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Abstract

Peripheral arterial disease (PAD) can lead to impaired perfusion to the lower limbs and

remains an important cause for non-traumatic lower limb amputations. PAD is

becoming known as an inflammatory disease with established biomarkers such as C-

reactive protein and osteoprotegerin (OPG). PAD is commonly associated with diabetes

mellitus, which is thought to be a product of low-grade but chronic inflammation.

Common pathological causes of PAD, which include atherosclerosis, are now linked to

the presence of several inflammatory factors such as fractalkine receptor (CX3CR1) and

monocyte chemotactic protein-1 receptor (now known as CCR2). Another common

characteristic of PAD is arterial calcification, which previously received less attention

but is now being investigated for the receptor activator of nuclear factor kappa-B

(RANK), RANK ligand and OPG involvement as part of an active cellular regulation of

the calcification process. Not only does atherosclerosis have a close association with

inflammatory and immune-based regulation, but also there is strong evidence to suggest

that arterial calcification is regulated by inflammatory factors. It is important to identify

the specific inflammatory factors, which may play a role in the development and

progression of PAD.

Peripheral arterial disease, as a form of pathological arterial wall remodelling and

known as arteriosclerosis, may present with two distinct types of calcification in which,

one may involve the intima and another, the media. Intimal calcification, which is a

feature of advanced atherosclerosis, initially involves infiltration of monocytes and

macrophages, which turn into foam cells and are deposited in the sub-endothelial layer.

In medial calcification, inflammatory mediators such as chemokines and cytokines, may

be released and drive arterial wall changes by modulating the phenotypic expression

and function of the arterial smooth muscle cells (ASMC). The pathological remodelling

of the arterial wall may involve cells, which have been activated or influenced to behave

like osteoblast cells, which can secrete mineralization matrix and may activate

infiltrating monocytes into mature osteoclasts. A persistent source of inflammation

could be from an intracellular infection of the ASMC with organisms such as

Chlamydia pneumoniae (CP).
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Thus, the thesis first aimed to assess the severity of calcification and lipid deposition in

the arterial walls of arteries obtained from limbs amputated for PAD, comparing these

to cadaveric controls. Secondly, the expression of the inflammatory markers: CCR2,

CX3CR1and RANK were investigated in both diabetic and non-diabetic PAD arterial

samples. Thirdly, the ASMC cultured from PAD samples and fetal aortic derived

ASMC were characterized and investigated for expression of lineage markers for

smooth muscle cells, fibroblasts, osteoblasts and precursor cells. The relevant

inflammatory surface markers such as RANK, CX3CR1 and their membrane bound

ligands were also investigated. Finally, possible source of infection such as CP were

also investigated as the possible cause of inflammation in the arterial wall.

Following the recruitment of 17 patients undergoing non-traumatic lower limb

amputation, 53 arteries were harvested for histopathological study and inflammatory

marker detection using immunofluorescence-based techniques. Out of 17 patients, 10

were diabetic. This thesis further investigated the relevant phenotypic and inflammatory

surface markers of successfully cultured ASMC (70% growth from the patient samples),

which have been postulated to play a role in pathological arterial remodelling. Flow

cytometry was also used to quantify the phenotypic and inflammatory markers exhibited

by PAD samples (diabetic and non-diabetic), and control samples that are derived from

human fetal aortic smooth muscle cells. Tissue immunofluorescence microscopy and

PCR were used to detect the intracellular pathogen in diabetic and non-diabetic PAD

samples, to determine the possible role of intracellular infection CP as a cause for

inflammation.

Generally, the arteries from both diabetic and non-diabetic amputated PAD cases

exhibited severe calcification when compared to the controls. Immunohistopathological

findings showed that RANK and CX3CR1 were expressed in these calcified arterial

walls but no expression of CCR2 was seen. In vitro evidence for phenotypic changes in

PAD derived ASMC suggested an osteoblast-like phenotype where there was positive

expression of vimentin, Stro-1, Runx2, Osterix along with the inflammatory markers

RANK and CX3CR1. The rate of detection of CP in the tissue immunofluorescence

microscopy was more than 50%, while PCR detection revealed 14% and 32% positivity

in diabetic and non-diabetic PAD samples, respectively. In vitro, the ASMC derived

from PAD samples responded to some extent with evidence of up-regulation in TLR4
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and CD14 following LPS activation. This supports the previous findings of CP

detection in diseased arteries and suggests a role of inflammation in pathological arterial

wall remodelling without diabetes.

Previous studies have proposed a role for CX3CR1 expression and positive CP infection

in atherosclerosis development. In the context of vascular diseases, RANK and OPG

activities have also been implicated separately from CX3CR1 studies. This thesis has

concluded that the activity or presence of these inflammatory markers, synergistically

lead to the progression of PAD towards more calcification in the media, as a severe

form of pathological arterial remodelling. Additional molecular experiments need to be

performed in order to provide detailed pathways and mechanism of actions (for e.g. the

influence of LPS on CX3CR1 and RANK expression at the cellular level), before these

inflammatory receptors can be considered as therapeutic targets in clinical studies.
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CHAPTER 1: INTRODUCTION

Peripheral arterial disease (PAD) is amongst the commonest clinical manifestations of

atherosclerosis, which also includes acute coronary syndrome, transient ischaemic

attack and ischaemic stroke. These clinical manifestations suggest impaired oxygenated

blood supply to specific organs such as the heart, brain or lower limbs. However, PAD

alone is associated with a similar mortality risk as other manifestations of

cardiovascular disease (Chi & Jaff, 2008).

