 1 hour. Any unbound secondary antibody 

was removed by rinsing the slides in PBS and washing three times in PBS for 15 minutes 

per wash. Samples were incubated for 30 minutes with high sensitivity HRP-SA to allow 

binding between the biotinylated antibodies and the streptavidin. Slides were rinsed to 

remove unbound SA-HRP and washed three times in PBS for 2 minutes per wash. The 

antibody/SA-HRP complexes were detected using a 1:10 DAB solution, which was added
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to the slides and incubated for 10 minutes. Slides were rinsed in distilled water and 

washed for 5 minutes in tap water. To counterstain the sections the slides were immersed 

in Mayer’s haematoxylin for 10 seconds and washed in running water for 2 minutes. 

Slides were taken through progressive concentrations of alcohol and xylene before being 

coverslipped.

MCP-1 was detected using the ChemMate Envision protocol as described previously. 

Briefly, slides were taken to water and the trypsin antigen retrieval method was used 

(Appendix II). The primary antibody used was a monoclonal anti-human MCP-1 antibody 

of mouse origin, which was used at a working concentration of 20/zg/ml. A mouse IgG2B 

isotype was used as a negative control for non-specific binding of the antibody.

5.9 Explant Culture

The effect of IL-8  on the expression and activation of MMP-2 and MMP-9 within the 

AAA was measured using an in vitro AAA explant system treated with various 

concentrations of IL-8 .

5.9.1 Culture Conditions

AAA specimens were collected from theatre in supplemented DMEM as described in 5.3 

Tissue Collection. The tissue was processed within 1 hour under sterile conditions. AAAs 

were washed in culture medium to remove blood and any fatty tissue was removed. Four 

8mm explant biopsies of the whole thickness of the aortic wall were taken from adjacent 

sites and each explant was placed into one well of a 6 -well plate (tissue culture grade - 

Nunc A/S, Roskilde, Denmark), luminal side up. 5ml of culture medium [DMEM, 4mM 

glutamine, lOOU/ml penicillin, 100/xg/ml streptomycin] was added to each well to ensure 

that each explant was bathed in culture medium. Plates were incubated at 37°C in an 

atmosphere of 95% air: 5% carbon dioxide. The medium was changed after 24 hours and 

discarded (day 0 ).

5.9.2 IL-8 Treatment

After the first medium change (day 0), fresh untreated medium was added and the explants 

were incubated for a further 24 hours. After this pre-treatment period the medium was
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replaced with fresh medium supplemented with IL-8  at various concentrations. An aliquot 

of the pre-treatment medium was taken from each explant, centrifuged (13,000rpm for 1 

minute) to remove debris and stored at -80°C (day 1). Three out of the four explants were 

treated with IL-8  concentrations of lng/ml, lOng/ml, or lOOng/ml. The fourth explant was 

treated with an equivalent volume of PBS (non-treated control).

Subsequently every 48 hours the medium was replaced with fresh cytokine supplemented 

medium. The explants were kept in culture for 7 days. At day 7 aliquots of the medium 

from the four explants was collected and stored at -80°C. MMP expression and activity 

was measured as described in 5.7 ELIS As.

5.10 Statistical Analysis

All analyses were performed with SPSS, version 12.0 software. The Kruskal-Wallis test 

was used to determine if  a significant difference existed between the medians of three 

populations. In the event that there was a significant difference, multiple Mann-Whitney U 

tests were performed on each paired combination to identify which population medians 

were significantly different. Multiple comparisons were corrected for, as described in 

Chapter 6 and 7. An age-adjusted analysis of IL-6  expression between aortic groups was 

performed by logging IL-6  concentration and using a generalised linear model to compare 

the mean log IL-6  expression between groups, adjusted for age. A Chi-square test was 

used to determine an association between two factors, as described in Chapter 8. Unless 

otherwise stated a P value of <.05 was used to determine significance.
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6. The Cytokine Expression Profile of the Abdominal Aortic Aneurysm

6.1 Introduction

The chronic inflammatory nature of the AAA wall is a potentially cytokine-enriched 

environment. Specific cytokines have been described within the AAA wall, including IL-
g2 200 227 296lp, IL-6  and TNF-or ’ However, many reports of cytokine expression within the

AAA wall are contradictory with some reports suggesting the expression of a THi 

response161,164,2" ,  whilst others support the dominant expression of a Th2 response84,302,
306 . A review of the literature surrounding cytokine expression within the AAA wall is 

given in Chapter 3.5 Cytokines and Abdominal Aortic Aneurysms. With the conflicting 

studies it has not been possible to define a definite panel of cytokines which are 

differentially expressed within the AAA. Therefore the role cytokines may have in the 

development of the AAA remains unclear.

From current research it is difficult to obtain an overview of cytokine expression within the 

AAA because it is impossible to compare across the studies due to the variations in 

experimental techniques used, the stage of aneurysm formation of the specimens and the 

control groups used. Previous studies have used techniques that have only allowed the 

study of a small repertoire of cytokines, such as ELISAs, western blotting, reverse 

transcriptase polymerase chain reaction (RT-PCR). However, these techniques require the 

selection of candidate cytokines by the investigator and can miss novel, unanticipated 

changes in the cytokine profile. An alternative approach, which addresses the limitations 

of the previous techniques, is through the use of an array allowing the simultaneous 

screening of multiple cytokines within a sample. The additional advantage is that by 

simultaneously screening multiple cytokines the array can reveal potentially synergistic or 

antagonistic relationships between cytokines and identify cases where cytokine redundancy 

may mean that the absence of one cytokine is covered by the expression of another.

This investigation describes the first protein array study used to screen for the expression 

of multiple cytokines within the AAA. The aim of this chapter is to investigate the 

cytokine expression profile of the AAA wall using a protein array specific to 42 cytokines
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and compare this to control tissue in order to identify a cytokine profile specific to the 

AAA wall.

The null hypothesis is that there are no significant differences in the expression of any 

of the 42-cytokines examined between the AAA, the abdominal aorta and the thoracic 

aorta.

6.2 Methods

Specimens from the inffarenal aorta were obtained from patients undergoing open AAA 

repair (n = 10). Two non-aneurysmal control groups were used, as discussed in 5.2 Study 

Design, abdominal aorta from cadaveric kidney donors (n = 9) and thoracic aorta obtained 

from patients undergoing aorto-coronary bypass graft operations (n = 12). The 

characteristics of the three groups are shown in Table 6-1. All tissue was snap frozen in 

liquid nitrogen upon collection and stored at -80°C for batch analysis.

Table 6-1. Demographics of the study population.

Risk Factor
AAA 

{n = 10)

Abdominal aorta* 

(n = 9)

Thoracic aorta 

( * = 12)

Median age (range) / years 73 (67-81) 55 (44-74) 6 6  (57-69)

Male sex, n (%) 1 0 ( 1 0 0 ) 6(67) 11 (92)

Smoking history, n (%) 8(80) 8(89) 9(75)

Hypertension, n (%) 7(70) - 9(75)

Myocardial infarction, n (%) 5(50) - 7(58)

Angina, n (%) 5(50) - 9(75)

Cerebrovascular accident, n (%) 2 (2 0 ) - 0 (0 )

Diabetes, n (%) 0 (0 ) - 2(17)

Median AAA diameter (range) /mm 75 (56-93) n/a n/a

* Only a brief medical history was supplied with the abdominal aorta from kidney donors.
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As described in Chapter 5.4-5.6, all specimens were homogenised and manipulated to a 

total protein concentration of 250/ig/ml. Each homogenised sample was incubated on a 

42-cytokine array to simultaneously detect the level of expression of 42 cytokines within 

the aortic sample. The cytokine array 3.1 was selected for this study because it consisted 

of a broad range of cytokines involved in the regulation of inflammatory responses.

The chemiluminescent signal from the captured cytokines was detected on film as a spot. 

The intensity of the signal was proportional to the amount of cytokine captured. Spot 

densitometry measured the intensity of the spots, which were corrected for adjacent 

background. The signal intensity value for each cytokine was determined from the mean 

value of the duplicate spots. To allow a direct comparison between arrays each signal 

intensity value was normalised to the membrane’s positive control. The positive controls 

consisted of six spots of a fixed quantity of HRP-SA on each membrane and the mean 

positive signal intensity value was used for normalisation. As the signal from the positive 

spots should have been constant between the arrays, any changes in the detection signal 

resulting from inter-assay variation at the detection step were removed by normalising the 

data. The negative array spots consisted of spots of PBS minus capture antibody. For each 

aortic group the overall expression of each specific cytokine was expressed as the median 

signal intensity value (interquartile range).

For each cytokine the data from the three aortic groups were compared using the Kruskal- 

Wallis test and further analysed by a series of Mann-Whitney U tests. With the number of 

statistical tests required to analyse the expression of 42 cytokines in three aortic groups, a P 

value of <.01 was used to determine significance. The more stringent P value was used in 

order to compensate for multiple comparisons, based on the advice from the Medical 

Statistics Group, University of Leicester.

6.3 Results

The cytokines within each sample were captured on the arrays and the resulting 

chemiluminescent signal was detected by exposing the arrays to film. Figure 6-1 shows 

cytokine protein arrays representative of each aortic group.
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• #
# •

3 4
#

Figure 6-1. Representative cytokine arrays. Arrays representative of (A) the AAA group and the 

controls, (B) abdominal aorta and (C) thoracic aorta are shown. Arrays consisted of 6 internal positive 

control spots (+), 6 negative spots (-) and 42 specific anti-human cytokine antibodies spotted in duplicate. 

The AAA array shows, as an example, the position of several cytokines on the arrays (in duplicate); IL-6 

(1), IL-8 (2), MCP-1 (3) and MCP-2 (4). The thoracic aorta array shows the position of RANTES (5) and 

angiogenin (6).
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6.3.1 Aortic Cytokine Profiles

The intensity of the spots was quantified by spot densitometry, as described previously, 

and the resulting median signal intensity values and interquartile ranges for all 42 

cytokines for the three groups are shown in Table 6-2A and 6-2B.

AAA Profile

Figure 6-2 shows the cytokine profile of the AAA. Out of the ten most highly expressed 

cytokines in the AAA group six were chemokines, the remainder consisted of one pro- 

inflammatory cytokine, one anti-inflammatory cytokine and two growth factors.

IL-8  was the most highly expressed cytokine within the AAA group [median signal 

intensity value (interquartile range) 0.68 (0.49-0.80)]. Other cytokines which were highly 

expressed within the aneurysm, in descending order of median expression, were: 

angiogenin [0.50 (0.41-0.60)], MCP-1 [0.41 (0.20-0.48)], RANTES [0.18 (0.11-0.23)], IL- 

6  [0.15 (0.08-0.23)], MCP-2 [0.14 (0.13-0.18)], IL-10 [0.12 (0.04-0.14)], GRO [0.10 (0.09- 

0.14)], EGF [0.09 (0.08-0.17)] and ENA-78 [0.09 (0.00-0.12)] (Figure 6-2, Tables 6-2,4 & 

B).

Abdominal Aorta Profile

The most highly expressed cytokines in the abdominal and thoracic aorta were 

predominately chemokines and growth factors. The most highly expressed cytokine in the 

abdominal aorta was angiogenin [0.82 (0.17-0.98)], followed, in descending order, by IL-8  

[0.16 (0.14-0.31)], thrombopoietin [0.04 (0.00-0.06)], EGF [0.03 (0.02-0.07)], VEGF [0.03 

(0.01-0.09)] & MCP-1 [0.03 (0.00-0.25)] (Table 6-2A & B).

Thoracic Aorta Profile

Angiogenin was also the most highly expressed cytokine in the thoracic aorta [0.93 (0.67- 

1.24)], followed by RANTES [0.34 (0.22-0.83)], IL-8  [0.24 (0.16-0.39)], GRO [0.11 (0.03- 

0.29)], TNF-/3 [0.10 (0.03-0.20)], VEGF [0.10 (0.06-0.29)], MCP-1 [0.09 (0.03-0.28)], 

thrombopoietin [0.09 (0.06-0.15)], IL -la  [0.08 (0.04-0.10)], EGF [0.07 (0.02-0.13)] and 

M-CSF [0.07 (0.04-0.16)] (Table 6 -2A & B).
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Table 6-2A. Median signal intensity values for those cytokines which were significantly different

between at least two groups, as determined by a Kruskal-Wallis test.

Median signal intensity value (interquartile range) Kruskal- 

Wallis 

P value

Cytokines AAA 

(n=  10)

Abdominal aorta 

(n = 9)

Thoracic aorta 

(n = 12)

Significant results (P < .01)

ENA-78 0.09 (0.00-0.12) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.00 (0.00-0.04) .006

GRO 0.10(0.09-0.14) 0 .0 0  (0 .0 0 -0 .0 1 ) 0.11 (0.03-0.29) < .0 0 1

IL -la 0.07 (0.04-0.09) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.08 (0.04-0.10) .001

IL-1/3 0.04 (0.03-0.07) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.01 (0.00-0.04) < .0 0 1

IL-6 0.15 (0.08-0.23) 0 .0 1  (0 .0 0 -0 .0 2 ) 0 .0 0  (0 .0 0 -0 .0 1 ) < .0 0 1

IL-8 0.68 (0.49-0.80) 0.16(0.14-0.31) 0.24 (0.16-0.39) < .0 0 1

IL-10 0.12(0.04-0.14) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.05 (0.01-0.08) .004

IL-15 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 1 ) 0.06 (0.01-0.14) .003

MCP-1 0.41 (0.20-0.48) 0.03 (0.00-0.25) 0.09 (0.03-0.28) .003

MCP-2 0.14(0.13-0.18) 0.00 (0.00-0.05) 0.07 (0.00-0.13) < .0 0 1

M-CSF 0.08 (0.04-0.10) 0 .0 1  (0 .0 0 -0 .0 2 ) 0.07 (0.04-0.16) .001

RANTES 0.18(0.11-0.23) 0.02 (0.00-0.05) 0.34 (0.22-0.83) < .0 0 1

TGF-/31 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.04 (0.00-0.06) .0 0 2

TNF-a 0.06 (0.03-0.09) 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 2  (0 .0 1 -0 .11) .004

TNF-/3 0.07 (0.04-0.08) 0.02 (0.01-0.04) 0.10(0.03-0.20) .005

Thrombopoietin 0.04(0.01-0.08) 0.04 (0.00-0.06) 0.09 (0.06-0.15) .004

PDGF-0 0.02 (0.00-0.04) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.05 (0.01-0.25) .005
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Table 6-2B. Median signal intensity values for those cytokines which were not significantly different 

between groups, as determined by a Kruskal-Wallis test.

Median signal intensity value (interquartile range) Kruskal-

Cytokines AAA Abdominal aorta Thoracic aorta Wallis

(« = 10) (n = 9) (n = 12) P value

Nonsignificant results (P > .01)

G-CSF 0.02 (0.01-0.03) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.01 (0.00-0.03) .0 1 2

IL-12 0.04 (0.01-0.07) 0.00 (0.00-0.04) 0.05 (0.00-0.07) .046

IFN-7 0.06 (0.00-0.08) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.03 (0.00-0.30) .014

EGF 0.09 (0.08-0.17) 0.03 (0.02-0.07) 0.07 (0.02-0.13) .045

Angiogenin 0.50 (0.41-0.60) 0.82 (0.17-0.98) 0.93 (0.67-1.24) .021

OSM 0.06 (0.03-0.07) 0 .01  (0 .0 0 -0 .0 2 ) 0.07 (0.01-0.11) .0 2 0

VEGF 0.05 (0.03-0.10) 0.03 (0.01-0.09) 0.10(0.06-0.29) .031

Leptin 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.02 (0.00-0.14) .013

GM-CSF 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) .2 2 0

GRO-ct 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.00 (0.00-0.05) .085

1-309 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) .652

IL-2 0.01 (0.00-0.04) 0 .0 0  (0 .0 0 -0 .0 1 ) 0.03 (0.00-0.09) .141

IL-3 0.00 (0.00-0.03) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.01 (0.00-0.04) .183

IL-4 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 2 ) .232

IL-5 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) .161

IL-7 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 1 .0 0

IL-13 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) .981

MCP-3 0.01 (0.00-0.03) 0.00 (0.00-0.03) 0.02 (0.00-0.07) .501

MDC 0.00 (0.00-0.03) 0 .01  (0 .0 0 -0 .0 2 ) 0.02 (0.01-0.03) .235

MIG 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.00 (0.00-0.05) .133

MIP-15 0.01 (0.00-0.03) 0 .0 0  (0 .0 0 -0 .0 2 ) 0.00 (0.00-0.03) .576

SCF 0.01 (0.00-0.05) 0 .0 0  (0 .0 0 -0 .0 2 ) 0.03 (0.00-0.06) .261

SDF-1 0 .0 1  (0 .0 0 -0 .0 2 ) 0 .01  (0 .0 0 -0 .0 2 ) 0 .0 1  (0.00-0.08) .913

TARC 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0 .0 0  (0 .0 0 -0 .0 1 ) .485

IGF-1 0 .0 0  (0 .0 0 -0 .0 1 ) 0 .0 0  (0 .0 0 -0 .0 0 ) 0.00 (0.00-0.04) .168
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6.3.2 Differential Cytokine Expression

In addition to the median signal intensity values and interquartile ranges for all 42 

cytokines, Tables 6-2,4 & B show the results of the Kruskal-Wallis analysis for each 

cytokine. Table 6-2A displays the cytokines which were found to be significantly different 

between at least two o f the groups (P < .01). Table 6-2B displays those cytokines that were 

not significantly different between any of the groups.

The results of the Kruskal-Wallis analysis of the signal intensity data from the three aortic 

groups revealed that 17/42 cytokines were significantly different between at least two 

aortic groups (P < .01) (Table 6-2A).

Post-hoc analysis of the expression of each cytokine was done using multiple Mann- 

Whitney tests to identify which combination(s) of aortic group pairs were significantly 

different from each other (P < .01). The results of the Mann-Whitney analyses are shown 

in Table 6-3,4 & B. Table 6-3,4 displays those cytokines which were found to be 

significantly different between at least one group pair. Table 6-3B  displays those cytokines 

that were not significantly different between any of the group pairs. Slight discrepancies 

are apparent between the results of the Kruskal-Wallis analyses and the Mann-Whitney 

tests. For example, G-CSF is not significantly different between any of the aortic groups 

when compared by the Kruskal-Wallis test (P = .012). However, when the AAA and 

abdominal aorta groups are compared by a Mann-Whitney analysis these groups are 

significantly different (P = .003). These discrepancies may arise as a Mann-Whitney test 

cannot analyse data from all three groups within the same test, unlike the Kruskal-Wallis 

test, and with differences in their calculations the Mann-Whitney test is not guaranteed to 

give results consistent with the Kruskal-Wallis test326. Additionally, it may be that by 

using a P value o f < .01 the results are at an increased risk o f false negative results.

From the Mann-Whitney analyses significant differences were found in 15/42 cytokines 

between the AAA and the abdominal aorta; 8/42 cytokines in the AAA compared to the 

thoracic aorta and 11/42 cytokines in the abdominal aorta compared to the thoracic aorta 

(Table 6-3A and Figures 6-3 to 6 -8 ).

102



Chapter 6: Cytokine Expression Profile o f the AAA

Table 6-3/4. Post-hoc analysis of cytokine expression by paired groups using a Mann-Whitney U test -

Cytokines that displayed at least one significant difference between aortic groups (P < .01).

Cytokines

AAA vs. 

Abdominal aorta 

(P value)

AAA vs. 

Thoracic aorta 

(P value)

Abdominal vs. 

Thoracic aorta 

(P value)

ENA-78 .006 .0 2 0 .091

G-CSF .003 .261 .055

GRO <.001 .843 <.001

IL -la .001 .575 .001

IL-1/3 <.001 .024 .018

IL-6 .001 <.001 .215

IL-8 .001 .001 .201

IL-10 .002 .1 2 0 .018

IL-15 .792 .005 .005

IFN-y .0 1 2 .665 .008

MCP-1 .003 .004 .568

MCP-2 <.001 .005 .125

M-CSF .004 .598 .001

RANTES .001 .008 <.001

TGF-/31 .360 .006 .003

TNF-a .002 .303 .006

TNF-/3 .002 .155 .0 1 0

Angiogenin .624 .005 .1 0 2

OSM .007 .741 .025

Thrombopoietin .362 .0 1 0 .003

PDGF-/3 .1 2 2 .039 .003

Leptin .083 .078 .008

P values are unadjusted, due to multiple testing a P value of <.01 is considered significant. Significant P

values are shown in bold.
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Table 6-32?. Post-hoc analysis of cytokine expression by paired groups using a Mann-Whitney U test -  

Cytokines that were not significantly different between aortic groups (P <. 01).

Cytokines

AAA vs. 

Abdominal aorta 

(P value)

AAA vs. 

Thoracic aorta 

(P value)

Abdominal vs. 

Thoracic aorta 

(P value)

IL-12 .017 .947 .044

EGF .011 .166 .271

VEGF .462 .056 .016

GM-CSF .083 .473 .209

GRO-ct .083 .379 .032

1-309 .343 .947 .386

IL-2 .251 .311 .060

IL-3 .1 2 0 .725 .088

IL-4 .878 .151 .216

IL-5 .083 .260 .386

IL-7 1 .0 0 1 .0 0 1 .0 0

IL-13 1 .0 0 .843 .889

MCP-3 .546 .682 .215

MDC 1 .0 0 .180 .131

MIG .909 .126 .088

MIP-15 .251 .672 .626

SCF .317 .511 .107

SDF-1 .967 .838 .604

TARC .235 .760 .373

IGF-1 .083 .811 .062
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The comparative cytokine expression profiles of the AAA, abdominal aorta and thoracic 

aorta are shown in Figures 6-3 to 6 -8 . The cytokines have been grouped on the basis of 

their main function, due to the pleiotropic nature of cytokines several of the cytokines 

could have fitted into more than one category.

CXC Chemokines

Figure 6-3 shows the expression of the chemokines on the array which belong to the CXC 

subfamily. Interestingly, IL-8  was significantly higher in the AAA than in the abdominal 

aorta (4-fold, P = .001) and in the thoracic aorta (3-fold, P = .001).

The CXC chemokines ENA-78 and GRO were significantly higher in the AAA than in the 

abdominal aorta, where they were not expressed (P = .006 & P < .001, respectively). 

However, there was no significant difference in the expression of these chemokines 

between the AAA and the thoracic aorta.

There were no significant differences in the expression of GRO-ct, MIG and SDF-1 

between any of the aortic groups and these cytokines were negligibly expressed. The only 

significant difference in CXC chemokine expression between the abdominal aorta and 

thoracic aorta was seen in GRO (P < .001), which was expressed in the thoracic aorta but 

not in the abdominal aorta.

CC Chemokines

The CC chemokines on the array are shown in Figure 6-4. Out o f the CC chemokines only 

MCP-1 and MCP-2 were significantly higher in the AAA group than in the abdominal 

aorta (14-fold, P = .003 & P < .001, respectively) and the thoracic aorta (5-fold, P = .004 & 

2-fold, P = .005, respectively). MCP-2 was not expressed in abdominal aorta.

RANTES was also significantly elevated in the AAA compared to abdominal aorta (9-fold, 

P = .001) but was significantly lower in the AAA than in the thoracic aorta (2-fold, P = 

.008). There were no significant differences between the AAA group and the abdominal 

aorta or thoracic aorta for 1-309, MCP-3, MDC, M IP-ld and TARC.
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RANTES was also significantly higher in the thoracic aorta than in the abdominal aorta 

(17-fold, P < .001). The remainder o f the CC chemokines were not significantly different 

between the abdominal aorta and thoracic aorta.
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Significant results 
(Mann-Whitney):

AAA vs. Abdominal 
aorta:
ENA-78: P = .006 
GRO: P <.001 
IL-8: P = .001

AAA vs.
Thoracic aorta:
IL-8 = .001

Abdominal vs. 
Thoracic aorta: 
GRO: P <.001
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CXC Chemokines

Figure 6-3. Differential expression of CXC chemokines in the AAA. The figure displays the expression 

of CXC chemokines in AAA (n = 10), abdominal aorta (« = 9) and thoracic aorta (n = 12). The boxplots 

display the median values (horizontal bar) and interquartile ranges (the vertical length of the box) of the data 

per aortic group for each chemokine. The whiskers represent the range of the data. Mann-Whitney analysis 

of each paired combination of groups was performed for each chemokine. The significant results (P < .01) are 

displayed on the graph.
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Figure 6-4. Differential expression of CC chemokines in the AAA. The figure displays the expression 

of CC chemokines in AAA (n = 10), abdominal aorta (n = 9) and thoracic aorta (« = 12). The boxplots 

display the median values (horizontal bar) and interquartile ranges (the vertical length of the box) of the data 

per aortic group for each chemokine. The whiskers represent the range of the data. Mann-Whitney analysis 

of each paired combination of groups was performed for each chemokine. The significant results (P < .01) 

are displayed on the graph.
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Pro-inflammatorv Cytokines

The pro-inflammatory cytokines in Figure 6-5 showed a significant increase in IL -la  

(P = .001), IL-1/3 (P < .001), TNF-a (P = .002), TNF-/3 (3.5-fold, P = .002) and oncostatin 

M (6 -fold, P = .007) in the AAA compared to the abdominal aorta. Several pro- 

inflammatory cytokines were expressed in the AAA which were not present in the non- 

aneurysmal abdominal aorta (IL-la, IL-1/3 and TNF-a). There was no significant 

difference in the expression of these cytokines between the AAA and the thoracic aorta.

IL-6  was the most highly expressed pro-inflammatory cytokine within the AAA. Whilst 

there was a background level of pro-inflammatory cytokines expressed within the thoracic 

aorta, IL-6  was negligibly expressed within non-aneurysmal abdominal or thoracic aorta. 

However, IL-6  was highly elevated within the AAA (AAA vs. abdominal aorta: 15-fold, P 

= .001; AAA vs. thoracic aorta, P < .001).

Generally, low levels of the Thi cytokines IL-12 and IFN-y were expressed within all three 

aortic groups but these cytokines were not significantly different between the AAA and 

either the abdominal aorta or the thoracic aorta. The expression o f IFN-y within the 

thoracic aorta was highly variable.

The thoracic aorta expressed several pro-inflammatory cytokines which were not expressed 

within the abdominal aorta (IL -la  (P = .001), IFN-y (P = .008) and TNF-a (P = .006)). 

The cytokines: IL-10, IL-6 , IL-12, TNF-0 and oncostatin M were not statistically 

significantly different between abdominal aorta and thoracic aorta.

Anti-inflammatorv Cytokines

Figure 6 -6  shows the anti-inflammatory cytokines. IL-4 and IL-13 were negligibly 

expressed in all aortic groups. The Th2 anti-inflammatory cytokine IL-10 was significantly 

higher in the AAA compared to the abdominal aorta where it was not expressed (P = .002), 

however, this did not extend to a comparison of IL-10 expression in the AAA versus 

thoracic aorta. There was no significant difference in the expression o f IL-10 between the 

abdominal or thoracic aorta.
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Figure 6-5. Differential expression of pro-inflammatory cytokines in the AAA. The figure displays the 

expression of pro-inflammatory cytokines in AAA (n = 10), abdominal aorta (n = 9) and thoracic aorta 

(n = 12). The boxplots display the median values (horizontal bar) and interquartile ranges (the vertical 

length of the box) of the data per aortic group for each cytokine. The whiskers represent the range of the 

data. Mann-Whitney analysis of each paired combination of groups was performed for each cytokine. The 

significant results (P < .01) are displayed on the graph.
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Figure 6-6. Differential expression of anti-inflammatory cytokines in the AAA. The figure displays the 

expression of anti-inflammatory cytokines in AAA (n = 10), abdominal aorta (n = 9) and thoracic aorta 

(n = 12). The boxplots display the median values (horizontal bar) and interquartile ranges (the vertical length 

of the box) of the data per aortic group for each cytokine. The whiskers represent the range of the data. 

Mann-Whitney analysis of each paired combination of groups was performed for each cytokine. The 

significant results (P < .01) are displayed on the graph.
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Growth Factors

The remainder of the cytokines on the arrays were growth factors, as shown in Figure 6-7 

and 6 -8 . Out of the growth factors angiogenin was the mostly highly expressed growth 

factor in aortic tissue. Whilst there was no significant difference in the expression of 

angiogenin between the AAA and abdominal aorta, it was significantly higher in the 

thoracic aorta compared to the AAA (2-fold, P = .005) (Figure 6 -8 ).

The only growth factors that were significantly different between the AAA and the 

abdominal aorta were G-CSF and M-CSF which were significantly higher in the AAA (P = 

.003 & 8 -fold, P = .004, respectively). G-CSF was not expressed in abdominal aorta. 

Neither of these cytokines were significantly different between the AAA and thoracic aorta 

(Figure 6-7).

The only growth factors that were significantly different between the AAA and the 

thoracic aorta were TGF-/31, IL-15 and, as mentioned, angiogenin which were significantly 

lower in the AAA (P = .006, P = .005 and P = .005, respectively). TGF-/31 and IL-15 were 

not expressed within the AAA. These cytokines were not significantly different between 

the AAA and the abdominal aorta (Figure 6 -8 ).

There were no significant differences between the AAA group and either the abdominal or 

thoracic aorta for the growth factors shown in Figure 6-7: GM-CSF, SCF, VEGF, PDGF-ft 

EGF and IGF-1. As shown in Figure 6 -8 , there were also no significant differences 

between the AAA group and either the abdominal or thoracic aorta for leptin, 

thrombopoietin and the interleukin family: IL-2, IL-3, IL-5 and IL-7.

A comparison o f abdominal aorta and thoracic aorta revealed a regional difference in 

growth factor expression. The growth factors M-CSF, PDGF-/3 were significantly higher 

in the thoracic aorta compared to the abdominal aorta (7-fold, P = .001 and P = .003, 

respectively) (Figure 6-7); as were the growth factors TGF-/31, leptin, IL-15 and 

thrombopoietin (P = .003; P = .008; P = .005; 2-fold, P = .003) (Figure 6 -8 ). PDGF-0, 

TGF-/S1, leptin and IL-15 were not expressed in abdominal aorta. G-CSF, GM-CSF, SCF, 

VEGF, EGF, IGF-1, IL-2, IL-3, IL-5, IL-7 and angiogenin were not significantly different 

between the abdominal and thoracic aorta.
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Figure 6-7. Differential expression of growth factors in the AAA. The figure displays the expression of 

growth factors in AAA (n = 10), abdominal aorta (n = 9) and thoracic aorta (n = 12). The boxplots display 

the median values (horizontal bar) and interquartile ranges (the vertical length of the box) of the data per 

aortic group for each growth factor. The whiskers represent the range of the data. Mann-Whitney analysis 

of each paired combination of groups was performed for each cytokine. The significant results (P < .01) are 

displayed on the graph.
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Figure 6-8. Differential expression of growth factors in the AAA. The figure displays the expression of 

growth factors in AAA (n = 10), abdominal aorta (n = 9) and thoracic aorta (n = 12). The boxplots display 

the median values (horizontal bar) and interquartile ranges (the vertical length of the box) of the data per 

aortic group for each cytokine. The whiskers represent the range of the data. Mann-Whitney analysis of 

each paired combination of groups was performed for each cytokine. The significant results (P < .01) are 

displayed on the graph. Ang, angiogenin; Tpo, thrombopoietin.
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6.4 Discussion

The aim of this chapter was to investigate the cytokine expression profile of the AAA 

compared to non-aneurysmal aorta and address the null hypothesis that there are no 

differences in cytokine expression between the three groups. The results from this chapter 

indicate that the AAA exhibits a cytokine profile distinct from that of non-aneurysmal 

aorta and therefore the null hypothesis can be rejected.

The main findings o f this chapter are that:

1. The AAA exhibits a distinct cytokine profile comprising of an elevated expression of 

pro-inflammatory cytokines and chemokines. Several of these have been studied 

within the AAA for the first time.

2. IL-6 , IL-8 , MCP-1 and MCP-2 are raised within the AAA above the expression of the 

abdominal or thoracic aorta.

3. The aorta displays regional differences in its cytokine profile.

With using AAA tissue from aneurysms of an operable size it is impossible to state 

whether the differentially expressed cytokines are present due to an initial causative role or 

as a consequence o f the mural inflammation. However, as a consequence of this altered 

cytokine profile the presence of these cytokines within the aneurysm wall may contribute 

to the maintenance and augmentation of inflammation resulting in further tissue damage. 

This may predispose the aneurysm to further expansion or eventually rupture.

CXC Chemokines

Analysis o f the CXC chemokines showed that ENA-78 and GRO were significantly higher 

in the AAA compared to abdominal aorta. IL-8  was significantly higher in the AAA than 

in both abdominal and thoracic aorta. ENA-78, GRO, GRO-a, MIG and SDF-1 have not 

been investigated in the human AAA wall before. Increased expression of IL-8  from AAA 

explants has been described previously310 and along with MCP-1 will be discussed in more 

detail in Chapter 7. Pro-inflammatory and Chemotactic Cytokine Expression in Abdominal 

Aortic Aneurysms. ENA-78, GRO and IL-8  can bind to CXC receptor 1 (CXCR1) and 

CXCR2. These CXC chemokines act primarily on neutrophils as chemoattractants and
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activators, inducing neutrophil degranulation with the release of myeloperoxidase and 

other enzymes, which may have detrimental effects on the ECM of the AAA. The 

potential importance of IL-8  and other neutrophil chemoattractants in AAA development 

was recently highlighted in a study where neutrophil depletion prevented AAA formation 

in an elastase-induced murine model165.

CC Chemokines

MCP-1 and MCP-2 were significantly higher in the AAA than in the abdominal or thoracic 

aorta. RANTES was significantly higher in the AAA than in the abdominal aorta, however 

it was lower in the AAA than in the thoracic aorta. There may be a regional difference in 

the expression of RANTES, which was significantly higher in thoracic aorta compared to 

abdominal aorta. Previous studies have shown MCP-1 to be released by AAA explants in 

greater quantities than from occlusive or normal aortas and gene arrays have 

demonstrated a two-fold increase in RANTES expression within the AAA187. 1-309, MCP- 

2, MCP-3, MDC, MIP-18 and TARC have not been studied previously within the human 

AAA wall. MCPs have roles in activation and chemotaxis of monocytes and activated T- 

lymphocytes, whilst RANTES functions as a chemoattractant for monocytes, memory T 

cells, basophils and eosinophils. Increased expression o f these chemokines may induce 

and/or prolong the inflammatory state of the aneurysm wall. An elastase-induced 

aneurysmal mouse model demonstrated that the chemokines MCP-1 and RANTES were 

subsequently up-regulated within the wall prior to macrophage infiltration of the aortic 

wall312.

Pro-inflammatorv Cytokines

This study has shown a significant increase in the expression of IL-la, IL-1/3, TNF-a, 

TNF-j8  and oncostatin M between the AAA and abdominal aorta. However, the most 

highly expressed cytokine within this group was IL-6  which was highly elevated in the 

AAA above both non-aneurysmal control groups.

This study’s findings agree with the previous reports that IL-1/3 is higher in the AAA than 

in abdominal aorta from cadaveric organ donors200,296. IL-1/5 has also been shown to be 

higher in the circulating serum of patients with AAAs compared to those with coronary 

heart disease and controls with normal angiograms . The expression of IL-1/3 within the 

aneurysm may be damaging to the aortic wall. IL-1/3 induces the synthesis of

115



Chapter 6: Cytokine Expression Profile o f the AAA

prostaglandin, MMPs and decreases the synthesis of type I procollagen by SMCs199’321. 

However, IL-10 has also been shown to cause an increase in TIMP-1 synthesis by
1 QO

aneurysmal SMCs , suppresses the expression of u-PA and t-PA and up-regulates the 

expression o f PAI-1 by aneurysmal SMCs183. The involvement of IL-1 in aneurysm 

development is unclear as antagonism o f the IL-1 receptor failed to prevent post-elastase 

dilatation in a rat AAA model322.

TNF-a is widely studied within the AAA and my findings agree with previous reports that 

this cytokine is higher in the AAA than in aorta controls200, 297. TNF-a was also 

significantly higher in the serum of AAA patients compared to controls300. The relevance 

of TNF-a in aneurysm formation was demonstrated through the use o f a TNF-a functional 

antagonist on an elastase-induced rodent model which, through blocking the action of 

TNF-a, was protected against aneurysm formation322. The role of TNF-a in AAA 

formation might involve an alternative mechanism than simply increasing MMP 

expression. A study on the effect of TNF-a on MMP expression in aneurysmal SMCs 

found that TNF-a did not significantly alter the mRNA levels o f MMP-1, MMP-2, TIMP-1 

and TIMP-2199. TNF-a and IL-a are known to act synergistically to induce the release of 

IL- 8  and MCP-1328,329, therefore its expression within the aneurysm may augment and/or 

prolong the chronic inflammatory state o f the aneurysm wall.

TNF-/3 has not been so extensively studied, however an array study on the mRNA 

expression o f the TNF family reported a significantly higher expression of the TNF-/3 

receptor in the AAA group compared to the organ donor control group83.

IL-12 and IFN-y were not found to be significantly different between the aortic groups, 

although both Thi cytokines were expressed within the aneurysm. Similarly, Davis et. al. 

reported that there was no difference in these cytokines between AAA and AOD at the 

mRNA level84. The expression of IFN- 7  in the aneurysm may aid inflammation potentially 

through its ability to synergistically interact with IL-1 a  to cause the release of IL- 8  and 

MCP-1329.

This study demonstrated that oncostatin M was significantly higher in the AAA than in the 

abdominal aorta. Mural expression o f oncostatin M has been identified in the AAA 

through immunohistochemistry330. Oncostatin M is a member o f the IL- 6  family. It is a
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growth and differentiation factor that participates in haematopoiesis and promotes cytokine 

release. Administration o f oncostatin M to mice causes an acute inflammatory reaction 

including migration of polymorphonuclear leukocytes (PMN), increased adhesion 

molecule expression and release of PMN activators; IL-6 , ENA-78, GRO-a and GRO-/3330. 

Interestingly, this work mirrors the array’s findings that oncostatin M was significantly 

higher in the human AAA and was co-expressed with IL-6 , ENA-78 and GRO which were 

all significantly higher in the AAA.

The most highly raised pro-inflammatory cytokine within the AAA was IL-6 . Many 

studies have reported that IL-6  is highly expressed within the AAA227 with respect to 

control aorta298,299 or AOD82 and this will be described in more detail in Chapter 7. Pro- 

inflammatory and Chemotactic Cytokine Expression in Abdominal Aortic Aneurysms.

Overall, the increased expression of these pro-inflammatory cytokines may promote a 

general inflammatory state within the AAA wall resulting in further cascades of cytokine 

secretion and activities, increased release of proteolytic enzymes and SMC apoptosis.

Anti-inflammatorv Cytokines

IL-10 was the only Th2 anti-inflammatory cytokine that was significantly raised within the 

AAA. Previously it has been shown that IL-10 is up-regulated in the AAA84,302. The 

expression of IL-10 within the aneurysm may be of some significance as IL-10 can 

decrease the expression of IL-1/3, TNF-a and IL-6 331, decreases MMP levels and increases 

TIMP-1 expression201. The expression of IL-10 within the AAA may result from a 

negative feedback mechanism designed to attenuate the chronic pro-inflammatory 

response. However, despite the presence of IL-10 the pro-inflammatory cytokines were 

increased within the AAA. The Th2 cytokines IL-4 and IL-13 were not significantly 

expressed within the AAA. IL-13 has not been previously studied within the aneurysm. 

Previous studies have not detected the expression of IL-4 in the AAA or by AAA derived- 

T-lymphocytes161,299.

Whilst several studies have debated the predominance of a THi/Th2 response, see Chapter

3.5.2 Anti-inflammatory Cytokines, a recent report has suggested the cytokine panel is 

indicative of a Tho response301. This response is produced from natural killer cells and 

natural killer T-cells which secrete both Thi (IFN-y, IL-2) and Th2 cytokines (IL-4 and IL-
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5). From the results o f the array it is difficult to conclusively state which response 

dominates within the aneurysm. Whilst IL-10 was increased within the aneurysm the other 

major Th2 cytokines IL-4, IL-5 and IL-13 were not expressed. IFN- 7  and IL-12 were 

expressed in the aneurysm and TNF-a was raised which would suggest a Tm response, if  it 

were not for the expression of IL-10. The difficulty in ascertaining the dominance of one 

response over the other may arise from the use by this study, and previous studies, of 

homogenised aneurysm tissue from full-thickness wall biopsies. Whilst providing an 

overview of the cytokine microenvironment within the wall small subtle changes are 

masked by this method and regional changes are lost.

Growth Factors

Overall growth factors were not highly expressed within the aneurysm, with the exception 

of angiogenin. G-CSF and M-CSF were the only growth factors significantly higher in the 

AAA than the abdominal aorta. The expression of these cytokines have not been studied 

previously within the human AAA wall, although M-CSF was up-regulated in apoE_/' mice 

treated with angiotensin II to induce AAA formation332. G-CSF and M-CSF are growth, 

differentiation and activating factors for neutrophils or macrophages, respectively. As 

activated neutrophils and macrophages have the potential to release proteolytic enzymes, 

an increase in G-CSF and M-CSF expression in AAAs may indirectly promote AAA wall 

degradation. The expression of these growth factors, coupled with the co-expression of IL- 

8 , MCP-1 and MCP-2 suggests that the inflammatory cells, neutrophils and macrophages, 

may play an important role in AAA development and could potentially be recruited into 

the AAA wall where they could undergo differentiation and activation.

Several o f the growth factors studied on the array, EGF, SCF, leptin, IL-3, IL-7, 

angiogenin and thrombopoietin, had not been investigated in AAAs before. With the 

exception o f TGF-/31, and to a lesser extent VEGF and IL-5, growth factors have been 

largely ignored in AAA development. Experimental haemodynamic studies on the effects 

of blood flow on the expression of GM-CSF, PDGF-/3 and VEGF within the rodent AAA 

are described in Chapter 3.5.4 Growth Factors. As mentioned, one study reported the 

increased expression of VEGF in the human AAA compared to AOD317. Analysis of 

VEGF expression between aneurysmal fibroblasts and dermal fibroblasts also revealed that 

VEGF was significantly higher in the AAA group333. However, this study found VEGF 

was expressed in all aortic groups and was not significantly different between the AAA
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and the abdominal or thoracic aorta. The array results showed that IL-2 was not expressed 

in aortic tissue, a result supported by other studies on IL-2 expression in human AAAs299,
302 ,. This study did not detect any expression of IL-5 in aortic tissue. Previously, one study 

reported the expression o f IL-5 within the AAA whilst it was not expressed within normal 

aorta302.

Several cytokines, TGF-/31, IL-15 and angiogenin, were significantly higher in thoracic 

aorta than in the AAA but were not differentially expressed between AAA and abdominal 

aorta. Previously, TGF-/31 has been shown to be non-differentially expressed between the 

AAA and AOD82 and IL-15 has been reported to be lower in AAAs than in AOD302. IL-15 

has been shown to inhibit the expression of IL-8  and MCP-1 by epithelial cells334. In this 

study IL-15 was not expressed in the aneurysm and therefore the increased levels of IL-8  

and MCP-1 may be partly explained by the absence of this inhibitory pathway. The higher 

expression of TGF-/31 and IL-15 in thoracic aorta than abdominal aorta or AAA suggests 

that the thoracic aorta may have its own distinct cytokine profile.

The use of an array system for cytokine detection has made it possible to investigate a 

larger repertoire o f cytokine proteins than has previously been studied within the AAA 

wall. This study chose to investigate cytokine expression at the protein level because 

whilst cDNA arrays provide useful information on expression at the transcriptional level, 

proteins are the effector molecule and mRNA expression does not always correlate with 

protein expression. The use o f protein arrays has also allowed for the simultaneous 

detection of 42 cytokines under identical laboratory conditions. This reduces the 

experimental variation in multiple cytokine detection and provides a more accurate profile. 

The combination o f simultaneously screening multiple cytokines has several advantages. 

Firstly, it has allowed this study to identify potential pathways o f cytokine synergism and 

antagonism. Secondly, any downstream changes in cytokine expression resulting from an 

alteration in the expression o f a specific cytokine can be simultaneously detected. 

Although a casual link between these two events cannot be assumed, the arrays have 

provided a general overview as to the inflammatory state o f the AAA wall. Finally, in this 

study, the array technique has identified alterations in the overall cytokine expression 

profile of the AAA, including novel changes that have not been detected previously.
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However, there are several limitations to this study. Firstly, the AAA specimens were 

obtained at surgery and therefore are established aneurysms. This limits the results to an 

interpretation o f the state o f the developed aneurysm wall which is undergoing expansion 

and at risk o f rupture, but cannot be used to determine the earlier stages of aneurysm 

formation. In order to determine if  specific cytokines had a causative role in AAA 

pathogenesis an animal model would be required, although arguably exogenous induction 

of an aneurysm is not part o f the natural formation of an AAA. An additional point is that 

despite efforts to recruit kidney donors at the upper range for donations this patient group 

is generally younger than aneurysm patients. To compensate for this difference and to 

provide a control group with similar clinical features as the AAA group thoracic aorta was 

used as second control. The thoracic aorta group also acted as a control group to 

compensate for the effects o f surgery on cytokine expression.

This study used homogenised full-thickness aneurysm wall biopsies to provide an 

overview of cytokine expression within the AAA wall. However, as mentioned, such a 

method can mask small changes in regional cytokine expression. It would be interesting to 

obtain a detailed analysis of cytokine expression involving the dissection o f the layers of 

the aneurysm wall to provide topological information on cytokine expression, this may 

identify small changes in regional cytokine expression, which were masked by analysing 

the whole tissue.

Whilst arrays provide useful information in allowing the mass screening o f protein or 

mRNA to initially identify changes in an expression profile, protein or mRNA expression 

is expressed in relative terms. Once the protein o f interest has been identified a more 

detailed analysis involving absolute quantitative analysis and localisation o f the individual 

protein is required.

In conclusion, this is the first study to investigate the simultaneous expression of 42 

cytokine proteins within the AAA. It has described the cytokine profile o f the AAA and 

has highlighted the increased expression of several pro-inflammatory cytokines and 

chemokines within the AAA. This combination of cytokines may maintain the chronic 

inflammatory nature o f the AAA and favour proteolysis o f the ECM resulting in further 

weakening o f the aortic wall. The highly elevated expression o f IL-6 , IL-8 , MCP-1 and 

MCP-2 above both control groups suggests that they are involved in end-stage AAA
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pathogenesis. The role these cytokines may have in AAA degeneration remains to be 

determined. The remainder o f this thesis is dedicated to defining the expression of these 

cytokines within the AAA.
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7. Pro-inflammatory and Chemotactic Cytokine Expression 

in Abdominal Aortic Aneurysms

7.1 Introduction

The previous chapter identified several pro-inflammatory and chemotactic cytokines which 

were elevated in the aneurysm above non-aneurysmal aorta. Four cytokines: IL-6 , IL-8 , 

MCP-1 and MCP-2 were raised in the AAA above the normal expression of both 

abdominal and thoracic aorta.

Human IL-6  is a single glycoprotein chain of about 26kDa and 212 amino acids, with two 

potential N-linked glycosylation sites. IL-6  mediates its biological effect through the IL-6  

receptor, which consists o f two chains, IL-6 R a and gpl30. The IL-6 R a chain is specific to 

IL-6  and is involved in ligand binding, whilst the gpl30 chain is the signal transducing 

peptide of the receptor complex. IL-6  is a potent pleiotropic inflammatory cytokine that 

mediates a plethora of physiological functions including: the differentiation of 

lymphocytes, cell proliferation, cell survival and amelioration o f apoptotic signals ’ 

Additionally, IL-6  plays a pivotal role in the acute-phase response, with IL-6  stimulating 

the expression of C-reactive protein and fibrinogen .

The biologically active form of IL-8  is an 8.4kDa protein containing 72 amino acids. It is 

secreted as an 8.9kDa protein of 77 amino acids and it has been shown that this form can 

be processed by MMP-9 to the 8.4kDa form. This results in a 10- to 27-fold increase in 

neutrophil activation, as measured by an increase in intracellular Ca2+ concentration, 

secretion of MMP-9 and chemotaxis. This increased potency correlated with enhanced IL- 

8 binding to neutrophils and increased signalling through CXCR1 . IL-8  is a pro- 

inflammatory CXC chemokine. Biological functions for IL-8  include plasma exudation, 

neutrophil accumulation, general granulocytophilia in vivo , chemotaxis for recruitment 

of leukocytes by diapedesis through endothelial spaces339, degranulation of neutrophils340, 

respiratory burst response341 and mobilisation of intracellular Ca2+ in vitro342. IL-8  has 

also been shown to stimulate angiogenesis by promoting proliferation and chemotaxis of 

endothelial cells343.
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MCP-1 and -2 are initially synthesised as a 99 amino acid polypeptide containing a 

hydrophobic amino terminal signal sequence of 23 amino acids. After cleavage of the 

signal peptide the mature protein of 76 amino acids is secreted. MCP-2 has a 62% 

sequence homology with MCP-1. MCP-1 and -2 belong to the CC chemokine family and 

signal through the CCR2 receptor. Additionally, MCP-2 signals through the CCR 

receptors: CCR1, CCR3 and CCR5 suggesting at least some functional difference between 

the two ligands. The MCPs chemoattract and activate monocytes, but they also stimulate 

T-lymphocytes, basophils, natural killer cells, dendritic cells and vascular SMCs344'346. 

MCP-2 has a greater effect on sub-types of leukocytes, including eosinophils and 

basophils, than MCP-1, and hence MCP-2 expression may be responsible for broadening 

the inflammatory response to infection347. The MCPs are not chemotactic for neutrophils.

The aim of this chapter is to verify the array’s findings in relation to these cytokines using 

ELISAs, a well-established quantitative technique for measuring specific proteins, on a 

larger AAA patient group.

The null hypothesis is that there are no significant differences in the quantitative 

expression of IL-6 , IL-8 , MCP-1 and MCP-2 between the AAA, the abdominal aorta 

and the thoracic aorta.

7.2 Methods

Specimens from the infrarenal aorta were obtained from patients undergoing open AAA 

repair (n = 25). Two non-aneurysmal control groups were used: abdominal aorta from 

cadaveric kidney donors (n = 15) and thoracic aorta obtained from patients undergoing 

aorto-coronary bypass graft operations (n = 10). The characteristics o f the three groups are 

shown in Table 7-1. All tissue was snap frozen in liquid nitrogen upon collection and 

stored at -80°C for batch analysis.
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Table 7-1. Demographics of the study population.

Risk Factor
AAA 

in = 25)

Abdominal aorta* 

(n = 15)

Thoracic aorta 

{n = 10)

Median age (range) / years 73 (61-84) 54 (23-74) 6 6  (50-76)

Male sex, n (%) 24 (96) 11 (73) 8(80)

Smoking history, n (%) 2 2  (8 8 ) 12  (80) 8(80)

Hypertension, n (%) 18(72) - 1 0 (1 0 0 )

Myocardial infarction, n (%) 5(20) - 6(60)

Angina, n (%) 7(28) - 8(80)

Cerebrovascular accident, n (%) 3(12) - 1 (10)

Diabetes, n (%) 0 (0 ) - 0 (0 )

Median AAA diameter (range) /mm 64 (55-93) n/a n/a

* Only a brief medical history was supplied with the abdominal aorta from kidney donors.

As described in Chapter 5.4-5.5, specimens were prepared for the ELISA experiments by 

homogenisation and manipulation of each sample to a total protein concentration of 

1 mg/ml. All samples and controls were aliquoted into single-use aliquots to avoid protein 

denaturation resulting from multiple-freeze thaws. A fixed concentration of tissue lysate 

was incubated in each ELISA well to allow for a direct comparison of the results between 

the wells. The tissue lysate was incubated on pre-coated ELISA plates for IL-6 , IL-8  and 

MCP-1, as described in Chapter 5.7 ELISA and Appendix II. A pre-coated MCP-2 kit was 

not available and therefore the results section in this chapter (7.3.4 Monocyte 

Chemoattractant Protein-2) describes the stages involved in the development of this assay. 

The final protocol followed for MCP-2 is described in Chapter 5.7.3 MCP-2 ELISA.

For each assay, positive and negative control samples were processed. Homogenising 

buffer was used as the negative control. The average OD readings for the negative control 

were used to blank the tissue lysate readings to account for any light absorption relating to 

the homogenising solution. Positive controls for IL-8  and IL-6  were supplied by Biosource 

Int., however, they did not produce an MCP-1 control for their MCP-1 ELISA. Therefore 

an MCP-1 positive AAA specimen was used as a positive control for determining intra

assay variation within the MCP-1 experiment. The AAA control specimen used had been 

shown by a previous MCP-1 ELISA to contain high levels of MCP-1. For the MCP-2
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assay a recombinant MCP-2 protein, purchased from PeproTech EC, was used as a positive 

control.

Duplicate positive controls were run on each assay to ensure that all assay readings were 

within an acceptable degree of variation (see inter-assay variation results below). The 

intra-assay variation for each cytokine assay was also determined to ensure that the 

variation within an assay was also acceptable.

For each cytokine the data from the three aortic groups were compared using the Kruskal- 

Wallis test and further analysed by a series of Mann-Whitney U tests. A P value of <.05 

was used to determine a significant difference for the Kruskal-Wallis test. To correct for 

multiple comparisons the P value used to determine statistical significance for the Mann- 

Whitney tests was corrected using the Bonferroni method. This method involved dividing 

the P value of <.05 by the number of pairwise comparisons. For this chapter the number of 

possible pairwise comparison was three (AAA vs. abdominal aorta, AAA vs. thoracic aorta 

and thoracic aorta vs. abdominal aorta). Therefore using the Bonferroni correction method 

an adjusted P value of <.017 (0.5/3 = 0.17) was used to determine a significant difference 

for the results of the Mann-Whitney U test326. To investigate the effect of the difference in 

ages between the three aortic groups on cytokine expression, the results o f the IL-6  

analysis, as an example, were adjusted for age. The IL-6  concentrations obtained from the 

ELISA were logged to make the data more normally distributed. A generalised linear 

model was used to compare the mean IL-6  concentration between aortic group, adjusting 

for age.

7.3 Results

7.3.1 Interleukin- 6

The intra- and inter-assay variation for the IL-6  ELIS As are displayed in Table 7-2. The 

intra-assay variation results were determined from measuring the IL-6  content of the 

positive control in 7 wells on the same ELISA plate. Within the same assay the positive 

control had a mean value of 151.7 ± 9.7pg/ml and the coefficient o f variation between the 

concentrations of the control in the wells was 6.4%. Duplicate wells of the positive control 

were incubated on each plate and gave a measure of the variability between assays. The
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Table 7-2. The intra- and inter-assay variation of the IL-6 ELIS As.

Intra-assay Variation Inter-assay Variation

Well Number
IL-6  Control 

Concentration (pg/ml)
Plate Number

IL-6  Control 

Concentration (pg/ml)

1 163.1 1 126.3

2 156.7 2 161.3

3 149.9 3 155.1

4 144.1 4 159.1

5 150.9 5 151.7

6 161.7

7 135.9

Mean 151.7 Mean 150.7

SD 9.7 SD 14.1

Coefficient of 6.4 Coefficient of 9.4

Variation (% ) Variation (%)

SD, standard deviation.

inter-assay variability, based on five assay results, was found to be 9.4%. This level of 

variability is within acceptable limits.

The results of the measurement of IL-6  within the AAA wall and the aortic wall of the 

non-aneurysmal abdominal and thoracic aorta are shown in Figure 7-1, with the actual 

values given in Table 7-3. As the standard curves could not be extrapolated beyond the 

lowest standard concentration without affecting the accuracy o f the results obtained some 

of the control concentrations could not be quantified by the ELISA (Table 7-3). Therefore 

these values were recorded as “less than the lowest standard concentration”. In the case of 

IL-6 , these were recorded as < 7 .8pg/ml. As this data were analysed through median 

values and non-parametric statistical methods based on rank order this did not affect the 

outcome of the Kruskal-Wallis and Mann-Whitney analyses. Both these statistical tests 

work by placing all the values in rank order, then adding up the sum of ranks for each 

group and dividing the sum of ranks by the number of values in that group to gain the 

mean rank. The statistical difference between these mean rank values is then determined. 

Therefore the actual values of the data count only towards its rank order.
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8

AAA A bdom inal T h oracic
Aorta Aorta
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Figure 7-1. IL-6 expression within AAA («=25), abdominal aorta (n =15) and thoracic aorta («=10).

The boxplots display the median value (horizontal bar) and the interquartile range (the vertical length of the 

box) of the data per aortic group. The whiskers represent the range of the data. The circles display outlier 

values.

Table 7-3. Data values for Figure 7-1.

Aortic

Group

Number of 

Cases

Median

(pg/ml)

IQR (pg/ml)

1st 3rd 

quartile quartile

Range (pg/ml) 

Minimum Maximum 

value value

AAA 25 226.7 81.9 514.9 21.9 1067.0

Abdominal

Aorta

15 <7.8 <7.8 40.5 <7.8 1 0 2 .6 *

Thoracic

Aorta

1 0 <7.8 <7.8 27.7 <7.8 43.2

* Outlier on the graph. IQ R , interquartile range.
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Table 7-4. Statistical analyses for Figure 7-1.

Mann-Whitney Analyses

Aortic

Group

Number of 

Cases

Kruskal - 

Wallis

AAA vs. 

Abdominal 

Aorta

AAA vs. 

Thoracic 

Aorta

Abdominal 

vs. Thoracic 

Aorta

AAA 25

Mean Rank 

37.16

Mean Rank 

27.28

Mean Rank 

2 2 .8 8

Mean Rank

Abdominal 15 14.97 9.20 - 13.77

Aorta

Thoracic 10 12.15 - 5.80 11.85

Aorta

P Values - < .0 0 1 < .0 0 1 < .0 0 1 .458

Kruskal-Wallis analysis revealed that there was a significant difference between at least 

two of the population medians (P <.001). Mann-Whitney analysis identified that median 

IL-6  expression was significantly higher in the AAA compared to both non-aneurysmal 

abdominal aorta (226.7pg/ml vs. <7.8pg/ml, P <.001) and thoracic aorta (226.7pg/ml vs. 

<7.8pg/ml, P <.001) (Table 7-4).

The results of the age-adjusted analysis of IL-6  expression are shown in Tables 7-5 to 7-7. 

The back-transformed, age-adjusted means for each aortic group are displayed in Table 7- 

5. The mean age-adjusted IL-6  concentration in the AAA was 233.5pg/ml, compared to 

13.7pg/ml for non-aneurysmal abdominal aorta and 11.9pg/ml in the thoracic aorta. From 

the statistical analysis of the three aortic groups there is strong evidence to suggest a 

difference in the mean IL-6  concentration after adjusting for age (P<.0001) (Table 7-6a). 

Table 7-6b shows that age did not have an effect on IL-6  expression, when the data was 

adjusted for aortic group (P = .524).

Table 7-7 displays the back-transformed, differences between the least square means 

(Ratios) for each pairwise comparison of the aortic groups. There was strong evidence of a 

difference between AAA and non-aneurysmal abdominal aorta (Ratio 17.05; P <.0001),
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and strong evidence o f a difference between AAA and thoracic aorta (Ratio 19.61; P 

<.0 0 0 1 ), but no evidence of a difference between non-aneurysmal abdominal aorta and 

thoracic aorta (Ratio 1.15; P = .750). Thus mirroring the previous results for IL-6  

expression in aortic tissue, which were not adjusted for age.

Table 7-5. Least squares means of IL-6 concentration (adjusted for age)

Aortic Group Back-transformed IL-6  concentration (pg/ml) 

Mean 95% Confidence Interval

AAA 

Abdominal Aorta 

Thoracic Aorta

233.45 147.09 to 369.56 

13.68 7.26 to 25.77 

11.89 6.36 to 22.22

Table 7-6a. Type III sum of squares - Effect of aortic group on IL-6 expression (adjusted for age)

Covariate Degree of 

Freedom

Type III Sum of Mean Square F Value P Value 

Square

Aortic Group 2 66.46 33.23 34.53 <.0001

Table 7-6b. Type III sum of squares - Effect of age on IL-6 expression (adjusted for aortic group)

Covariate Degree of 

Freedom

Type III Sum of Mean Square F Value P Value 

Square

Age 1 0.40 0.40 0.41 .524

Table 7-7. Pairwise comparison of the difference between the least squares means for IL-6 (age- 

adjusted)

Pairwise Comparison Ratio 95% Confidence Interval P-Value

AAA vs. 

Abdominal Aorta 

AAA vs. 

Thoracic Aorta 

Abdominal Aorta vs. 

Thoracic Aorta

17.05 7.00 to 41.51 <.0001 

19.61 8.94 to 43.00 <.0001 

1.15 0.48 to 2.77 .750
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7.3.2 Interleukin -8

The intra- and inter-assay variation for the IL-8  ELIS As are displayed in Table 7-8. The 

intra-assay variation across 7 wells on the same plate was determined as for IL-6 . Within 

the same assay the positive control had a mean value of 104.3 ± 4.4pg/ml and the 

coefficient of variation in the concentration of the control between the wells was 4 .3 %. 

Duplicate wells of the positive control were incubated on each plate and gave a measure of 

the variability between assays. The inter-assay variability, based on five assay results, was 

found to be 7.5%. This level of variability is within acceptable limits.

Table 7-8. The intra- and inter-assay variation of the IL-8 ELIS As.

Intra-assay Variation Inter-assay Variation

Well Number
IL-8  Control 

Concentration (pg/ml)
Plate Number

IL-8  Control 

Concentration (pg/ml)

1 102.5 1 99.1

2 98.2 2 1 1 0 .0

3 107.9 3 117.1

4 111.1 4 118.4

5 100.1 5 104.3

6 104.4

7 106.0

Mean 104.3 Mean 109.8

SD 4.4 SD 8.3

Coefficient of 4.3 Coefficient of 7.5

Variation (% ) Variation (% )

SD, standard deviation.
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Figure 7-2. IL-8 expression within AAA (/i=25), abdominal aorta (/* =15) and thoracic aorta (/i=10).

The boxplots display the median value (horizontal bar) and the interquartile range (the vertical length of the 

box) of the data per aortic group. The whiskers represent the range of the data. The circles display outlier 

values, the asterisks highlight extreme outliers.

The results of the measurement of IL- 8  within the AAA wall and the aortic wall of the 

non-aneurysmal abdominal and thoracic aorta are shown in Figure 7-2, with the actual 

values given in Table 7-9.

As for IL-6 , some of the lower values of the control specimens were below the standard 

curve. Their OD values were greater than the background OD values demonstrating a 

presence of these cytokines within the controls specimens, but at a level below 15.6pg/ml, 

the lowest concentration on the standard curve. Several of the values were classed as 

outliers, as defined by SPSS as having a value over 1.5 times greater than the interquartile 

range. All values were included in the statistical analysis.
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Table 7-9. Data values for Figure 7-2.

Aortic Number of Median IQR (pg/ml) Range (pg/ml)

Group Cases (pg/ml) 1st 3rd Minimum Maximum

quartile quartile value value

AAA 25 438.6 174.6 1063.5 30.2 4110.9*

Abdominal 15 <15.6 <15.6 74.4 <15.6 450.3*

Aorta

Thoracic 10 <15.6 <15.6 <15.6 <15.6 43.7*

Aorta

* Outlier on the graph. IQR, interquartile range.

Table 7-10. Statistical analyses for Figure 7-2.

Mann-Whitney Analyses

Aortic Number of Kruskal- AAA vs. AAA vs. Abdominal

Group Cases Wallis Abdominal Thoracic vs. Thoracic

Aorta Aorta Aorta

Mean Rank Mean Rank Mean Rank Mean Rank

AAA 25 36.96 27.0 22.96 -

Abdominal 15 16.53 9.67 - 14.87

Aorta

Thoracic 10 10.30 - 5.60 10.20

Aorta

P Values - <.001 <.001 <.001 .061

Kruskal-Wallis analysis revealed that there was a significant difference between at least 

two of the population medians (P <.001). Mann-Whitney analysis identified that median 

IL-8  expression was significantly higher in the AAA compared to both non-aneurysmal 

abdominal aorta (438.6pg/ml vs. <15.6pg/ml, P <.001) and thoracic aorta (438.6pg/ml vs. 

<15.6pg/ml, P <.001) (Table 7-10).
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7.3.3 Monocyte Chemoattractant Protein-1

The intra-assay variation for the MCP-1 ELISA is displayed in Table 7-11. The intra

assay variation across 8 wells on the same plate was determined using aliquots of the 

positive AAA control. Within the same assay the positive control had a mean value of 

1279.7 ± 232.8pg/ml and the coefficient of variation in the concentration of the control 

between the wells was 18.2%. A measure of inter-assay variability couldn’t be given as 

the MCP-1 results were obtained from only two ELIS As.

Table 7-11. The intra-assay variation of the MCP-1 ELISA.

Well Number MCP-1 Control Concentration (pg/ml)

1 1029.6

2 1383.7

3 1474.2

4 1651.9

5 1400.1

6 994.4

7 1175.3

8 1128.5

Mean 1279.7

SD 232.8

Coefficient of Variation (%) 18.2

SD, standard deviation.

The results of the measurement of MCP-1 within the AAA wall and the aortic wall of the 

non-aneurysmal abdominal and thoracic aorta are shown in Figure 7-3, with the actual 

values given in Table 7-12.

MCP-1 was expressed in all of the aortic samples. Despite an 18.2% variability within the 

plate the overall expression of MCP-1 was much greater in the AAA than in the non- 

aneurysmal abdominal (9 -fold) or thoracic aorta (19-fold), with minimal overlapping of the 

data. It is therefore unlikely that the data could have resulted simply from this variation.
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Figure 7-3. MCP-1 expression within AAA («=25), abdominal aorta (/i =15) and thoracic aorta («=10).

The boxplots display the median value (horizontal bar) and the interquartile range (the vertical length of the 

box) of the data per aortic group. The whiskers represent the range of the data. The circles display outlier 

values, the asterisks highlight extreme outliers.

Table 7-12. Data values for Figure 7-3.

Aortic

Group

Number of 

Cases

Median

(pg/ml)

IQR (pg/ml)

1St 3rd

quartile quartile

Range (pg/ml) 

Minimum Maximum 

value value

AAA 25 1869.1 1496.6 2713.4 622.7 7649.5*

Abdominal

Aorta

15 198.8 99.6 621.5 61.5 2 0 0 1 .0 *

Thoracic

Aorta

1 0 96.9 61.5 238.6 61.5 272.1

* Outlier on the graph. IQR, interquartile range.
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Kruskal-Wallis analysis revealed that there was a significant difference between at least 

two of the population medians (P <.001). Mann-Whitney analysis identified that the 

median MCP-1 expression was significantly higher in the AAA compared to both non- 

aneurysmal abdominal aorta (1869.1pg/ml vs. 198.8pg/ml, P <.001) and thoracic aorta 

(1869.1pg/ml vs. 96.9pg/ml, P <.001). Once corrected for multiple comparisons the 

expression o f MCP-1 was not significantly different between abdominal and thoracic aorta 

(P = .047) (Table 7-13).

Table 7-13. Statistical analyses for Figure 7-3.

Mann-Whitney Analyses

Aortic

Group

Number of 

Cases

Kruskal-

Wallis

AAA vs. 

Abdominal 

Aorta

AAA vs. 

Thoracic 

Aorta

Abdominal 

vs. Thoracic 

Aorta

AAA 24

Mean Rank 

36.38

Mean Rank 

26.38

Mean Rank 

22.50

Mean Rank

Abdominal 15 17.17 9.80 - 15.37

Aorta

Thoracic 10 9.45 - 5.50 9.45

Aorta

P Values - < .0 0 1 < .0 0 1 < .0 0 1 .047

P <.017 is significantly different.

7.3.4 Monocyte Chemoattractant Protein-2

Initial experimental work involved developing an ELISA for MCP-2 and validating its 

accuracy. The original protocol used was similar to the protocol described in Chapter

5.7.3 MCP-2 ELISA with the following major differences: (1) the plate was coated with 

1 jug/ml of capture antibody and left overnight at RT to adhere to the plate, (2) the SA-HRP 

was added at a dilution o f 1/200, (3) the range of MCP-2 concentrations used in the 

standard curve were 62.5-4000pg/ml. The standard curve that was attained using the 

original protocol is shown in Figure 7-4. The coefficient of determination (R2), which 

demonstrates how well the data fits to the line, was 0.9876. The closer that the R value is 

to the value of 1 .0  the better the data fits the curve.
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The MCP-2 concentration in a sample of eight AAA specimens was measured in order to 

check that the OD values would fit on the standard curve. The OD value of the lowest 

standard on the curve at 62.5pg/ml was 0.1095. However, the OD values obtained from 

the AAA specimens were lower than this (Table 7-14). Therefore the concentration of 

MCP-2 in the AAA specimens could not be measured by the assay described in the 

original DuoSet protocol.
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Figure 7-4. The standard curve (62.5pg/ml-4000pg/ml) produced from initial experiments. The ELISA 

was performed using lpg/ml capture antibody, 50ng/ml detection antibody and 1/200 dilution of SA-HRP.

Table 7-14. The OD values of the lowest standard and AAAs tested on the original ELISA.

Background corrected Background corrected OD Verdict

OD value o f 62.5pg/ml value of AAA specimens

standard

0.1095 0.057 Off the standard curve

0.097 Off the standard curve

0 .0 1 2 Off the standard curve

-0.005 Off the standard curve

0.047 Off the standard curve

0.009 Off the standard curve

0.008 Off the standard curve

-0 .0 2 1 Off the standard curve
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Testing the Effect of Varying Reagent Concentrations on Assay Sensitivity 

It was necessary to optimise the MCP-2 assay to attain a standard curve that extended 

below 62.5pg/ml. The test protocol consisted of comparing concentrations of capture 

antibody (lpg/m l, 5pg/ml); detection antibody (50ng/ml, lOOng/ml); and SA-HRP (1/50, 

1/200). The additional concentrations were selected as they were calculated to be the 

maximum concentrations of the reagents that could be used with the amount of reagents 

that were supplied with the assay and leave sufficient reagents for two full ELISA plates to 

measure the concentration of MCP-2 within the aortic specimens. The grid in Table 7-15 

displays the various combinations of antibodies and SA-HRP tested. The rest of the 

protocol was performed as described in Chapter 5.7.3 MCP-2 ELISA. The standard 

concentrations tested were incubated in the wells as displayed in Table 7-15. The lowest 

standard of 62.5pg/ml was diluted two-fold, twice, to extend the standard curve down to 

15.6pg/ml.

Table 7-15. Grid experiment for testing the effect of capture, detection antibody and SA-HRP 

concentration on the detection signal produced.

SA-HRP:

1/50

SA-HRP:

1 /2 0 0

SA-HRP:

1/50

SA-HRP:

1 /2 0 0

Detect

AB

50ng/ml

4000 62.5 4000 62.5 4000 62.5 4000 62.5

31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3

15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6

0 0 0 0 0 0 0 0

Detect

AB

lOOng/ml

4000 62.5 4000 62.5 4000 62.5 4000 62.5

31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3

15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6

0 0 0 0 0 0 0 0

C apture AB 

1 pg/ml

C apture AB 

1 pg/ml

C apture AB 

5pg/ml

Capture AB 

5pg/ml

SA-HRP, streptavidin-horseradish peroxidase; Detect AB, detection antibody; Capture AB, capture antibody. 

The concentrations o f the MCP-2 standards contained within each well are mapped on the grid (pg/ml).

139



Chapter 7: Pro-inflammatory & Chemotactic Cytokine Expression in AAAs

Table 7-16. Optical density (OD) readings for the grid experiment (Table 7-15).

SA-HRP:

1/50

SA-HRP:

1/200

SA-HRP:

1/50

SA-HRP:

1/200

Detect

AB

50ng/ml

0.794 0.265 0.463 0.124 2.708 0.375 1.989 0.203

0.091 0.090 0.066 0.069 0.151 0.137 0.093 0.085

0.065 0.080 0.059 0.048 0.086 0.068 0.058 0.054

0.091 0.069 0.084 0.049 0.061 0.047 0.047 0.045

Detect

AB

lOOng/ml

0.848 0.207 0.467 0.127 2.683 0.355 1.865 0.170

0.108 0 . 1 1 0 0.073 0.082 0.150 0.139 0.097 0.088

0.058 0.066 0.051 0.075 0.087 0.076 0.072 0.052

0.041 0.050 0.052 0.079 0.077 0.067 0.039 0.040

Capture AB 

lpg/ml

Capture AB 

lpg/ml

Capture AB 

5pg/ml

Capture AB 

5pg/ml
Original conditions. Largest improvement in detection signal.

Table 7-17. Signal to noise ratio for the grid experiment (Table 7-15).

SA-HRP:

1/50

SA-HRP:

1/200

SA-HRP:

1/50

SA-HRP:

1/200

Detect

AB

50ng/ml

9.9 3.3 7.0 1.9 50.1 6.9 43.2 4.4

1.1 1.0 2.7 1.9

0.9 0 . 8 1.4 1.2

1 .0 1 .0 1.0 1 .0

Detect

AB

lOOng/ml

18.6 4.6 7.1 1.9 37.3 4.9 47.2 4.3

2.4 1 .2 2 . 0 2.3

1.4 1 .0 1.1 1 .6

1 .0 1 .0 1 .0 1 .0

Capture AB 

lpg/ml

Capture AB 

1 pg/ml

Capture AB 

5pg/ml

Capture AB 

5pg/ml

Signal to noise = standard curve OD/background OD.

Original conditions. Largest improvement in detection signal
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The OD results of the assay are shown in Table 7-16 and the signal to noise ratios are 

shown in Table 7-17. The “signal” was a measure of the OD values obtained from the 

standards (4000, 62.5, 31.2 and 15.6pg/ml), which were treated with different 

concentrations of the antibodies and SA-HRP. The background “noise” OD values were 

obtained from wells containing only diluent buffer. Increasing the concentration of the 

capture antibody had the greatest effect on the signal to noise ratio. Increasing the SA- 

HRP increased the signal strength, however at higher capture antibody concentrations it 

also increased the background signal. The highest signal to noise ratio was achieved by the 

combination of 5 pg/ml of capture antibody, 50ng/ml of detection antibody and 1/50 

dilution of SA-HRP. Using these conditions the assay was able to detect 31.2pg/ml, which 

was previously undetectable (signal to noise ratio of 2.7 vs. 1.0). At 15.6pg/ml the signal 

was too close to the background noise (signal to noise ratio of 1.4). Therefore it was 

possible to extend the standard curve down to 31.2 pg/ml, a two-fold dilution further than 

under the previous conditions. The highest standard 4000pg/ml was removed from the 

standard curve as previous work had shown that the aortic samples expressed MCP-2 at the 

lower range of the standard curve. The new standard curve therefore ranged from 

31.2pg/ml -  2000pg/ml (Figure 7-5).

4-i
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Q
O

R2 = 0.9832

2000 25001500500 10000
MCP-2 concentration (pg/ml)

Figure 7-5. The standard curve (31.2pg/ml-2000pg/ml) for MCP-2 under the new assay conditions.

The ELISA was performed using 5/xg/ml capture antibody, 50ng/ml detection antibody and 1/50 dilution of 

SA-HRP.
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Testing the Accuracy of the Modified Standard Curve under the New Assay Conditions 

Having altered the standard curve and the conditions of the assay it was important to 

determine that the standard curve could be used to accurately calculate unknown 

concentrations. This was assessed by performing another ELISA with the new standard 

curve (31.2pg/ml-2000pg/ml) and backplotting the OD values of the standards. 

Essentially, this involved treating the standards as if  they were of an unknown 

concentration and using the standard curve to calculate their concentration from their OD 

values. The backplotted concentration was then compared to the known concentration of 

the standard to measure the accuracy of the standard curve. Additionally the linearity of 

dilution was assessed using serial two-fold dilutions of the MCP-2 positive control.

Testing the Standard Curve (31.2pg/ml-2000pg/ml)

1) Backplotting:

The results o f backplotting the OD values of the standards are shown in Table 7-18. The 

differences between the actual concentrations of the standards and the concentrations 

obtained from the curve should be within ±10% of the expected values. At the lower end 

of the standard curve the differences between the expected and observed concentrations 

were too high, therefore using this to provide an accurate calculation of unknown samples 

would produce highly erroneous results.

Table 7-18. Comparison between the actual concentrations of the standards and the backplotted 

concentrations.

MCP-2 Standards

Expected Concentration Observed Concentration % Difference

(pg/ml) (pg/ml)

0.0 0.0 0.0

31.2 8.4 -73.1

62.5 29.8 -52.3

125 101.8 -18.6

250 306.4 +22.6

500 556.9 +11.4

1000 1086.1 +8.6

2000 1642.6 -17.9
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2) Linearity o f Dilutions:

The results of the linearity of serial dilutions of the positive control sample are shown in 

Table 7-19. Table 7-19 displays the concentration of the non-diluted MCP-2 positive 

control (688.1pg/ml) and shows the concentration that would be expected from this control 

when diluted in a linear manner. The observed concentration displays the results that were 

actually obtained from the ELISA. If the ELISA could have accurately measured the 

MCP-2 concentration of the diluted samples then the linearity of the dilution should have 

been maintained. Therefore multiplying the observed data by its dilution factor should 

have equalled approximately 688.1pg/ml. As shown in Table 7-19 the results are not 

linear. The recovery of MCP-2 is expressed in the last column as a percentage of the 

amount of MCP-2 measured by the ELISA out of the expected amount. If the assay had 

accurately detected a linear dilution in the control then the values in the last column should 

have been approximately 100%.

Table 7-19. The assessment of the linearity of dilution on the observed MCP-2 concentration.

Dilution

Factor

Expected

Concentration*

Observed

Concentration

Observed 

Concentration x 

Dilution Factor

% of Expected 

Concentration

1 688.1 688.1 688.1 100

1:2 344.1 239.9 479.8 69.7

1:4 172.0 91.5 366.0 53.2

1:8 86.0 29.8 238.4 34.6

* Expected concentration based on two-fold serial dilutions o f the highest concentration o f the positive 

control.

The results show that the amount of MCP-2 measured by the assay was much lower than it 

should have been. The deviation of the results from the expected values is most likely due 

to the inaccuracies in the standard curve, as shown through backplotting. Therefore this 

standard curve (31.2pg/ml-2000pg/ml) would have been unsuitable for measuring MCP-2 

in the aortic samples.

For the purpose o f measuring the concentration of MCP-2 in aortic tissue only the lower 

linear section of the standard curve was required. Therefore the results of the previous 

assay were re-assessed just using the linear section of the curve (31.2pg/ml-250pg/ml).
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Testing the Standard Curve (31.2pg/ml-250pg/ml)

Figure 7-6 displays the linear section of the standard curve.

0.9910

0 100 200 300

MCP-2 concentration (pg/ml)

Figure 7-6. The standard curve (31.2pg/ml-250pg/ml) for MCP-2. The ELISA was performed using 

5/xg/ml capture antibody, 50ng/ml detection antibody and 1/50 dilution o f SA-HRP.

1) Backplotting:

To test the accuracy of this standard curve the standard OD values were backplotted. The 

results are shown in Table 7-20. The differences between the actual concentrations of the 

standards and the concentrations obtained from the curve are much closer without the 

distortion of the line by the curve at higher concentrations.

Table 7-20. Comparison between the actual concentrations of the standards and the backplotted 

concentrations.

MCP-2 Standards

Expected Concentration Observed Concentration % Difference

(pg/ml) (pg/ml)

0.0 0.0 0.0

31.2 24.8 -20.5

62.5 51.7 -17.3

125 125.4 +0.32

250 253.3 +1.32
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2. Linearity of Dilutions:

The OD data from the serially diluted positive control were re-analysed on the linear 

standard curve (31.2pg/ml-250pg/ml). Table 7-21 displays the concentration of the highest 

MCP-2 control that fitted the linear standard curve (220.6pg/ml) and shows the expected 

concentrations resulting from serial dilutions of this control. The observed concentrations 

displayed in the table came from the re-analysis of the OD data on the linear standard 

curve. The observed concentrations multiplied by their dilution factors resulted in final 

concentrations similar to that of the neat control. The results showed that the observed 

concentrations of the diluted control were within 93.7-105% of the expected concentration. 

Therefore the assay was able to measure MCP-2 concentration sufficiently accurately 

across a dilution range. As the same OD values were used as for the previous standard 

curve the difference in results cannot relate to experimental variation but from the 

inaccuracy in the previous standard curve.

Table 7-21. The assessment of the linearity of dilution on the observed MCP-2 concentration.

Dilution

Factor

Expected

Concentration*

Observed

Concentration

Observed 

Concentration x 

Dilution Factor

% of Expected 

Concentration

1 220.6 220.6 220.6 100

1:2 110.3 116.2 232.4 105

1:4 55.2 51.7 206.8 93.7

* Expected concentration based on two-fold serial dilutions o f the highest concentration o f the positive 

control.

Using the linear section of the standard curve it was possible to obtain accurate 

concentration readings. The limited upper concentration range o f 31.2pg/ml-250pg/ml was 

unlikely to be a problem for measuring MCP-2 in the aortic samples as the earlier ELISA 

had shown that overall the expression of MCP-2 in AAAs was at the lower end of the 

concentration range. When it was attempted to extend the standard curve down to 

15.6pg/ml the signal to noise ratio was similar to that of the blank and therefore the array 

was unable to quantify MCP-2 at concentrations less than 31.2pg/ml, although this was an 

improvement on 62.5pg/ml. Additional minor improvements to increase the detection 

signal strength included increased incubations times, incubation temperatures and shaking 

the plates during incubations.
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Intra-assay Variation

The intra-assay variation for the optimised MCP-2 ELISA is displayed in Table 7-22. The 

intra-assay variation across 16 wells on the same plate was determined using an aliquot of 

the positive AAA control. Within the same assay the positive control had a mean value of 

71.7 ± 7.5pg/ml and the coefficient of variation in the concentration of the control between 

the wells was 10.5%. A measure of the inter-assay variability of the assays used to 

measure MCP-2 within the aortic specimens could not be given as only two plates were 

used. The positive control was incubated on each assay to provide a qualitative indication 

that the assay had worked.

Table 7-22. The intra-assay variation of the MCP-2 ELISA.

Well Number MCP-2 Control Concentration (pg/ml)

1 74.4

2 75.8

3 55.9

4 66.3

5 67.9

6 60.1

7 70.0

8 67.5

9 77.5

10 70.4

11 80.3

12 79.4

13 81.9

14 77.6

15 65.3

16 76.7

Mean 71.7

SD 7.5

Coefficient of Variation (%) 10.5

SD, standard deviation.
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ELISA Measurement of MCP-2 in Aortic Specimens

Having improved the sensitivity and validated the linearity of the extension of the curve 

(31.2-250pg/ml) an ELISA assay was done on the aortic specimens to measure the 

concentration of MCP-2 within the samples (Table 7-23).

Table 7-23. The MCP-2 concentrations measured in aortic specimens

AAA

Concentration of MCP-2 (pg/ml) 

Abdominal Aorta Thoracic Aorta

162.5 126.8 -

125.1 42.5 -

72.3 100.5 -

53.0 - -

76.6 - -

72.9 - -

29.2 - -

31.8 - -

Most of the samples had OD values lower than the standard curve despite the extension of 

the curve and their concentration remained undetermined. Out o f 25 AAA specimens the 

concentration could only be determined for 8 AAA specimens. The concentration was 

measured in 3 abdominal aorta specimens out of 15 samples and none o f the thoracic aortic 

specimens could be measured. The concentrations are shown in Table 7-23. There was not 

sufficient data to allow for a comparison of the expression of this cytokine in AAAs and 

other aortic tissue.

7.4 Discussion

The aim of this chapter was to investigate the expression of IL-6, IL-8, MCP-1 and MCP-2 

within the AAA and non-aneurysmal aorta in order to support the array findings. The null 

hypothesis was that there are no significant differences in the quantitative expression of 

any o f these cytokines between the AAA, abdominal or thoracic aorta.
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The main finding o f this chapter is that:

1. IL-6, IL-8 and MCP-1 are significantly increased within the AAA.

MCP-2 was investigated but for experimental reasons it was not possible to measure its 

concentration. Therefore the null hypothesis can be rejected for IL-6, IL-8 and MCP-1, but 

not for MCP-2.

Initial experiments involved validating the IL-6, IL-8 and MCP-1 ELIS As with regards to 

intra- and inter-assay variability and the variation was found to be within an acceptable 

limit. The intra-assay variation was much higher in the MCP-1 assay than for IL-6 and IL- 

8. However, the intra-assay variation of MCP-1 was determined with a positive AAA 

homogenate sample as opposed to a purified IL-6/IL-8 protein solution. Whilst in part the 

difference in intra-assay variation between the ELISAs could be a physical difference 

between the assays, it is also likely to reflect the different matrices used to measure intra

assay variation. As the MCP-1 control was a positive homogenate sample there is a 

potential issue of antigen to antibody accessibility with steric hindrance from other proteins 

and cellular components compared to that of a purified protein solution. However, as the 

samples to be tested by the ELISAs are homogenates this might actually be a more 

appropriate method for determining the intra-assay variability o f the test conditions. As 

discussed in the results section, the difference between the expression of MCP-1 in the 

AAA group and the controls is so great it is unlikely to be affected by the intra-assay 

variation.

It was possible to assess the inter-assay variation for IL-6 and IL-8 because multiple plates 

were used as the assays had to be repeated a number of times before the AAA samples 

were sufficiently diluted enough to be measured by the standard curve. Fewer plates were 

required for the MCP-1 assay as all AAA samples were diluted down 10-fold prior to 

performing the ELISA and, as with MCP-2, only two plates were required to measure all 

the aortic samples. Therefore it wasn’t possible to measure the inter-assay variation 

between the plates for MCP-1, however this was immaterial for MCP-2.

Whilst the previous ELISAs had been purchased as fully validated, ready-to-use assays it 

had not been possible to purchase an MCP-2 kit. Performing the ELISA by the
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manufacturer’s protocol did not detect any MCP-2 and a series of experiments were 

conducted to optimise the protocol. There are many parameters which influence the results 

obtained in an ELISA including: antibody quality and concentration, incubation times, 

incubation temperatures, detection reagent quality and concentration, and substrate type 

and quality. The substrate used in the assay was supplied by R&D Systems and had been 

validated for use with this assay. It was therefore unlikely to be a major factor influencing 

the sensitivity o f the assay. The key factors that could be manipulated were identified as 

the concentration of capture and detection antibodies used (both supplied with the 

development assay) and SA-HRP concentration. Having increased the sensitivity of the 

assay and extended the linearity of the standard curve down to 31.2pg/ml the new 

conditions were validated. However, it was found that the full standard curve produced 

inaccurate results when backplotted and that the results of the serial dilution of the control 

did not reflect the dilution series. Assessment of the linear section of the curve found that 

this section was able to accurately determine the concentration o f the backfitted standards 

and the serially diluted control. Whilst this was used subsequently to determine MCP-2 

concentration in the aortic samples it did consist of only four standard curve points. My 

concern with this protocol is that with such a limited number o f points the standard curve is 

at a greater risk of being distorted by an erroneous measurement o f one of the standards, 

for example due to a pipetting error. This would directly affect the accuracy of the results 

obtained. Despite this, the standard curves used to measure MCP-2 within the aortic 

specimens both had R values close to 1.0, demonstrating that the standard points were 

closely fitted to the line. However, despite increasing the sensitivity of the assay and 

validating the extension of the standard curve from 62.5pg/ml down to 31.2pg/ml, it wasn’t 

sufficient to measure MCP-2 expression within the aortic groups.

The expression of IL-6, IL-8 and MCP-1 within the AAA wall have been briefly 

mentioned in Chapter 6.4 Discussion. The arrays and ELISAs have shown that IL-6 is 

significantly higher in the AAA than in the non-aneurysmal controls. IL-6 has been 

described as being highly expressed within the AAA wall by several studies82,221' 298, 299. 

Elevated circulating levels of IL-6 have also been described within AAA patients 

compared to coronary heart disease patients or normal subject controls300. Rohde et. al. 

reported that serum IL-6 was positively associated with aortic diameter in non-aneurysmal 

subjects and suggested that IL-6 may be involved in the early phase of AAA formation348. 

IL-6 mRNA has been reported to be elevated in the AAA wall compared to AOD82,
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although one study on the expression of IL-6 protein did report it to be lower in the AAA 

compared to AOD . Jones et. al. found the levels of IL-6 were significantly higher in the 

iliac arteries compared to the brachial arteries and concluded that the AAA was a source of
' J ' J H

circulating IL-6 . The cascade of cytokines found within the AAA is thought to arise 

from some unknown primary injury and one possible mechanism is hypoxia resulting from 

intraluminal thrombus. Interestingly, hypoxia, a condition of which the inffarenal aorta is 

prone to, partly due to the reduced number of vasa vasorum in the abdominal aorta, 

induces the expression of IL-6 by vascular cells349.

This thesis has shown that IL-8 and MCP-1 are raised within the AAA compared to non- 

aneurysmal aorta. Previously, both these chemokines have been shown to be increased in 

the AAA compared to occlusive and normal aorta . The increase in IL-8 expression also 

occurs at the gene level. A gene array study of 1176 gene products within the AAA wall
1 87found IL-8 to be raised 11-fold when compared to normal cadaveric organ donors . The 

IL-8 receptor CXCR2 has also been shown to be increased within the human AAA350. An 

increase in IL-8 and its receptor means that through IL-8 signal transduction this 

chemokine could potentially increase chemotaxis into the aneurysmal wall. IL-8 has been 

shown to be chemotactic for human endothelial cells351 and inflammatory cells, especially 

neutrophils339. IL-8 achieves this through its ability to induce cellular expression of 

intracellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 

(VCAM-1)352 and through the provision of a chemotactic signal. IL-8 can also induce 

neutrophil degranulation308 and the release of MMP-9 contained within these granules323. 

IL-8 therefore has the potential to release lytic enzymes within the AAA wall which could 

result in aortic wall damage.

A potential role for MCP-1 in AAA formation is supported by evidence from an 

angiotensin II induced AAA model (in apo E"/_ deficient mice) where those mice with the 

additional knockout of CCR2, the receptor for MCP-1, suppressed the formation of AAAs 

compared to those with CCR2353. MCP-1 was shown to be up-regulated within the AAA 

wall of an elastase-induced mouse model prior to macrophage infiltration of the aortic 

wall312. IL-8 and MCPs have been shown previously to act synergistically to achieve 

maximal neutrophil migration at suboptimal IL-8 levels354. It is therefore possible that the 

increased expression of both IL-8 and MCP-1 within the AAA wall may synergistically 

augment neutrophil chemotaxis into the AAA wall. It may be that subsequent to an initial
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injury, chemokine expression results in the infiltration of inflammatory cells which results 

in chronic inflammation and increased proteolysis. MCP-1 can induce the release of 

specific enzymes, such as Granzyme A, TV-acetyl /3-Z)-glucosaminidase and MMP-9347. 

This enables cells to digest ECM components in order to migrate into tissues. MCP-1 has 

also been shown to up-regulate the expression of CD l ib  and CD 11c integrin on 

monocytes, enabling the monocytes to interact with endothelial cells during 

inflammation355,356. Therefore the expression within the AAA of IL-8 and MCP-1 could 

prove detrimental not only due to increased chemotaxis but through the release of matrix 

degrading enzymes to enhance migration.

In conclusion, this chapter has been able to confirm that IL-6, IL-8 and MCP-1 are raised 

within the AAA. However, it was unable to measure the expression of MCP-2 in aortic 

tissue. An alternative method to measure MCP-2 expression is required. Analysing the 

expression of MCP-2 at the gene level might provide further information and RT-PCR is a 

more sensitive method of analysis than ELISAs. An extension of this work could involve 

investigating the expression of all o f these cytokines at the gene level to support the ELISA 

work and also to investigate if  there are any discrepancies between protein and genomic 

expression. The role of the chemokines IL-8 and MCP-1 in AAA wall damage may extend 

from their involvement in chemotaxis, not only for recruitment of inflammatory cells, but 

also through the release of MMPs to enhance cellular migration across the ECM. The 

following chapter characterises the site of expression of IL-8 and MCP-1 within the AAA 

wall and investigates the association between these chemokines and inflammation.
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8. Chemokine Expression and the Inflammatory Infiltrate 

in the Abdominal Aortic Aneurysm

8.1 Introduction

The previous chapter confirmed the higher expression of IL-6 and the chemokines IL-8 

and MCP-1 within the AAA compared to controls. This chapter focuses on the expression 

of IL-8 and MCP-1 within the AAA wall due to an interest in the potential role of 

chemokines in the pathogenesis of the AAA. IL-6 was not studied further. This chapter 

describes the cellular nature of the inflammatory infiltrate, the regional expression of these 

chemokines and their co-localisation with the infiltrating leukocytes.

IL-8 is normally expressed by multiple cell types including fibroblasts357, endothelial 

cells329, lymphocytes358, macrophages359,360 and PMN360. MCP-1 is expressed by many
• TA1 TAT TATdifferent cell types including SMCs , fibroblasts , endothelial cells and mononuclear

TAT TATcells ’ . In unstimulated cells the production of IL-8 and MCP-1 is low. The main aim

of this chapter is to identify the sites of expression of these chemokines within the AAA 

and identify if  these chemokines co-localise with the inflammatory infiltrate. As one of the 

main characteristics o f chemokines is their chemotactic property the association between 

the extent of inflammation within each sample and the expression o f IL-8 and/or MCP-1 is 

also examined.

In order to determine the co-localisation of IL-8 and MCP-1 the inflammatory infiltrate 

within the AAA is examined. As discussed in Chapter 2.4.4 Inflammatory Infiltrate, the 

inflammatory infiltrate of the AAA is chiefly formed from T-lymphocytes, B-lymphocytes, 

plasma cells, neutrophils, macrophages and dendritic cells156'158. This chapter also 

includes a characterisation of the inflammatory infiltrate of the AAA to provide an 

overview of the inflammatory state of the specimens studied by the ELISAs. Changes in 

the cellular composition of the inflammatory infiltrate from AAAs with increasing levels 

of inflammation are investigated.
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The null hypotheses tested in this chapter are:

1. There are no significant differences in the cellular composition of the 

inflammatory infiltrate between AAAs with different grades of inflammation.

2. There is no significant difference in the extent of mural inflammation between 

AAAs expressing increasing levels of IL-8 or MCP-1.

3. In the event that (2) is disproved: There are no significant differences in the 

cellular composition of the inflammatory infiltrate between AAAs expressing 

increasing levels of IL-8 or MCP-1.

8.2 Methods

The histology and characterisation of the extent of inflammation within the AAA was 

assessed through immunohistochemistry and general staining, as described in Chapter 5 

Materials & Methods. Abdominal aorta was used to provide a comparative example of the 

histology of the non-diseased aorta. Thoracic aorta was not examined due to its different 

anatomical structure to abdominal aorta. The characteristics o f the AAA (n = 21) and 

abdominal aorta (n = 16) groups are shown in Table 8-1. All samples were fixed in 10% 

formalin and stored in paraffin wax.

Tissue was sectioned and stained as described in Chapter 5. To summarise, sections from 

all the specimens were subjected to H&E and EVG staining to examine their histology. 

The inflammatory infiltrate was characterised using immunohistochemistry to stain for 

CD3, CD4, CD8, CD20 and CD68. The localised expression of IL-8 and MCP-1 were 

visualised using antibodies specific to these chemokines.

Table 8-1. Demographics of the study population.

Risk Factor
AAA

(ti = 21)

Abdominal aorta* 

(n=  16)

Median age (range) / years 73 (61-84) 56.5 (23-74)

Male sex, n (%) 19(90) 11(69)

Smoking history, n (%) 18(86) 13(81)

Median AAA diameter (range)/mm 67 (55-93) n/a

* Only a brief medical history was supplied with the abdominal aorta from kidney donors.
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8.2.1 Microscopic Evaluation

Each staining, with the exception of the specific lymphocyte stainings, was assigned a 

score from 0 to 3. Lymphocytes (CD3, CD4, CD8 and CD20) were graded based on the 

percentage of positively stained cells within the infiltrate. The results were graded 

according to the extent of staining present under a high-powered field of view 

(magnification x250) and independently assessed by two observers, including a consultant 

pathologist. All stainings were performed in duplicate and negative slides were treated 

with the appropriate isotype control and/or PBS to check for non-specific binding of the 

antibodies and detection system.

1. Inflammation and Extracellular Matrix Degradation:

The overall level o f inflammation and extent of ECM degradation within the aneurysm 

wall, as a whole, was assessed by light microscopic examination of the H&E (Table 8-2) 

and EVG (Table 8-3) staining, respectively. The following scoring systems were used:

Table 8-2. H&E grading

Score Definition

0 No inflammatory cells visible,

1 Mild inflammation with diffused inflammatory cells,

2 Moderate inflammation with the appearance o f dense follicles (1-3 

follicles),

3 Extensive inflammation with >  4 follicles or such extensive 

infiltration that the follicles have merged.

Table 8-3. EVG grading

Score Definition

0 No discemable loss of elastin, intact elastic lamellae,

1 Mild loss of elastin, fragmented lamellae visible,

2 Moderate loss of elastin, widely fragmented lamellae,

3 Extensive loss of elastin, very little elastin present.

2. Characterisation o f the Inflammatory Infiltrate:

The cellular composition of the inflammatory infiltrate within each layer of the aorta was 

determined through a series of stainings. Specific lymphocytes were identified through
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staining for CD3 (T-lymphocytes), CD4 (Tn-lymphocytes), CD8 (Tc-lymphocytes) and 

CD20 (B-lymphocytes). The percentages were categorised into the scores shown in Table 

8-4.

The extent of macrophage infiltration was measured through CD68 staining. The scoring 

system that was used is shown in Table 8-5.

3. Assessment of the Chemokine Stainings:

The IL-8 and MCP-1 stainings were given an overall grade for each specimen based on the 

scale shown in Table 8-5. Additionally, it was recorded which layers were positively 

stained, whether the infiltrate was stained and which cells were positively stained.

Table 8-4. Lymphocyte scoring system

Score Percentage of cells positively stained (%)

0.0 0

0.5 >0<2

1.0 >2<10

1.5 10

2.0 >10<25

2.5 25

3.0 >25<50

3.5 50

4.0 >50<75

4.5 75

5.0 >75<100

Table 8-5. Macrophage/IL-8/MCP-l scoring system

Score Definition

0 No visible staining

1 Mild staining

2 Moderate staining

3 Extensive staining
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8.2.2 Statistical Analysis

All data is presented as medians with interquartile ranges. Statistical analysis of the 

changes in cellular composition with increasing inflammation or IL-8 expression was 

performed using a Kruskal-Wallis test, followed by a series of Mann-Whitney U tests. The 

association between the level of inflammation and chemokine expression was measured 

using a Chi-square test. A P value of <.05 was used to determine a significance difference 

for the Kruskal-Wallis and Chi-square test. To correct for multiple comparisons of the 

data by Mann-Whitney tests a P value of <.017 was used to determine statistical 

significance, as determined through the Bonferroni method (Chapter 7.2 Methods).

8.3 Results

8.3.1 Inflammation within the Abdominal Aortic Aneurysm Wall

H&E Staining

The overall inflammatory status of the AAA wall was determined using H&E staining. 

Figure 8-1 shows H&E staining of the AAA and control abdominal aortic wall. Nuclei are 

stained a purple/blue by the haematoxylin dye, whilst collagen and other connective tissues 

are stained pink by the eosin dye. Figure 8-1^4 shows a cross-section o f the abdominal 

aorta. The control demonstrates the highly organised structure o f the aorta with a clear 

distinction between the layers. The media is broad, much thicker than the adventitia, and 

shows the regular layering of the elastic lamellae between layers o f SMCs. The connective 

tissue within the adventitia can be seen as an irregular arrangement o f fibres. Figure 8-2A 

shows in more detail the arrangement of the ECM of the medial layer.

A comparison of the wall structure between the abdominal aorta and that of the AAA 

(Figure 8-15) shows that the AAA has lost its layered structure, including a thinning of the 

media and a thickening of the adventitia. The most notable feature in Figure 8-15 is the 

intense infiltration of this layer by inflammatory cells. Figure 8-25 highlights the loss of 

ECM within the medial layer of the AAA. Compared to the abdominal aorta there is a 

notable loss of SMCs within the media and the ECM appears fragmented.
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A) Abdominal Aorta

» -T
Intima

Media

Adventitia

B) AAA

Figure 8-1. The inflammatory nature of the AAA wall, as demonstrated by H&E staining. (A) The

H&E staining of the abdominal aorta demonstrates the three-layered organisation of the aorta. (B) The H&E 

staining of the AAA shows the extensive inflammation within the aneurysm wall, including a mass 

infiltration of the adventitia. Magnification: x40.
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A) Abdominal Aorta - Media

SMC

Elastic >
Lamellae

*

B) AAA -  Media/Adventitia Border

AdventitiaMedia^
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Cells

Figure 8-2. The changes within the media of the AAA wall, as demonstrated by H&E staining. (A)

The H&E staining of the abdominal aorta demonstrates the organisation of the elastic lamellae between 

layers of SMCs within the media. (B) The H&E staining of the AAA shows the disruption of the media 

accompanied by a loss of SMCs and the infiltration of the adventitia, and occasionally the media, by 

inflammatory cells. Magnification: x250.
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Inflammatory Grading o f the Aortic Groups

The H&E staining of the AAA group demonstrated that the infiltrate was predominantly 

found in the adventitia and occasionally in the media. The extent of inflammation varied 

between the AAA specimens from cases of mild inflammation to extensive inflammation 

(interquartile range = 1-3) (Figure 8-3 & Table 8 -6 ). In mild cases of inflammation the 

inflammatory cells were found dispersed throughout the adventitial layer. However, with 

increasing inflammation the infiltrate formed dense follicles. On average the AAAs 

showed moderate inflammation (median score = 2). Grading the control tissue on the same 

scale as the AAAs showed that on average abdominal aortic samples did not shows signs 

of inflammation (median inflammatory score = 0). The control group displayed an 

inflammatory score ranging from no inflammation to mild inflammation in 50% of the 

abdominal aortic specimens (interquartile range = 0-1). Some control samples did exhibit 

a moderate infiltration of the intima associated with a thickening of the intimal layer.
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Figure 8-3. The distribution of the H&E scores for the AAA and the abdominal aorta groups. The

majority of the abdominal aortic samples did not display any inflammation. The AAA samples displayed 

some inflammation, with the intensity varying from mild to extensive inflammation.
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Table 8-6. Quantification of the extent of inflammation and loss of elastin

AAA Abdominal Aorta
Stain

Median Interquartile Range Median Interquartile Range

H&E 2 1-3 0 0-1

EVG 2 2-3 0 0-0

EVG Staining

Figure 8-4 shows EVG staining of the AAA and control abdominal aorta wall. The EVG 

stains elastin black, collagen red and cytoplasm yellow. The EVG staining of the control 

abdominal aorta clearly shows the three layers of the abdominal aorta and demonstrates the 

arrangement of the ECM fibres (Figure 8-4A). The most notable feature is the black 

striations of elastic lamellae within the media and the elastic fibres within the adventitia. 

Figure 8-5,4 demonstrates the arrangement of the elastic lamellae within the media in more 

detail. The pink/red collagen fibres are arranged in a regular manner between the elastic 

lamellae to provide a well-organised connective tissue with the properties of high tensile 

strength and elasticity.

The EVG staining of the connective tissue within the AAA revealed disorganisation of the 

media and adventitia (Figure 8-45). The red collagen fibres are present but in an irregular 

arrangement and the highly ordered elastic lamellae are absent from the media. The 

yellow mass that can be seen within this figure is the inflammatory infiltrate. Figure 8-55 

provides a magnified image of the changes described within the media o f the AAA.

EVG Grading o f  the Aortic Groups

Collectively, EVG staining of the AAA group demonstrated widespread fragmentation of 

elastic fibres and depletion of elastin (Figure 8-6 & Table 8-6). Overall the AAA group 

demonstrated a moderate loss of elastin (median EVG score = 2). An interquartile score 

range of 2-3 demonstrated that 50% of samples had suffered a moderate to extensive loss 

of elastin. Comparatively, the control group did not suffer a discemable loss of elastin 

(median score = 0), with an interquartile range of 0-0 (Figure 8-6 & Table 8-6).
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Figure 8-4. The loss of elastin within the AAA and disruption of the ECM organisation, as 

demonstrated by EVG staining. (A) The EVG staining of the abdominal aorta highlights the regular elastic 

lamellae arrangement. (B) The EVG staining of the AAA shows the loss of elastin from the media and the 

adventitia. Magnification: x40.
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A) Abdominal Aorta - Media
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____________
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Figure 8-5. The loss of elastin from the media within the AAA, as demonstrated by EVG staining. (A)

The EVG staining of the abdominal aorta highlights the regular elastic lamellae arrangement. (B) The EVG 

staining of the AAA shows the loss of elastin from the media. Magnification: x250.
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Figure 8-6. The distribution of the EVG scores for the AAA and the abdominal aorta groups. The

abdominal aortic samples displayed negligible loss of elastin. The majority of the AAA samples displayed a 

moderate to extensive loss of elastin.

8.3.2 Characterisation of the Inflammatory Infiltrate

The basic composition of the inflammatory infiltrate within the AAA was studied using a 

series of CD markers for specific cell types. Staining of the abdominal aorta revealed that 

overall there was relatively little inflammation within the abdominal aorta (Figures 8-7A - 

8-104 & Table 8-7).

Staining of the AAA revealed that lymphocytes (CD3, CD4, CD8 and CD20) were found 

almost exclusively in the adventitia, with occasional low level infiltration into the media. 

Lymphocytes were rarely found within the intima. Conversely, CD6 8 + macrophages were 

predominantly found within the intima of the AAA, with some macrophages present within 

the adventitia (Figures 8-7B -8-10B & Table 8 -8 ).
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A) Abdominal Aorta -  CD20
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Figure 8-7. CD20 specific staining of the aortic wall of (A) the control abdominal aorta and (B) the 

AAA. Sections were stained by immunohistochemistry using anti-human CD20 antibodies to detect 

B-lymphocytes. The left-hand images depict the cross-sectional view of the aortic wall and are orientated 

with the intima at the top of the cross-section and the adventitia at the bottom (magnification: x40). The 

right-hand images show CD20 staining of the adventitia (magnification: x250).
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Figure 8-8. CD3 specific staining of the aortic wall of (A) the control abdominal aorta and (B) the 

AAA. Sections were stained by immunohistochemistry using anti-human CD3 antibodies to detect 

T-lymphocytes. The left-hand images depict the cross-sectional view of the aortic wall and are orientated 

with the intima at the top of the cross-section and the adventitia at the bottom (magnification: x40). The 

right-hand images show CD3 staining of the adventitia (magnification: x250).
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A) CD4 -  AAA: Adventitia

B) CD8  -  AAA: Adventitia

Figure 8-9. Staining of the adventitia within the AAA by immunohistochemistry. AAA sections were 

treated with (A) anti-human CD4 antibodies to detect TH-lymphocytes and (B) anti-human CD8 antibodies to 

detect Tc-lymphocytes. Magnification: x250.
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Figure 8-10. CD68 specific staining of the aortic wall of (A) the control abdominal aorta and (B) the 

AAA. Sections were stained by immunohistochemistry using anti-human CD68 antibodies to detect 

macrophages. The left-hand images depict the cross-sectional view of the aortic wall and are orientated with 

the intima at the top of the cross-section and the adventitia at the bottom (magnification: x40). The right-hand 

images show CD68 positive staining of the intima and adventitia (magnification: x250).
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Overall Staining Pattern of the Inflammatory Infiltrate

Comparing the immunohistochemistry staining of the AAA wall to the control abdominal 

aorta revealed several characteristic differences:

CD20

Abdominal Aorta

As shown in Table 8-7 there were very few CD20+ B-lymphocytes within the control 

abdominal aortic wall (Figure 8-7A).

AAA

The predominant cell type within the infiltrate of the AAA was the CD20+ B-lymphocyte, 

accounting for approximately 50% of the infiltrating cells (adventitial median score = 3.5) 

(Table 8-8). The proportion of these cells within the infiltrates ranged from 25% to 50- 

75% of the infiltrate (interquartile range = 2.5-4). As shown in Figure 8-7R CD20+ B- 

lymphocytes were usually present in dense follicles within the adventitia, or dispersed 

throughout the layer. Occasionally, in cases of severe inflammation, CD20+ B-lymphocytes 

were found in the media.

Table 8-7. Grading of the immunohistochemistry stainings for the abdominal aorta group {n = 16)

CD marker Intima -  Median 

(IQR)

Media - Median 

(IQR)

Adventitia - Median 

(IQR)

CD3 0(0-1.75) 0 (0-2) 0.5 (0-4)

CD4 0 (0-0) 0 (0-0) 0 (0-3)

CD8 0 (0-0) 0 (0-2) 0 (0-1)

CD20 0 (0-0) 0 (0-0) 0 (0-0)

CD68 1 (0.75-2) 0 (0-0) 0 (0-0)

Table 8-8. Grading of the immunohistochemistry stainings for the AAA group (n -  21)

CD marker Intima - Median 

(IQR)

Media - Median 

(IQR)

Adventitia - Median 

(IQR)

CD3 0 (0-0) 0.5 (0-1) 2 (0.75-3)

CD4 0 (0-0) 0 (0-0.75) 1 (0.5-2.25)

CD8 0 (0-0) 0 (0-0.5) 0.5 (0.25-1)

CD20 0(0-0) 0 (0-0.5) 3.5 (2.5-4)

CD68 2(1-2) 0 (0-0.75) 1 (0-1)

IQR, interquartile range
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CD3

Abdominal Aorta

Whilst lymphocytes were only occasionally present within the control abdominal aortic 

wall, those that were present were usually of the CD3+ phenotype (Figure 8-8A). The 

median score for CD3+ T-lymphocytes within the adventitia o f the abdominal aorta was 

0.5, representing 0-2% of the infiltrate. The scores obtained from the abdominal aortic 

group were either 0/0.5 or at the top end of the scoring system, there were no middle range 

scores. Thus either CD3+ T-lymphocytes were absent or constituted the majority of the 

infiltrating cells within the adventitia (interquartile range = 0-4). The other cells that were 

noted in the adventitia were CD68+ macrophages and, in 3/16 cases, included CD20+ B- 

lymphocytes. CD3+ T-lymphocytes were occasionally present within the intima and media 

(Table 8-7) The scores for the media were either 0 or >4 and for the intima were either 0 or 

>3.5. The interquartile range is 0-2 for the media and 0-1.75 for the intima because the 3rd 

quartile of the data occurred between the scores of 0 and 4 for the media and 0 and 3.5 for 

the intima.

AAA

CD3+ T-lymphocytes were also prevalent within the infiltrate and proportionally 

represented between 10-25% of the infiltrating cells (adventitial median score = 2). There 

was a degree of variation between the AAA specimens as to the prominence of CD3+ T- 

lymphocytes within the infiltrate. The interquartile range shows that in 50% o f the AAA 

samples CD3+ T-lymphocytes contributed to between 0-10% and 25-50% o f the cellular 

infiltrate (interquartile range = 0.75-3) (Table 8-8). Whilst overall B-lymphocytes were the 

predominant cell type of the infiltrate, on an individual basis in some AAA samples T- 

lymphocytes were the dominant cell type. One sample had a 75-100% proportion o f CD3+ 

T-lymphocytes and in 3/21 AAA samples CD3+ T-lymphocytes constituted 50-75% o f the 

infiltrate. As shown in Figure 8-8B the CD3+ T-lymphocytes were found in follicles, or 

dispersed throughout the layer in milder inflammatory conditions. The T-lymphocytes 

were also dispersed through the media in cases of severe inflammation.

CD4 & CD8 

Abdominal Aorta

In over 50% of the cases neither CD4+ nor CD8+ cells were present within the abdominal 

aorta (median score = 0). On the occasions where T-lymphocytes were present within the
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adventitia generally the CD4 phenotype dominated over the CD8 phenotype (adventitial 

CD4 interquartile range = 0-3 vs. adventitial CD8 interquartile range = 0-1) (Table 8-7).

AAA
Analysis o f the T-lymphocyte subgroups showed that the T-lymphocyte population 

consisted of mostly follicular CD4+ Tn-lymphocytes, which represented between 2-10% of 

the infiltration population of the adventitia (median score = 1 ) .  The interquartile range 

shows that 50% of the AAA samples had a CD4+ Tn-lymphocyte population that 

represented between 0-2% to 10-25% of the inflammatory infiltrate (interquartile range =

0.5-2.25). The second subgroup of T-lymphocytes consisted of CD8+ Tc-lymphocytes. 

The CD4+ Tn-lymphocyte population was larger than the CD8+ Tc-lymphocyte population 

(Figure 8-9A & B). The CD8+ Tc-lymphocyte population comprised between 0-2% of the 

infiltrate population (median score = 0.5). The interquartile range shows that in 50% of the 

AAAs the infiltrate consisted of between 0-2% to 2-10% of CD8+ Tc-lymphocytes (Table 

8-8). Both subsets were present in the layers in the same pattern as described for CD3+ T- 

lymphocytes.

CD68

Abdominal Aorta

CD68+ macrophages were the principal inflammatory cell type in the abdominal aorta. 

Low levels of these macrophages were found frequently within the intima (interquartile 

range is from a low to moderate presence) (Figure 8-10/4). However, CD68+ macrophages 

were rarely found within the adventitia o f the abdominal aorta (Table 8-7).

AAA
CD68+ macrophages were predominantly found within the intima where there was a 

moderate presence o f macrophages dispersed throughout the layer (median score = 2). 

This ranged from a mild to moderate presence in 50% o f the samples (interquartile range = 

1-2) (Figure 8-102? & Table 8-8). Macrophages were rarely seen in the media, however 

there was a low presence of CD68+ macrophages within the adventitia (median score = 1, 

interquartile range = 0-1).
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8.3.3 Composition of the Inflammatory Infiltrate at Different Levels of Inflammation

The characterisation of the inflammatory infiltrate in the previous section (8.3.2 

Characterisation o f  the Inflammatory Infiltrate) described the overall pattern of staining 

seen for the whole AAA group {n = 21). Within the AAA group there existed a large 

variation in the extent of inflammation observed between AAA specimens. The 

composition o f the infiltrate within the adventitia of AAAs at different levels of 

inflammation was examined to determine if  there were changes in its cellular nature with 

increasing inflammation (Tables 8-9 & 8-10).

The CD20+ B-lymphocyte was the predominant cell type in cases of mild to moderate 

inflammation and the extent of its presence within the infiltrate was fairly consistent 

regardless of the level inflammation (Kruskal-Wallis, P = .482).

CD68+ macrophages showed a small increased presence within the infiltrate with 

increasing severity o f inflammation. Statistically there was no significant difference in the 

CD68 staining between the three grades of inflammation (Kruskal-Wallis, P = .062). 

However, with such small groups examined it may be that the observed increase in 

macrophages between mild/moderate and severe inflammation would be significant if 

larger groups were studied.

The presence of CD3+ T-lymphocytes significantly increased with increasing inflammation 

(Kruskal-Wallis, P = .025). The median T-lymphocyte presence within the infiltrate 

increased from 2-10% in cases of mild inflammation to 50-75% in severe cases. In cases 

of severe inflammation, based on the median scores, the predominant cell types were 

equally B- and T-lymphocytes. Both T-lymphocyte subsets increased with inflammation, 

however the overall increase in CD3+ T-lymphocytes was chiefly due to the increase in 

CD4+ TH-lymphocytes. As for CD68 staining this increase failed to reach significance 

(Kruskal-Wallis, CD4: P = .053 and CD8: P = .074).
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Table 8-9. Comparison of infiltrate composition in the adventitia at different levels of inflammation

Cells Grade 1 -  Mild 

Median (IQR) 

n = 9

Grade 2 -  Moderate 

Median (IQR) 

n = 5

Grade 3 -  Severe 

Median (IQR) 

n = 7

CD 3+T- 1 2.5 4

lymphocytes (0.5-2.25) (1.75-2.75) (2-4)

CD4+Th- 0.5 1 2.5

lymphocytes (0.25-1.5) (1-1.5) (1.5-4)

CD8+Tc- 0.5 1 1

lymphocytes (0-0.75) (0-1.5) (0.5-2)

CD20+ B- 3 4 4

lymphocytes (2.5-4) (3-4) (2.5-4)

CD68+ 0 0 1

Macrophages (0-1) (0-1.5) (1-3)

Table 8-10. Statistical analysis of Table 8-9

Kruskal-Wallis Mann-Whitney Analyses (P Values)

(P Values)

Grade 1 vs. 2 Grade 2 vs. 3 Grade 1 vs. 3

CD 3+T-
.025 .068 .162 .018

lymphocytes

CD4+Th-
.053 .128 .068 .048

lymphocytes

CD8+Tc-
.074 .443 .319 .018

lymphocytes 

CD20+ B-
.482 .204 .648 .574

lymphocytes

CD68+
.062 .822 .128 .022

macrophages

Kruskal-Wallis: P <.05 is significant. Mann-Whitney: Adjusted P <.017 is significant.
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Elastin Degradation at Different Levels of Inflammation

The relationship between inflammation and the amount o f elastin degradation was 

assessed. EVG scores were grouped according to level o f inflammation, as deemed from 

the H&E scores. Table 8-11 shows the median EVG scores in each category of 

inflammation and the results of the Chi-square analysis. In order to include the two AAA 

samples which exhibited an EVG score of <2 the data from the EVG staining was 

dichotomised into two groups consisting of those with mild/moderate inflammation (Grade 

1-2) and those with severe inflammation (Grade 3). A Chi-square test assessed the two 

groups at each level o f inflammation. There was no significant difference between the 

amount o f elastin degraded at different grades of inflammation (Chi-square, P = .523).

Table 8-11. Comparison between the extent of elastin degradation and the level of inflammation

Stain Grade 1 -  Mild Grade 2 -  Moderate Grade 3 -  Severe

Median (IQR) Median (IQR) Median (IQR)

n = 9 n = 5 n = 7

2 3 3
EVG

(1.5-3) (2-3) (2-3)

Chi-square Value DF P value

EVG 1.298 2 .523

Chi-square: P <.05 is significant.

8.3.4 Localised Expression of IL- 8  and MCP-1 within the AAA Wall

In order to further characterise the expression of IL-8 and MCP-1 within the AAA wall 

immunohistochemistry was used to identify the localised expression o f these cytokines.

IL-8

Figure 8-11 shows a comparison of the expression o f IL-8 in the AAA wall compared to 

the abdominal aortic wall. IL-8 was associated with the inflammatory infiltrate and was 

predominantly expressed within the adventitial layer (100% of all AAA specimens showed 

positive adventitial staining). Figure S-12A shows that IL-8 expression is localised to the 

follicles within the adventitia. Figure 8-125 & C demonstrate that the follicles are 

predominantly formed from CD20+ B- and CD3+ T-lymphocytes. This suggests that IL-8 

may be expressed by lymphocytes, although it wasn’t possible to distinguish between the 

two lymphocyte populations.
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Figure 8-11. IL-8 specific staining of the aortic wall of (A) the control abdominal aorta and (B) the 

AAA. Sections were stained by immunohistochemistry using anti-human IL-8 antibodies. The left-hand 

images depict the cross-sectional view of the aortic wall (magnification: x40). The right-hand images show 

IL-8 staining of the adventitia (magnification: x250).

177



Chapter 8: Chemokine Expression and the Inflammatory Infiltrate in the AAA
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Figure 8-12. Localisation of IL-8 in the AAA. Sections were stained for (A) IL-8; (B) CD3+ 

T-lymphocytes; (C) CD20+ B-lymphocytes; (D) IL-8 negative control stained with a non-specific IgG! 

isotype antibody. IL-8 staining was follicular. Analysis of the follicles showed that they were formed from 

CD3+ T-lymphocytes and CD20+ B-lymphocytes. A-C shows that IL-8 co-localised to lymphocytes, 

although it wasn’t possible to distinguish between the lymphocyte populations (magnification: x250). The 

negative control demonstrates a lack of non-specific binding of the IL-8 antibodies (magnification: x250).
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IL-8 Grading of the Aortic Groups

Figure 8-13 shows the expression of IL- 8  within both the AAA and abdominal aorta 

groups and shows the number of cases within each grade of IL-8  expression. IL- 8  was not 

expressed in the majority of control abdominal aorta samples (interquartile range = 0-0.25) 

(Figure 8-13 & Table 8-12). The expression of IL- 8  in the AAA group exhibited a wider 

distribution of scores and was more highly expressed (median score = 1 .5 , mild/moderate 

expression). At least 50% of AAA specimens showed a very weak to moderate expression 

of IL-8  (interquartile range = 0.75-2). Figure 8-13 shows that only 20 AAAs were 

included in the IL- 8  analysis. One AAA specimen was too fragile to survive the high pH 

antigen retrieval method and despite repeated efforts was either lost from the slide or was 

too badly disintegrated to grade.
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Figure 8-13. The distribution of the scores of the level of IL-8 expression within the abdominal aorta 

and AAA. IL-8 was either not expressed within the abdominal aortic samples or was expressed at a low 

level. The expression of IL-8 within the AAA ranged from not being expressed to being highly expressed.

Table 8-12. Group results for the level of expression of IL-8 and MCP-1.

Chemokine AAA (n = 2 0 ) Abdominal Aorta (n = 16)

Median IQR Median IQR

IL- 8 1.5 0.75-2 0 0-0.25

MCP-1 1 1 -2 0 0-0.5
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MCP-1

Figure 8-14 shows a comparison o f the expression of MCP-1 in the AAA wall compared to 

the abdominal aortic wall.

MCP-1 Grading o f  the Aortic Groups

Figure 8-15,4 summarises the level of expression o f MCP-1 within both the AAA and 

abdominal aorta and shows the number o f cases within each MCP-1 grade. MCP-1 was 

only detected in 31.3% (5/16) o f abdominal aortic specimens (median score = 0) (Figure 8- 

15̂ 4 & Table 8-12). Overall MCP-1 expression ranged from not being expressed to a very 

low level o f expression within the abdominal aorta (interquartile range = 0-0.5). Within 

the aneurysm group MCP-1 was detected in 90% (19/21) o f the AAA specimens. The 

expression o f MCP-1 in the AAA group exhibited a wider distribution o f scores and was 

more highly expressed than in the abdominal aorta (median score = 1 vs. 0). The 

interquartile range showed that 50% of AAAs had between a mild to moderate expression 

of MCP-1 (interquartile range = 1-2) (Figure 8-154 & Table 8-12).

Figure 8-15# shows as a percentage the number o f cases that showed positive staining for 

MCP-1 in each layer out of the total number o f positively stained specimens. MCP-1 

expression was predominantly found within the intima o f the AAA specimens and 

occasionally within the medial and adventitial layers (Figure 8-164 & C). When MCP-1 

was present within the abdominal aortic wall it displayed a similar expression pattern to 

that o f the AAA, although less intense, with intimal predominance and the occasional 

MCP-1 positive cell within the media.

Figure 8-16 demonstrates the similar staining pattern o f both MCP-1 and CD68 antibodies 

within the intima and adventitia o f the AAA. MCP-1 positive cells were identified as 

being CD68+ macrophages by a consultant pathologist.
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Figure 8-14. MCP-1 specific staining of the aortic wall of (A) the control abdominal aorta and (B) the 

AAA. Sections were stained by immunohistochemistry using anti-human MCP-1 antibodies. The left-hand 

images depict the cross-sectional view of the aortic wall, orientated with the intima at the top and the 

adventitia at the bottom (magnification: x40). The right-hand images show (A) MCP-1 staining of the 

adventitia in control abdominal aorta, (B) MCP-1 staining of the intima and adventitia in the AAA. The 

arrows point to solitary MCP-1 positive cells (magnification: x250).
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Figure 8-15. MCP-1 expression within the A A A  and control abdominal aorta. (A) The bar chart shows 

the distribution of the scores o f the level o f MCP-1 expression within the abdominal aorta and AAA. MCP-1 

was either not expressed within the abdominal aortic samples or expressed at a low level. The expression of 

MCP-1 within the AAA ranged from not being expressed to being highly expressed. (B) The bar chart shows 

the percentage o f staining for MCP-1 within each layer out of the total number of positively stained 

specimens. MCP-1 staining was predominantly intimal based for both the AAA and abdominal aorta, with 

occasional staining o f the media/adventitia.
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Figure 8-16. Localisation of MCP-1 in the AAA. Sections were stained for (A & C) MCP-1; (B & D) 

CD68. A & B shows the specific staining of the intima (magnification: xlOO). C & D shows the staining of 

solitary positive cells within the adventitia (magnification: x250). The pattern of the MCP-1 staining was 

mirrored by the staining pattern of the CD68+ macrophages. The MCP-1 positive cells were identified as 

being macrophages by a consultant pathologist.

183



Chapter 8: Chemokine Expression and the Inflammatory Infiltrate in the AAA

8.3.5 The Association of AAA Inflammation with the Expression of IL- 8  and MCP-1

As these chemokines are potent chemoattractants the AAA specimens were grouped 

according to IL-8/MCP-1 grade to determine whether IL-8 and/or MCP-1 had an effect on 

the extent o f  inflammation observed within the AAA. The two AAAs that had a negative 

IL-8 or MCP-1 score were included in the mild category for the purpose of performing a 

Chi-square test.

Table 8-13 displays the median H&E inflammatory scores for AAAs grouped by level of 

IL-8 expression. The amount o f inflammation within AAAs increased in cases o f high IL- 

8 expression. The results of the Chi-square test found a significant association between IL- 

8 expression and the level of inflammation (P = .043) (Table 8-15).

A comparison between the inflammatory grades o f the AAA specimens at different levels 

of MCP-1 expression did not demonstrate any significant change in inflammation with 

MCP-1 expression (P = .393) (Table 8-14 & Table 8-15). The final group of MCP-1 

expression (grade 3) was really too small for any meaningful analysis.

Table 8-13. The level of inflammation within the AAA wall with increasing levels of IL-8 expression

IL-8 IL-8 IL-8

Grade 1 -  Mild Grade 2 -  Moderate Grade 3 -  Severe

' n = 10 n = 6 n =4

Median H&E Score 1.5 1 3

(IQR) (1-2) (1-2) (3-3)

Table 8-14. The level of inflammation within the AAA wall with increasing levels of MCP-1 expression

MCP-1 MCP-1 MCP-1

Grade 1 -  Mild Grade 2 -  Moderate Grade 3 -  Severe

n =11 n = 8 n = 2

Median H&E Score 2 1.5 1

(IQR) (1-3) (1-2.5) (1-1)
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Table 8-15. Statistical analysis of Tables 8-13 & 8-14.

Chi-square Value DF P value

IL-8 9.862 4 .043

MCP-1 4.097 4 .393

Chi-square: P <.05 is significant.

8.3.6 The Association between IL- 8  and the Inflammatory Infiltrate Composition

The inflammatory infiltrate was examined to determine the effect o f increasing IL-8 on its 

composition. Table 8-16 displays the median scores and interquartile ranges of specific 

cells o f the inflammatory infiltrate at each level of IL-8 expression. The results showed a 

significant increase in CD3+ T-lymphocytes (P = .013) of the CD4+ phenotype (P = .012) 

with an increase in IL-8 expression (Table 8-16 & 8-17). The percentage of CD8+ Tc- 

lymphocytes within the infiltrate did not alter with changes in IL-8 expression (P = .447), 

neither did CD20+ B-lymphocytes (P =.263) nor CD68+ macrophages (P = .085).

Table 8-16. Comparison of infiltrate composition in the adventitia at different levels of IL-8 expression

Cells Grade 1 -  Mild Grade 2 -  Moderate Grade 3 -  Severe

Median (IQR) Median (IQR) Median (IQR)

n = 10 n = 6 n =4

CD 3+T- 1.5 2 4

lymphocytes (0.5-2) (1-3) (3.5-4.5)

CD4+Th- 0.75 1 3.5

lymphocytes (0-1) (0.5-2.5) (2.5-4.5)

CD8+Tc- 0.5 0.5 1

lymphocytes (0-1) (0-1) (0.75-1.5)

CD20+B- 3 4 2.75

lymphocytes (2.5-4) (3.5-4) (2.25-3.5)

CD68+ 0.25 0 1.5

macrophages (0-1) (0-1) (1-2.5)
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Table 8-17. Statistical analysis of Table 8-16.

Kruskal-Wallis Mann-Whitney Analyses (P Values)

(P Values)

Grade 1 vs. 2 Grade 2 vs. 3 Grade 1 vs. 3

CD 3+T-
.013 .272 .040 .005

lymphocytes

CD4+Th-
.012 .221 .041 .005

lymphocytes 

CD8+Tc-
.447 .911 .273 .245

lymphocytes 

CD20+ B-
.263 .265 .138 .374

lymphocytes

CD68+
.085 .763 .094 .032

macrophages

Kruskal-Wallis: P <.05 is significant. Mann-Whitney: Adjusted P <.017 is significant.

8.4 Discussion

The main aims o f this chapter were to characterise the cellular nature o f  the inflammatory 

infiltrate and to investigate the localised expression o f IL-8 and MCP-1 within the AAA 

wall. Additionally, the relationship between these chemokines and the infiltrating 

leukocytes was investigated.

The main findings o f the chapter are that:

1. The AAA is associated with a prominent inflammatory infiltrate within the adventitia 

mostly comprising of lymphocytes. Overall, the predominant cell type was the B- 

lymphocyte. Macrophages were occasionally present within the adventitia but were 

predominantly found in the intima.

2. IL-8 co-localised with the infiltrating lymphocytes within the adventitia. MCP-1 co

localised to the CD68+ macrophages within the intima and adventitia.

186



Chapter 8: Chemokine Expression and the Inflammatory Infiltrate in the AAA

3. The increasing mural inflammation within the AAA was associated with a change in 

the composition of the infiltrate resulting from an increase in T-lymphocytes.

4. Increasing IL-8 expression, but not MCP-1, was associated with an increase in 

inflammation. The increase in IL-8 expression was associated with an increase in T- 

lymphocytes, including Tn-lymphocytes.

The null hypotheses tested were: (1) there are no significant differences in the cellular 

composition o f the inflammatory infiltrate with increasing inflammation, (2) there is no 

significant difference in the level o f mural inflammation between AAAs with increasing 

levels o f IL-8 or MCP-1 expression, (3) in the event that (2) is disproved, there are no 

significant differences in the cellular composition of the inflammatory infiltrate between 

AAAs expressing increasing levels of IL-8 or MCP-1. Therefore the null hypotheses can 

be rejected for part (1) and part (2 & 3) regarding IL-8. The null hypothesis is accepted for 

part (2 & 3) regarding MCP-1.

Through a comparison with abdominal aorta it was possible to demonstrate the 

fundamental changes within the ECM of the AAA wall and the distinct loss of the aorta’s 

highly organised, layered structure. The changes observed within the AAA specimens are 

supported by previous reports on inflammation within the aneurysm wall137,141 ’364*366. The 

size and distribution o f the infiltrate varied between AAAs. Despite the variation in 

inflammation there was little variation in the quantity o f elastin lost between AAA 

samples, with 90% of samples having suffered from either a moderate or complete loss of 

elastin by the time o f operating. The finding that most AAAs o f an operable size had 

suffered major degradation of elastin is supported by White et. al. who reported that the 

elastin content o f aneurysms was substantially depleted irrespective o f the size of the 

aneurysm and concluded that elastolysis is a primary event in aneurysm formation141. 

Analysis o f the amount o f elastin lost and the level o f inflammation within the aneurysm 

wall did not find an association between the two events. This suggests the amount of 

elastin degradation is independent of the level o f inflammation in the aneurysm wall by 

this stage o f aneurysm development. Previously, Brophy et. al. also found that the 

infiltrate within the AAAs did not codistribute with the loss o f elastin367.
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Further analysis o f the cellular composition of the infiltrate revealed that overall it was 

predominantly formed from B-lymphocytes, with the remainder o f adventitial infiltration 

resulting from T-lymphocytes and occasionally macrophages. Several previous studies 

have reported the predominance of the B-lymphocyte within the adventitia o f the AAA175, 

193,366,368,369 j j owever> whilst Koch et. al. reported an increase in T- and B- lymphocytes 

within the AAA compared to normal abdominal aorta, they found that the T-lymphocytes 

represented the main infiltrating inflammatory cell population156. Several other studies 

have also reported that the T-lymphocyte forms the main AAA lymphoid population, with 

B-lymphocytes forming a relevant component o f the infiltrate160, 163. This study’s 

immunohistochemical analysis revealed that whilst overall B-lymphocytes were the 

predominant lymphoid population, on an individual basis the composition of the infiltrate 

varied and in a few cases T-lymphocytes were the predominant inflammatory cell type. 

Bobryshev et. al. reported that whilst the B-lymphocyte represented the predominant cell 

population within some infiltrates, the T-lymphocyte was the predominant cell type in the 

majority of inflammatory infiltrates157,159. Analysis of the cellular composition at different 

degrees o f inflammation revealed that whilst the proportion o f the B-lymphocyte 

population within the infiltrate remained fairly constant between the inflammatory grades, 

the T-lymphocyte population increased. This may, in part, contribute to the variations in 

the reported infiltrate composition. It also suggests that further ECM changes may result 

from the progressive recruitment/clonal expansion o f T-lymphocytes and their actions.

This study’s findings on the prevalence of the CD4+ T-lymphocyte subpopulation over the 

CD8+ population is supported by several studies156,157,161,366. With the increased presence 

o f the TH-lymphocytes with inflammation there is the potential for an increased release of 

inflammatory mediators, such as cytokines, within the aneurysm wall. As described in 

Chapter 6. The Cytokine Expression Profile o f  the Abdominal Aortic Aneurysm, the AAA 

wall has a higher expression o f several pro-inflammatory cytokines and chemokines 

compared to control abdominal aorta.

The predominance o f B-lymphocytes in AAAs with mild inflammation may suggest that 

these lymphocytes are present within the aneurysm at an earlier stage of aneurysm 

development, with the development of a T-lymphocyte population occurring later. This 

may suggest that B-lymphocytes are involved in the early stages o f AAA development. 

One study investigated whether the B-lymphocyte rich infiltrate was a result o f an
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autoimmune response, however, they found an unrestricted usage o f the immunoglobulin 

variable heavy chain genes which suggested that the B-lymphocyte population was not a 

result o f an autoimmune response193. The exact role the lymphocytes play in the 

pathogenesis o f the AAA remains to be elucidated.

The remainder o f the infiltrate contained macrophages. Previously, macrophages have 

been found scattered within the adventitia and media156, 365. This study found that 

macrophages were mostly based within the intima, those macrophages that were present 

within the adventitia were scattered within lymphoid follicles in a similar pattern as 

described by Koch et. a l}56. Bobryshev et. al. described the intima as being rich in CD68+ 

macrophages that were diffusely distributed within the adventitia157, 159. Ocana et. al. 

reported that macrophages were mostly located in the intima and the inner layer of the 

media160. CD68+ macrophages were also frequently found within the intima of abdominal 

aorta, although greater numbers were present within the AAA, which suggests that the 

intimal macrophages may result from the atherosclerotic process and may not be involved 

in AAA pathogenesis.

In the previous chapters, it has been shown that the chemokines IL-8 and MCP-1 are more 

highly expressed within the AAA compared to control abdominal aorta. IL-8 was localised 

to the lymphocyte population within the adventitia o f the AAA, whereas the majority of 

the control abdominal aortas were negative for IL-8. The only other study on the 

expression o f IL-8 within the aneurysm wall however reported that IL-8 positive cells were
Tinmacrophages and to a lesser extent endothelial cells . It is possible that positive 

macrophage expression o f IL-8 within the infiltrate was masked by the overwhelming 

positive staining o f the lymphocytes, but IL-8 staining was rarely found within the intima, 

which was the main source o f macrophages within the AAAs studied. The MCP-1 positive 

cells were identified as being predominantly macrophages, as reported previously by Koch 

et. a/.310. Within the AAA the MCP-1 positive staining localised to the intima and 

adventitia, mirroring the staining pattern o f CD68+ macrophages. MCP-1 was found 

chiefly within the intima and media o f the abdominal aorta. This difference in the 

localised expression o f MCP-1 suggests that the expression o f this chemokine in the intima 

o f the abdominal aorta and AAA may, in part, be responsible for the infiltration of 

macrophages into the intima and may have contributed to atherosclerotic plaque
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development within the vessels. However, its expression within the adventitia of the AAA 

suggests that MCP-1 may also be involved in the pathogenesis o f the AAA.

The exact role these chemokines may contribute, if  any, to the pathogenesis of the AAA is 

unknown. Previously, Szekanecz et. al. demonstrated that IL-8 induced endothelial cell 

chemotaxis and suggested this may be important in AAA neovascularisation351. MCP-1 

was shown to be necessary for aneurysm formation in mice as the targeted deletion of the 

CCR2 gene, the receptor for MCP-1, suppressed aneurysm formation in apoE knockout 

mice treated with angiotensin II353. A more detailed discussion o f the potential role of 

these chemokines in AAA pathogenesis is given in Chapter 7.4 Discussion. The

relationship between IL-8 and MCP-1 expression and mural inflammation was 

investigated. The level o f mural inflammation was found to increase with increasing IL-8 

expression, suggesting that IL-8 may have a chemoattractant effect on the development of 

the infiltrate. However, no such relationship was determined for MCP-1 and the infiltrate, 

suggesting that MCP-1 may have an alternative role in AAA pathogenesis other than 

chemotaxis, if  it is involved. Examination of the association between IL-8 and the 

composition o f the infiltrate revealed a significant increase in T-lymphocytes, including 

TH-lymphocytes with increasing IL-8 expression. This suggests that the expression o f IL-8 

within the aneurysm wall could promote further inflammation and increased degeneration 

o f the aneurysm wall.

A limitation o f this chapter was the small study size used to assess the association between 

inflammation, infiltrate composition and IL-8 expression. Whilst the results show a 

potential involvement o f IL-8 in the development o f the infiltrate the small study size 

means that the statistical results are at a greater risk o f being either false positive or 

negative if  the samples used were atypical o f the population being studied. Furthermore, 

whilst immunohistochemistry can identify the location o f the IL-8 and MCP-1 protein it 

can be difficult to interpret whether the cytokine is detected at its cellular source or ligand 

bound on its target cell. Additionally, as cytokines can be stored in vessels in the ECM it 

can be difficult to determine specific antibody binding and background staining of 

connective tissue. However, this latter point was compensated for by using an isotype 

control to determine non-specific binding of the IL-8 antibody. Future work would have 

involved using in situ hybridisation to determine the cellular source o f these cytokines.

190



Chapter 8: Chemokine Expression and the Inflammatory Infiltrate in the AAA

In conclusion, this chapter localised the expression o f IL-8 and MCP-1 within the 

aneurysm wall to lymphocytes and macrophages, respectively and identified a potential 

relationship between IL-8 expression and the infiltration o f specific cell types into the 

aneurysm wall. With the presence of these chemokines within the adventitia and their 

raised expression within the AAA wall it suggests that they may have a role in aneurysm 

pathogenesis. The following chapter investigates a potential role for IL-8 in the 

pathogenesis o f AAAs.
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9. The Effect of Interleukin- 8  on Matrix Metalloproteinase 

Expression in the Abdominal Aortic Aneurysm

9.1 Introduction

In the previous chapters chemokines and pro-inflammatory cytokines were shown to be 

higher in the AAA wall than in control aorta. Four cytokines: IL-8, IL-6, MCP-1 and 

MCP-2 were prominently elevated in the aneurysm. Whilst the assay system used to detect 

MCP-2 was insufficiently sensitive to detect this cytokine, ELISA results verified the 

arrays findings on the expression of IL-8, MCP-1 and IL-6. The expression and role of 

chemokines within the AAA wall was investigated further using immunohistochemistry to 

detect the localised expression of IL-8 and MCP-1. IL-8 co-localised with the 

lymphocytes within the inflammatory infiltrate. MCP-1 co-localised with macrophages 

and these were predominantly found in the intima and occasionally within the infiltrate. 

Increasing IL-8, but not MCP-1, was associated with an increase in mural inflammation 

and changes in the composition of the inflammatory infiltrate. This chapter describes the 

use of an explant system to investigate a potential role for IL-8 within the aneurysm wall.

Relatively few studies have investigated the possible role(s) for IL-8 within the aneurysm 

and those studies that have have focused on its chemotactic properties. Szekanecz et.al. 

demonstrated that the chemotactic nature o f the conditioned media from aneurysm explants 

to human aortic endothelial cells could be abolished by treatment o f the medium with an 

anti-IL-8 antibody351. No other studies on the possible role for IL-8 within the AAA could 

be found.

The previous chapters have shown that the aneurysm wall is a highly chemotactic 

environment, with a strong expression of IL-8 which may have some influence on the level 

of mural inflammation and composition of the inflammatory infiltrate. It has been reported 

that the aneurysm wall shows signs of increased angiogenesis compared to control 

aortas315,370 and that angiogenesis is ongoing in the mature aneurysm316. IL-8 is also a 

potent angiogenic factor343. Both the development of the infiltrate and angiogenesis 

require cellular migration usually induced by a chemotactic molecule. However, cellular 

migration requires not only the inducement of a chemotactic signal but also the physical
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migration through a network of extracellular fibres. Vascular SMCs from aneurysm 

patients have been shown to have better invasive qualities than SMCs from non- 

aneurysmal patients and this difference was associated with increased MMP-2 synthesis371. 

The over-production o f MMPs by migrating cells could potentially result in aneurysm wall 

damage. Recent reports have shown that specific chemokines can induce the secretion of 

M M P s 323' 325 There are no published studies about the relationship between IL-8 and 

MMP expression within the AAA. The aim of this chapter is to investigate the effect of 

IL-8 on the expression o f MMP-2 and MMP-9 within AAA explants.

The null hypothesis is that there are no significant differences in the 

expression/activation of MMP-2 and MMP-9 between explants treated with IL- 8  

compared to non-treated controls.

9.2 Methods

In order to test the effects of IL-8 on MMP expression an in vitro explant modelling system 

was used based on the system described by Franklin et. al?12. Fresh AAA specimens (n = 

5) were obtained from theatre and cultured under the conditions described in Chapter 5.9 

Explant Culture. Briefly, from each AAA specimen four identically sized 8mm explant 

biopsies were placed into individual wells and immersed in culture medium overnight. 

This medium was removed and discarded. Fresh medium was added and the explants were 

incubated overnight. On day 1 the untreated medium was removed and an aliquot of this 

medium from each explant was snap-frozen for MMP analysis (day 1 -  pre-treatment). 

The remainder was discarded and replaced by 5ml of medium supplemented with IL-8 (the 

four explants from a single AAA were treated with one of the following concentrations of 

IL-8: Ong/ml, lng/ml, lOng/ml, lOOng/ml). The AAA explants were cultured under these 

conditions for a further six days, with the supplemented medium being changed every 48 

hours. At day 7 an aliquot of the medium was taken from each explant and snap-frozen for 

MMP analysis (day 7 -  post-treatment). The MMP concentration in the aliquots taken from 

each explant at day 1 and day 7 was measured by ELIS As, as described in Chapter 5.7 

ELISAs. Each aliquot was measured for total and active MMP-2 and MMP-9 

concentration. All samples were measured in duplicate on the ELISAs and the duplicate 

concentrations were averaged. The results are presented as the median values
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(interquartile ranges) from five independent experiments. The medium collected at day 7 

had been exposed to the explant for 48 hours whilst the medium collected at day 1 had 

only been exposed for 24 hours. Therefore the day 7 concentrations were divided by two 

to give the MMP concentration per 24 hours in order for the results to be comparable with 

day 1. Data were analysed using a Kruskal-Wallis test to determine whether a significant 

difference existed between the treatment groups and a Mann-Whitney U test was used to 

determine whether there was a significant difference between the day 1 and day 7 

concentrations. A P value of < .05 was used to indicate a significant difference.

9.3 Results

9.3.1 Effect of IL-8 on MMP-2 Release

Total MMP-2 Expression

The effect o f IL-8 on the total expression o f MMP-2 within the AAA explant was 

measured. The freshly cultured AAA explants produced MMP-2 without an exogenous 

stimulus (Figure 9-1 A: Pre-treatment). Table 9-1 shows the median concentrations of total 

MMP-2 secreted by the explants in the four treatment groups, prior to and after IL-8 

treatment. Kruskal-Wallis analysis of the concentration of MMP-2 expressed by the 

different treatment groups prior to treatment (Table 9-1: Pre-treatment) showed that there 

wasn’t a significant difference between any of these groups (Table 9-2: Pre-treatment, P = 

.262). At this stage there should not have been a difference between the different treatment 

groups as the explants within the different groups were from the same AAAs.

A comparison between the concentration o f MMP-2 secreted by the untreated control 

explants at day 1 and at day 7 showed a small median decrease by day 7 (Figure 9-1A & 

Table 9-1). However, Mann-Whitney analysis of the data did not determine a significant 

difference between the concentration of MMP-2 secreted by the same explants at the start 

and at the end o f the culturing period (32.5ng/ml (25.4-40.3ng/ml) vs. 25.1 (23.7- 

31.3ng/ml), P = .175). Therefore culturing did not significantly affect the expression of 

MMP-2 and the similar concentrations of MMP-2 at day 1 and day 7 suggests that the 

explants have retained a similar level of viability in culture.
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Figure 9-1B  shows the effect of increasing concentrations of IL-8 on MMP-2 production. 

For each AAA, the concentrations o f MMP-2 secreted by the three explants that were 

treated with IL-8 (1, 10, lOOng/ml) were expressed as a percentage of the concentration of 

MMP-2 secreted by the fourth untreated explant. The results from 5 AAAs were collated 

and are displayed in Figure 9-15 and Table 9-1. Figure 9-15 shows that IL-8 did not affect 

the level of MMP-2 expressed. Figure 9-1A shows that the concentration range of MMP-2 

measured from explants prior to and after treatment was similar, with all explants 

constitutively expressing MMP-2. Kruskal-Wallis analysis o f the concentration of MMP-2 

expressed by the different post-treatment groups failed to determine a significant 

difference between any o f the groups (P = .304) (Table 9-2). IL-8 treatment did not affect 

MMP-2 expression.

Table 9-1. Effect of IL-8 on total MMP-2 secretion by AAA explants.

IL-8 Number Concentration of MMP-2 secreted Percentage of

concentration of AAA (ng/ml/24 hrs) MMP-2 secreted at

added explants Pre-treatment Post-treatment day 7 compared to

(ng/ml) control (%)*

0 5 32.5 (25.4-40.3) 25.1 (23.7-31.3) 100.0(100.0-100.0)

1 5 25.5 (22.0-37.9) 26.3 (23.1-27.2) 94.0 (80.7-112.0)

10 5 31.5 (30.1-43.8) 23.0 (20.1-25.7) 86.7 (74.8-96.7)

100 5 37.1 (30.4-49.6) 24.1 (22.3-26.5) 95.6 (81.9-98.9)

*  For each AAA, the concentration o f  MMP-2 secreted by the three IL-8 treated explants at day 7 is 

expressed as a percentage o f  the concentration o f  MMP-2 secreted by the untreated explant at day 7. The 

results fo r  all five  AAAs are displayed in each column as medians and interquartile ranges.

Table 9-2. Results of the Kruskal-Wallis statistical analysis of the concentration data in Table 9-1.
Mean rank for each treatment group Significance

Ong/ml 1 ng/ml 1 Ong/ml lOOng/ml

Pre-treatment 9.60 6.80 11.60 14.00 .262

Post-treatment 12.40 13.20 6.80 9.60 .304
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Figure 9-1. The effect of IL-8 on the secretion of total MMP-2 from AAA explants. (A) The

concentration of total MMP-2 secreted from explants was measured prior to and after treatment with a 

single concentration of IL-8 (0, 1, 10, lOOng/ml). (B) For each AAA, the amount of MMP-2 secreted by 

the treated explants (1, 10, lOOng/ml) at day 7 is expressed as a percentage of the amount secreted by the 

untreated explant (Ong/ml). The results were obtained from 5 AAAs and are presented as medians (bar), 

interquartile ranges (box) and ranges (whiskers). O and * represents outliers, as defined in Chapter 7.3.2.
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Active MMP-2 Expression

The effect o f IL-8 on MMP-2 activity was assessed. The activity o f MMP-2 was measured 

as the rate o f change o f absorbance at 405nm (SAbsW h2) and was multiplied by 1000 to 

provide whole numbers for ease of analysis. The lowest value on the standard curve from 

which the active MMP-2 concentration could be accurately determined was 3.625/h2 which 

equated to a concentration of 0.75ng/ml. The results o f the activity assay revealed that the 

majority o f the samples were below the standard curve. Therefore it was not possible to 

assess the effect o f IL-8 on the concentration of active MMP-2.

Table 9-3 shows the percentage o f explants within each treatment group where active 

MMP-2 was detected and the corresponding concentrations that were calculated. Active 

MMP-2 was expressed in a greater number o f explants at day 1 than at day 7. Figure 9-2 

shows the rate o f change of absorbance values that were obtained from the explants prior 

to and after treatment. As these values were obtained at the limit o f the assay this graph is 

used simply to present the raw data obtained. As the rate o f change o f absorbance is 

indicative o f MMP-2 activity there doesn’t appear to be any difference in the activity in 

any of the treatment groups, prior to or after IL-8 treatment. With concerns over the 

accuracy o f the data no statistical analysis was done on this data. As the level of active 

MMP-2 secreted by the explants was very low this suggests the majority of total MMP-2 

that was secreted by the explants was therefore in the pro-MMP form.

Table 9-3. Effect of IL-8 on active MMP-2 secretion by AAA explants.

IL-8 Pre-treatment (Day 1) Post-treatment (Day 7)

concentration % Measurable* Active MMP-2 % Active MMP-2

added concentration Measurable* concentration

(ng/ml) (ng/ml/24hrs) (ng/ml/24hrs)

0 20 1.330 20 0.833

1 60 1.432 20 0.978

0.764

0.833

10 20 0.798 20 0.824

100 40 0.781 0

0.935

* Percentage of explants secreting measurable levels of active MMP-2.
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Figure 9-2. The effect of IL-8 on the secretion of active MMP-2 from AAA explants. The rate of change 

in absorbance at 405nm was proportional to MMP-2 activity in the culture medium from the explants and 

was measured prior to and after treatment with a single concentration of IL-8 (0, 1, 10, lOOng/ml). The 

results were obtained from 5 AAAs and are presented as medians (bar), interquartile ranges (box) and ranges 

(whiskers). O and * represents outliers, as defined in Chapter 7.3.2.
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9.3.2 Effect of IL-8 on MMP-9 Release

Total MMP-9 Expression

Whilst total MMP-2 was constitutively expressed by the explants in culture, the 

concentration o f total MMP-9 expressed by the same explants decreased during culture 

(Figure 9-3A). Figure 9-3A and Table 9-4 shows the concentration of MMP expressed 

within each treatment group prior to and after IL-8 treatment. There is a slight variation in 

the presentation o f the data between the graph and table, regarding the 3rd quartile. One of 

the AAAs secreted higher levels of MMP-9 than the other AAAs. The interquartile ranges 

displayed in Table 9-4 include all five AAAs, with the 3rd quartile being equal to the
tVi tViaverage concentration o f the 4 and 5 ranked concentrations within each treatment group. 

The graph displays the extreme concentrations as outliers. This doesn’t affect the median 

or 1st quartile value of the groups, however in groups with outliers the graph displays the 

3rd quartile as the value of the 4th ranked concentration within the treatment group. 

Analysis of the concentration of MMP-9 secreted by the explants prior to IL-8 treatment 

showed that there was no significant difference between any of the treatment groups (P = 

.870) (Table 9-5).

A comparison between the concentrations o f MMP-9 secreted by the untreated explants at 

day 1 and day 7 showed that there was a significant decrease in the expression of MMP-9 

with time spent in culture (6.9ng/ml (6.5-47.0ng/ml) vs. 1.5ng/ml (0.7-2.6ng/ml), P = 

.009). As the same explants were still constitutively expressing MMP-2 by day 7 at a level 

comparable to day 1 it suggests that this decrease in MMP-9 is not the result o f a decrease 

in explant viability. It suggests that MMP-9 expression within the AAA requires a 

stimulus/stimuli which was not present in this culture system.

Figure 9-3B shows the concentration of MMP-9 that was secreted by each treatment group, 

post-IL-8 treatment, and expressed as a percentage of the control concentration. The 

outlier values are all from the same AAA. From the graph it can be seen that there was no 

difference in the expression of MMP-9 irrespective of IL-8 treatment. Kruskal-Wallis 

analysis confirmed that there was no significant difference between any o f the treatment 

groups (P = .951) (Table 9-5). Therefore IL-8 did not have an effect on MMP-9 

expression.
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Table 9-4. Effect of IL-8 on total MMP-9 secretion by AAA explants.

IL-8 Number Concentration of MMP-9 secreted Percentage of

concentration of AAA (ng/ml/24 hrs) MMP-9 secreted at

added explants Pre-treatment Post-treatment day 7 compared to

(ng/ml) control (%)*

0 5 6.9 (6.5-47.0) 1.5 (0.7-2.6) 100.0(100.0-100.0)

1 5 12.8 (6.6-46.7) 0.8 (0.8-4.6) 111.0 (56.2-249.3)

10 5 24.6 (6.5-40.5) 1.8 (0.9-12.0) 177.6 (69.0-655.0)

100 5 14.0 (7.0-25.2) 1.2(1.0-4.5) 142.4 (56.9-288.4)

* For each AAA, the concentration o f  MMP-9 secreted by the three IL-8 treated explants at day 7 is 

expressed as a percentage o f  the concentration o f  MMP-9 secreted by the untreated explant at day 7. The 

results o f  all five  AAAs are displayed in each column as medians and interquartile ranges.

Table 9-5. Results of the Kruskal-Wallis statistical analysis of the concentration data in Table 9-4.
Mean rank for each treatment group Significance

Ong/ml 1 ng/ml 1 Ong/ml lOOng/ml

Pre-treatment 9.40 9.60 12.20 10.80 .870

Post-treatment 9.50 11.10 11.40 10.00 .951
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Figure 9-3. The effect of IL-8 on the secretion of total MMP-9 from AAA explants. (A) The

concentration of total MMP-9 secreted from explants was measured prior to and after treatment with a single 

concentration of IL-8 (0, 1, 10, lOOng/ml). (B) For each AAA, the amount of MMP-9 secreted by the treated 

explants (1, 10, lOOng/ml) at day 7 is expressed as a percentage of the amount secreted by the untreated 

explant (Ong/ml). The results were obtained from 5 AAAs and are presented as medians (bar), interquartile 

ranges (box) and ranges (whiskers). O and * represents outliers, as defined in Chapter 7.3.2.
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Active MMP-9 Expression

As seen with active MMP-2, the assay system was unable to determine the concentration 

of active MMP-9 as the rate of change of absorbance values that were obtained were below 

the lowest point on the standard curve (3.31/h2 at 0.5ng/ml). Therefore it was not possible 

to assess the effect of IL-8 on the concentration of active MMP-9.

Figure 9-4 shows the rate of change of absorbance values that were obtained from the 

explants prior to and after IL-8 treatment. As these values were obtained at the limit of the 

assay this graph is used simply to present the raw data obtained. As the rate of change of 

absorbance is indicative of MMP-9 activity there doesn’t appear to be any difference in the 

activity in any of the treatment groups, prior to or after IL-8 treatment. With concerns over 

the accuracy of the data no statistical analysis was performed on this data.
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Figure 9-4. The effect of IL-8 on the secretion of active MMP-9 from A A A  explants. The rate of change 

in absorbance at 405nm was proportional to MMP-9 activity in the culture medium from the explants and 

was measured prior to and after treatment with a single concentration of IL-8 (0, 1, 10, lOOng/ml). The 

results were obtained from 5 AAAs and are presented as medians (bar), interquartile ranges (box) and ranges 

(whiskers). * represents extreme outliers, as defined in Chapter 7.3.2.
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9.4 Discussion

The aim of this chapter was to investigate the effect o f IL-8 on the expression and 

activation o f MMP-2 and MMP-9 in the AAA explant. The null hypothesis was that there 

are no differences in MMP-2 and -9 concentration and activation between explants treated 

with IL-8 compared to non-treated controls.

The findings o f this chapter are that:

1. The explant model system used remained viable for a 7-day culture period.

2. MMP-2 was produced constitutively by AAA explants but MMP-2 expression was not 

affected by IL-8.

3. The majority o f the MMP-2 expressed within the AAA is in the pro-form.

4. MMP-9 is expressed within the aneurysm but its expression decreased when removed 

from unknown stimuli. IL-8 did not affect MMP-9 expression.

The null hypothesis is therefore accepted that there is no difference between MMP-2 and 

MMP-9 concentration between explants treated with IL-8 and non-treated controls. The 

assay system was unable to measure the concentration o f active MMP-2 and MMP-9 so it 

was not possible to assess the effect of IL-8 on MMP activation.

As discussed in Chapter 2.5.1 Proteolysis, the expression o f MMP-2 and MMP-9 within 

the AAA has been well described. The findings of this chapter that AAA explants freshly 

isolated from the aneurysm sac secrete MMP-2 and MMP-9 agrees with previous reports 

o f increased expression of MMPs in the AAA171, 173,184,373. The similar level of expression 

of MMP-2 that was detected in the medium at the beginning and end of the culture period 

suggests that cellular viability was mostly unaltered in the explants and that MMP-2 is 

produced constitutively. It has been previously reported that MMP-2 is constitutively 

expressed by vascular SMCs85,154. Without the need for an exogenous stimulus to induce 

expression the explants did not respond to treatment with IL-8. IL-8 is a known 

angiogenic factor, however its precise role in angiogenesis is unclear. One study showed

205



Chapter 9: Effect o f IL-8 on MMP Expression within the AAA

that MMP-2 production by human umbilical vein endothelial cells (HUVEC) in culture 

was inhibited by neutralising antibodies to IL-8 and its receptors. In addition endothelial 

cell migration was also reduced by anti-IL-8 treatment374. IL-8 has been shown to up- 

regulate the expression of MMP-2 and MMP-9 by endothelial cells under the same 

concentrations as used in this chapter (10, 100ng/ml)375.

It has also been reported that IL-8 causes the up-regulated expression of MMP-9 mRNA by 

endothelial cells375 and increases the release of MMP-9 from neutrophils323. Neutrophils 

store MMP-9 in tertiary granules which are released upon stimulation by IL-8 through the 

CXCR2 receptor, but not CXCR1323. Neutrophils alone produce MMP-9 constitutively, 

whereas MMP-9 expression is usually induced in response to a proinflammatory stimuli. 

Relatively few neutrophils are observed within the AAA wall and studies on the expression 

of MMP-9 have reported the source of MMP-9 to be adventitial macrophages86. The 

expression of MMP-9 within the aneurysm wall has been well studied and, unlike MMP-2, 

it has not been found to be expressed constitutively within the AAA. This study has found 

that whilst all the explants secreted MMP-9 at day 1 in culture, after a 7 day period the 

expression had significantly decreased. This would suggest that the pro-inflammatory 

nature of the aneurysm wall, as described in Chapter 6. The Cytokine Expression Profile o f  

the Abdominal Aortic Aneurysm, in some manner induces MMP-9 expression. However, 

whilst the aneurysmal wall is a cocktail of pro-inflammatory, chemotactic cytokines and 

growth factors, as an in vitro model the simple addition of IL-8 was not sufficient to induce 

MMP-9 release. As physiologically cytokines frequently work synergistically future work 

would have investigated the effect of the combination o f IL-8 and MCP-1 on MMP 

expression. As described in Chapter 7.4 Discussion MCP-1 and IL-8 can work 

synergistically to increase IL-8 potency354.

With MMP-2 being constitutively expressed within the explants, it may have been that the 

explants were maximally producing MMP-2 and therefore this would have prevented the 

study from determining the effect of IL-8 on MMP-2 expression. However, MMP-9 was 

not being maximally produced by the explants and IL-8 failed to produce a response. As 

MMP-2 is expressed at a lower level within non-aneurysmal aorta the explant work could 

be repeated on this tissue to determine whether IL-8 could increase MMP-2 expression.
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The advantage of using an explant model is that it provides a general overall view of the 

effects o f IL-8 on MMP expression within the aneurysm wall and allows the opportunity to 

assess any accompanying changes in the morphology of the explant. As IL-8 did not have 

a detectable effect on MMP expression morphological changes were not assessed. One 

advantage o f using an explant over cell culture is that it allows the assessment of the effect 

of IL-8 on MMP expression in a more clinically relevant setting.

One of the disadvantageous of using an explant is the heterogeneity of each explant. 

Whilst it was ensured that all explants were of a similar size and taken from adjacent 

sections o f the aneurysm sac there would have been a high degree of variation between the 

explants at the cellular level. This may account for the variation in the results obtained. 

With the degree o f variation from the small numbers o f AAAs that were studied 

statistically it would have been difficult to determine a significant result even if a small 

genuine difference existed. Furthermore, with the number o f different cell populations 

present within the explant the response of one cell population to IL-8 may have been 

masked by the constitutive expression o f MMP-2 by other cell types, for example SMCs. 

It is possible that a population of cells does respond to IL-8 but constitutes a small 

percentage of the cells within the explant, for example neutrophils, and therefore any 

induced expression would be difficult to detect. Whilst this explant study did not detect a 

change in MMP expression with IL-8 treatment, future work could involve identifying 

cells within the aneurysm wall which express IL-8 receptors (CXCR1 and CXCR2) and 

repeating the experiment on cell cultures of these specific cells. This should reduce 

experimental variation and increase the level of response to a detectable level. However, it 

is possible that IL-8 simply does not affect MMP expression. An extension to this work 

could involve investigating the effect of IL-8 on other proteins involved in inflammation 

and inflammatory cell recruitment, such as adhesion molecules. With IL-8 localising to 

the inflammatory infiltrate future work could investigate the effect of IL-8 on lymphocyte 

activation.

Further work is required to enable the detection of active MMP-2 and MMP-9. One 

problem with the explant method used was the large volume o f medium required to 

immerse the explant (5ml) and the diluting factor this would have had on the measurement 

o f active MMP-2 and MMP-9. Either the explant methodology needs modifying to reduce 

the volume of medium used, whilst retaining viability, or that the whole volume is
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collected and spun through a column to remove excess liquid and concentrate the proteins. 

As an alternative method for the detection of active MMP-2 and -9 gelatin zymography 

could have been used and quantified through densitometric analysis.

In conclusion, IL-8 has been shown in previous studies to induce the expression of MMP-2 

and -9 , however the treatment of AAA explants with IL-8 did not induce the expression of 

these MMPs. This may result from the use of AAA explants as an in vitro model. The 

main limitations associated with this method are that the AAA explants may be maximally 

producing MMPs and that explants are highly heterogeneous. A better explant model 

system would have been the use of non-aneurysmal aorta, which as seen from the previous 

chapters expresses MMPs at a lower concentration. However, explants are a difficult 

method for obtaining reproducible results with limited deviations in the data due to the 

heterogeneity between the explants. At a cellular levels, despite an investigator’s best 

efforts to ensure identical culturing conditions, there is a high degree o f variability between 

explants. As an alternative to the explant method studies on cell cultures of a single cell 

type, such as cultured vascular SMCs, can produce less varied results, the experimental 

conditions can be more tightly controlled, and any response to IL-8 treatment would have 

been amplified by the increased numbers of responsive cells. An extension of this work 

could have involved investigating the effect of IL-8 and MCP-1 working individually and 

in synergy on MMP expression by non-aneurysmal aorta. As an alternative to the explant 

method the effect o f IL-8 on MMP expression by cell types expressing CXCR1 and 

CXCR2 could have been investigated, particularly on vascular SMCs. Future work would 

have been extended further to investigate the effect of IL-8 on other inflammatory proteins, 

adhesion molecules and cellular activation.
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10. Conclusions and Future Work

10.1 Conclusions

The AAA is a common idiopathic disease of Caucasian males over the age of 65 years. 

Screening studies have shown that AAAs are present in 1.3 to 12.7% of the male 

population within England44 and its incidence is rising. The natural history of the disease 

is to progressively expand until the aneurysm wall ruptures. Rupture of the AAA leads to 

intra-abdominal haemorrhage, circulatory collapse and death. Currently, the only method 

of treatment to prevent further aneurysm growth and rupture is through elective surgery. 

However, surgery is not suitable for all patients, is not indicated for small aneurysms and is 

associated with a risk o f post-operative complications and mortality7. Whilst it would be 

desirable to treat aneurysms pharmacologically at present this treatment is not available. 

Previous attempts at drug therapy have proved to be unsuccessful120,121 ’124 127. In order to 

develop a suitable drug therapy a better understand of the pathogenesis of the AAA is 

required.

Aneurysm formation requires the extensive remodelling o f the ECM within the aortic wall. 

A key feature in the development o f the aneurysm is the degradation of medial elastin. 

The aneurysm wall is characterised by an increase in the elastin/collagen ratio, a decrease 

in medial SMC density and chronic inflammation o f the adventitial layer. An 

inflammatory infiltrate of mononuclear phagocytes and lymphocytes is present within the 

adventitia. The mechanisms thought to be involved in aneurysm formation can be divided 

into: biomechanical wall stress, a genetic predisposition, proteolysis and inflammation. It 

is thought that an initial stimulus for remodelling results in an influx o f inflammatory cells 

and the activation o f the proteolytic system within the AAA wall. MMPs, particularly 

MMP-2 and MMP-9, have been implicated in aneurysm formation and may be responsible 

for changes observed in the composition of the ECM173,177. MMP expression is regulated 

by specific cytokines199*201. The cells of the infiltrate are known to produce a variety of 

inflammatory mediators, including cytokines.

Cytokines are proteins involved in cell-to-cell communication and have an important role 

in regulating the local immune system. In AAAs this control is lost and chronic
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inflammation results in extensive wall damage. Several studies have investigated the 

expression o f specific cytokines within the human AAA wall84,296,291' 348. However, these 

studies have been limited by experimental techniques in the repertoire that they have been 

able to study. As the techniques used required the selection of candidate cytokines it 

reduces the chance o f identifying unanticipated, novel changes in the cytokine expression 

profile. Many o f these studies are contradictory. Animal studies have shown that specific 

cytokines are involved in aneurysm formation ’ ’ ’ . However, within the human

AAA to date no comprehensive description of the cytokine profile of the AAA wall has 

been given.

The aim o f this thesis was to investigate the cytokine expression profile of the AAA wall. 

In order to achieve this, this study investigated the expression of 42 cytokines within the 

aneurysm wall and in non-aneurysmal aorta. The key cytokines that were identified by the 

array were quantified using ELISAs and their localised expression within the aneurysm 

wall was determined by immunohistochemistry. Finally, the role of chemokine expression 

in MMP secretion and activation was examined.

To achieve this, the study used a cytokine protein array to measure the expression of 42 

different cytokines within homogenised aneurysmal and non-aneurysmal aortic wall. 

Specimens were obtained from patients undergoing elective open AAA repair (AAA), 

aorto-coronary bypass graft operations (thoracic aorta) and from cadaveric organ donors 

(abdominal aorta). The arrays consisted of antibodies against a number o f pro- 

inflammatory cytokines, anti-inflammatory cytokines, chemokines and growth factors. 

ELISAs were used to measure the expression of IL-6, IL-8, MCP-1 and MCP-2 within all 

three aortic groups. The chemokines IL-8 and MCP-1 were selected for further study. To 

localise the expression o f these chemokines within the AAA wall immunohistochemistry 

was performed. The cellular composition of the inflammatory infiltrate was examined and 

the association between the level of inflammation and chemokine expression was analysed. 

As IL-8 has been shown to cause neutrophil degranulation o f vesicles containing MMP- 

9323 the effect o f IL-8 on the expression and activation of MMP-2 and MMP-9 was 

assessed using an AAA explant model.

This study demonstrated that the AAA exhibits a distinct cytokine profile comprising of an 

elevated expression o f pro-inflammatory cytokines and chemokines. Several of these have
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been studied within the AAA for the first time. Comparison o f the expression profile of 

the AAA to the profiles o f the non-aneurysmal controls revealed that IL-6, IL-8, MCP-1 

and MCP-2 were raised within the AAA. This inflammatory cytokine profile of the 

aneurysm wall may lead to further ECM remodelling through the activation of MMPs and 

other proteases, inhibition of TIMPs, induction of SMC apoptosis and the chemotaxis of 

inflammatory cells into the aortic wall134,158,199’200.

The arrays described the relative expression of IL-6, IL-8, MCP-1 and MCP-2 within the 

aneurysm compared to the controls. In order to quantify their expression and validate the 

array’s findings ELISAs were performed on these cytokines. The additional benefit of 

measuring the expression of these cytokine by ELISAs was that larger patient groups could 

be analysed. The results showed that the expression o f IL-6, IL-8 and MCP-1 is 

significantly increased within the AAA. These cytokines are all involved in inflammation. 

IL-6 stimulates B-lymphocyte differentiation and antibody production . With the 

prominence o f B-lymphocytes within the aneurysm wall (Chapter 8) the expression of IL-6 

may result in the activation of the humoral response. IL-8 and MCP-1 are chemotactic for 

neutrophils and macrophages, respectively, and may potentially be involved in aneurysm 

development through the recruitment o f inflammatory cells into the aneurysm. Both 

chemokines are also known to stimulate the release o f inflammatory mediators and lytic
323,355, 375enzymes

With the relationship between chemokines and inflammation the localised expression of 

IL-8 and MCP-1 within the aneurysm wall was investigated. The inflammatory infiltrate 

within the aneurysm specimens was examined to determine its cellular composition. The 

results o f the grading showed that the predominant cell type o f the inflammatory infiltrate 

was the B-lymphocyte. T-lymphocytes were the second major population o f the infiltrate, 

with the occasional macrophage present. Macrophages were predominantly found within 

the intima. The T-lymphocyte population comprised chief o f CD4+ T-lymphocytes with 

the occasional dispersed CD8+ T-lymphocyte. Analysis o f chemokine expression found 

that IL-8 co-localised with the lymphocyte population within the adventitia, whilst MCP-1 

co-localised to the macrophages within the intima and adventitia. Assessment of the effect 

o f increasing IL-8 and MCP-1 expression on the level o f inflammation within the 

aneurysm wall found that there was an association between IL-8 and inflammation, but not 

between MCP-1 and inflammation. The increasing mural inflammation within the AAA
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was associated with an increase in T-lymphocytes within the infiltrate population. The 

increased expression o f IL-8 and MCP-1 shown in the previous chapters along with their 

expression within the adventitia suggests that these chemokines may have a role in the 

pathogenesis o f the AAA. IL-8 may have a chemotactic role in the development of the 

inflammatory infiltrate.

The final results chapter o f the thesis investigated the potential for IL-8 to induce the 

secretion and/or activation o f MMP-2 and MMP-9 in order to aid cellular migration across 

the ECM. AAA explants were cultured and treated with increasing concentrations of IL-8. 

The results demonstrated that MMP-2 was produced constitutively by AAA explants but 

that MMP-2 expression was not affected by IL-8. The majority o f the MMP-2 expressed 

within the AAA was in the pro-form. Measurement of MMP-9 expression revealed that 

MMP-9 was expressed by the AAA explants at the start o f the culturing period, when 

recently removed from the patient, but during culture its expression decreased. This 

suggests that an unknown stimuli within the aneurysm wall is inducing MMP-9 expression, 

which when the tissue is removed from the patient the stimuli is lost. IL-8 did not affect 

MMP-9 expression.

10.2 Future Work

Future studies arising from this thesis are discussed below.

This thesis has concerned itself with the expression o f cytokines at the protein level. To 

support these findings future work would involve studying the expression o f IL-8, IL-6, 

MCP-1 and MCP-2 at the genomic level through RT-PCR. With the increased sensitivity 

of real-time RT-PCR it should be possible to assess the expression of MCP-2 mRNA 

within the aneurysm compared to non-aneurysmal aorta. As mentioned in Chapter 6.4 

Discussion homogenising the whole aortic wall, whilst providing an overview, may mask 

subtle changes within the cytokine profile. Further investigation o f cytokine expression 

within the aneurysm wall would involve the use of laser capture microdissection to isolate 

specific cell populations, such as the infiltrate, and analyse the local cytokine expression 

by RT-PCR. As IL-8 may be involved in the process o f angiogenesis within the aneurysm 

wall an investigation into this role could use laser capture microdissection to dissect out a
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fixed area around newly formed capillary-like vessels and compare the local cytokine 

profile to that of vessel-free regions or regions around established vessels within the 

adventitia.

Immunhistochemistry was used to determine the localised expression o f IL-8 and MCP-1. 

With the dominance o f B-lymphocytes within the aneurysm wall and the raised expression 

of IL-6 this suggests that IL-6 may have a role in B-lymphocyte differentiation within the 

AAA. Co-localisation studies could be performed to determine whether IL-6 co-localises 

with the B-lymphocytes. Further work would involve investigating the source of these 

cytokines through in situ hybridisation. Considering the increased expression of IL-8 and 

other neutrophil activators within the aneurysm wall the presence of neutrophils within the 

aneurysm wall should have been assessed. Neutrophils are the first inflammatory cells to 

infiltrate a site o f inflammation and are not usually present in chronic inflammation. It 

therefore seems surprising that so many neutrophil activating chemokines are increased 

within the aneurysm. Future work would investigate the presence o f the neutrophil within 

the aneurysm and its co-localisation with IL-8.

Receptor expression is a crucial determinant of the spectrum of chemokine activities. 

Regulation of the expression of chemokine receptors during cellular activation or 

deactivation is an important stage for controlling the action o f specific chemokines. It is 

equally as important as the regulation of chemokine production and post-translational 

processing for controlling the inflammatory response. Further extension of this study 

could investigate the expression of the CXCR1 and CXCR2 receptors for IL-8 and CCR2 

for MCP-1 within the aneurysm wall through immunohistochemistry. Identification of the 

cells within the aneurysm wall that express these receptors could lead to cell culture studies 

on the isolated cells, either from the aneurysm or through the use o f a specific cell line. 

These studies could investigate the effect of conditions relevant to the aneurysm, such as 

hypoxia, on receptor expression. Any alterations in the expression of the receptors could 

be measured through flow cytometry.

As discussed in Chapter 9, further work is required to investigate the effect of IL-8 on the 

activation o f MMP-2 and MMP-9. Alternatively, gelatin zymography could be used to 

analyse MMP-2 and -9 activity. An extension of this work could investigate the effect of 

IL-8 and MCP-1 working in synergy on MMP expression within AAA explants. As an
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alternative model system, a cell-culture system could be used to determine the effect of 

IL-8 on the expression o f MMPs and a range of inflammatory proteins, including adhesion 

molecules, by cells that have been shown to express CXCR1 or CXCR2. The affect of IL- 

8 on cellular activation could also be assessed by measuring the effect on cell-surface 

markers of activation.

In, conclusion the findings of this thesis are:

1. The AAA exhibits a distinct cytokine profile comprising of an elevated expression 

of pro-inflammatory cytokines and chemokines. IL-6, IL-8 and MCP-1 are 

significantly increased within the AAA.

2. IL-8 co-localises with the infiltrating lymphocytes within the adventitia whilst 

MCP-1 co-localises to macrophages within the intima and adventitia.

3. Increasing IL-8 expression is associated with an increase in inflammation. The 

increasing mural inflammation is associated with a change in the composition of 

the infiltrate, with an increase in T-lymphocytes.

4. MMP-2 is produced constitutively within the aneurysm and the majority of the 

MMP-2 expressed within the AAA is in the pro-form.

5. MMP-9 is expressed within the aneurysm but its expression decreases when 

removed from unknown stimuli.

6. MMP-2 and MMP-9 expression by AAA explants is not affected by IL-8.
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SOLUTIONS

Eosin

Eosin

Tap water

Formaldehyde

10g

2L

2ml

Explant Culture Medium

DMEM (D5671) without glutamine, 4500mg/ml glucose 

4mM Glutamine, 

lOOU/ml Penicillin,

100jLtg/ml Streptomycin.

10% Formalin

0.15M Sodium chloride,

10% (v/v) of 12.3M Formaldehyde.

Homogenate Buffer, pH 7.6

2M Urea,

50mM Tris-HCl,

20mM Sodium chloride,

3mM EDTA,

0.1% (v/v) Brij 35.

Mayer’s Haematoxylin

Haematoxylin 2g

99% IMS 10ml

Distilled water 2L

Potassium alum lOOg

Sodium iodate 0.4g

Citric acid 0.4g

Chloral hydrate lOOg
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MCP-2 Reagent Diluent

1% (w/v) BSA 

PBS, pH 7.2

MCP-2 Wash Buffer

0.05% (v/v) Tween® 20 

PBS, pH 7.2

3.402g

5.706g

1.461g

500ml

0.2g

1.37g

8.0g

1L

Tris base 60.55g

NaCl 85.2g

Distilled water 1L

Used as a IX solution

Phosphate Buffered Saline, pH 7.2

Potassium dihydrogen orthophosphate 

Disodium hydrogen orthophosphate 

Sodium chloride 

Distilled water

Phosphate Buffered Saline, pH 7.45

Potassium dihydrogen orthophosphate 

Disodium hydrogen orthophosphate 

Sodium chloride 

Distilled water

Tris Buffered Saline (10X), pH 7.6
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PROTOCOLS

ELISA Protocols

a) BioSource ELISA Protocol

All steps were performed at RT. The samples and standards (50/100pX) were incubated in 

microtitre wells containing capture antibodies specific to either IL-6, IL-8, or MCP-1 with 

50/d of a biotinylated detection antibody specific to a second epitope on the cytokines. 

The plates were left for a 1.5 hours (2 hours for the MCP-1 assay). The samples were 

aspirated and the wells were washed four times (six times for the MCP-1 assay) with wash 

buffer. The bound cytokines were detected by incubating with 100/d o f HRP-SA for 30 

minutes. The HRP-SA was removed and the wells were washed as before. 100/d of the 

chromogen substrate was added to the wells and incubated for 30 minutes in the dark. The 

reaction was stopped by adding 100/d of stop solution. The resulting colour change was 

read at 450nm using a microtitre plate spectrophotometer.

b) Amersham Biosciences ELISA Protocol

All steps were performed at RT. 100/d of the standards and samples were incubated in the 

wells for 2 hours (MMP-2 assay) or 1 hour (MMP-9 assay). The samples/standards were 

removed and the wells were washed four times. 100/d o f the HRP conjugated antibody 

was pipetted into the wells and incubated for 1 hour (MMP-2 assay) or 2 hours (MMP-9 

assay). All wells were washed four times and incubated with 100/d of 

tetramethylbenzidine for 20 minutes with agitation. The chromogenic reaction was 

stopped by adding 100/d of 1M sulphuric acid and the plate was read at 450nm.
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Antigen Retrieval Methods

All antigen retrieval methods were performed after the slides had been dewaxed and taken 

to water.

a) Pressure Cooker

The slides were boiled in a pressure cooker for 5.5 minutes in a lOmM citrate buffer, pH 

6.0. The slides were transferred to water to cool and transferred to PBS for washing.

b) Microwaving

The slides were microwaved in a lOmM citrate buffer, pH 6.0 for 12 minutes at 850 watts. 

The slides were transferred to water to cool and transferred to PBS.

c) High pH Microwaving

The slides were microwaved in a high pH Target Retrieval Solution, pH 9.0 

(DakoCytomation) for 12 minutes at 850 watts. The slides were transferred to water to cool 

and transferred to PBS.

d) Trypsin Digestion

The slides were warmed in a water bath at 37°C and transferred to a second water bath 

containing lg/L o f trypsin, lOmM calcium chloride, pH 7.8. The slides were incubated for 

10 minutes. The slides were then placed in running water for 5 minutes to prevent further 

digestion and transferred to PBS.
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