Soor and colleagues (2008) have demonstrated that there is another significant arterial

wall change i.e. medial calcification, which could impair oxygenated blood perfusion to

the lower limbs. Medial calcification, which is sometimes referred to as medial

sclerosis, is characterized by the presence of calcification in the media distinct from the

intimal layer, where calcification may be seen in atherosclerosis. Soor’s study samples

comprised 58 patients, who underwent lower limb amputations for limb-threatening

ischaemia. All arterial segments obtained in the study had some degree of calcification

with increased stiffening of the arterial wall and loss of vasodilator response and this

may have contributed to distal ischaemia. Medial calcification is also known as a

marker of increased risk of amputation and mortality (Guzman et al., 2008). Other

dominant risk factors for PAD include diabetes mellitus, renal failure, smoking,

advanced age and ethnicity (Aponte, 2012; Levy, 2002; Wattanakit et al., 2005).

1.1 Clinical manifestations and diagnosis

Peripheral arterial disease may initially present as pain in the calf during walking

(claudication), although it may be asymptomatic in individuals who do little walking or

lead a sedentary life-style. A more severe form of the disease is characterized by

persistent rest pain, which becomes worse when the legs are elevated, for example in

bed at night. In this case, it is called critical limb ischemia. In even more severe cases,

patients can develop gangrene and ulceration. At this stage, where the quality of life

might be impaired by the symptoms, patients may be advised to undergo re-

vascularisation. If this fails, lower limb amputation may eventually be necessary. This

however, depends on the extent of tissue damage, persistence of pain and/or recurrent

wound infection.

Making a diagnosis of PAD, as one of the macrovascular complications, may not be

easy as the clinical presentation may coincide with microvascular complications,
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especially in diabetes mellitus. Calcification for example can affect large to small sized

arteries including the arterioles. When the small arteries are affected, they may cause

peripheral nerve ischaemia (Jeffcoate, Rasmussen, Hofbauer, & Game, 2009). This can

lead to loss of sensation to pain and pressure, which is known as neuropathy. Diabetic

patients are again commonly affected by distal symmetrical neuropathy. Once deprived

of pain sensation, they easily develop neuropathic ulceration or poor healing ulcer with

sepsis. Persistent local pressure can also lead to tissue necrosis and this may also be a

cause of non-traumatic lower limb amputations.

In the diagnosis of PAD, the widely used screening method is the measurement of the

ankle-brachial systolic pressure index (ABI). A resting ABI of < 0.90 is the standard

cut-off point (Norgren et al., 2007). However, this method may not be specific and

sensitive enough, in particular with patients with calcified arteries. When the arteries are

stiffened because of calcification, they cannot not be fully compressed and this leads to

an artificially higher reading of the ABI (Criqui & Ix, 2012). Therefore, the diagnosis of

PAD is best combined with imaging modalities such as angiograms (Figure 1.1A). The

common finding for PAD is usually blockage in one or more of the vessels and/or

calcified arteries (see Figure 1.1B and 1.1C).

A B
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C

Figure 1.1 An angiogram showing atherosclerotic plaque in the femoral artery (A),

medial artery calcification shown in a plain X-ray (B) and tibial artery disease in a

diabetic patient as shown in a digital subtraction angiogram (C). Arrow show sites of

arterial lesions.

1.2 Epidemiology of PAD

The mean age of patients hospitalized with PAD in Western Australia is 69.0 years for

men and 71.5 years for women (Nedkoff et al., 2012). The prevalence of PAD has been

increasing and in Western Australia it affects about 15% of men aged 65 and over

(Fowler, Jamrozik, Norman, & Allen, 2002). PAD is common in the aging population

and events of lower limb amputations were reported to be on the rise with the increasing

prevalence of diabetes mellitus. It has been reported in Australia that the incidence of

diabetes mellitus is steadily rising. The current estimates from the Australian Institute of

Health and Welfare (AIHW, 2011) showed nearly 900,000 or 4.1% of the Australian

population have been diagnosed with diabetes mellitus (between 2007-08). The rate of

diabetes has more than doubled from 1.5% cases over just two decades, when compared

to the rate diagnosed in 1989. Thus, PAD, as part of the cardiovascular disease burden

remains an important morbidity and mortality risk factor.
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The link of PAD to the incidence of acute cardiovascular events has been assessed in

nearly 3000 participants ranging from 61-65 years at follow-up (Abbott, Brand, &

Kannel, 1990). Twenty years follow-up data collected from the Framingham Study has

been evaluated to determine the relationship between diabetes mellitus and clinical

findings of occlusive peripheral arterial findings, which were at that time assessed by

carotid/femoral bruits and non-palpable pedal pulse. This study supported the findings

of high risk of occlusive PAD symptoms in diabetic patients. However, without severe

occlusive arterial disease, this group of patients may have severe medial calcification

instead (Soor et al. 2008). The combination of PAD with diabetes mellitus is known to

increase mortality and morbidity rate including lower limb amputations (Golomb, Dang,

& Criqui, 2006).

1.3 Pathogenesis of PAD

In a histological study of peripheral arteries, Jeziorska and colleagues (1998) proposed

an association between atherosclerosis and inflammatory cells such as macrophages and

mast cells. This is exclusively seen in the intimal region where there is prominent

infiltration with inflammatory cells. However, when the group described the media of

diseased arteries, they noted predominance of medial calcification with no macrophages

or other inflammatory cell accumulation. They described the calcification in the media

as a separate pathology, which could have different inflammatory mediators. They also

suggested that arterial calcification is an organized and regulated process rather than a

passive ageing phenomenon.

It has been agreed that atherosclerosis and medial calcification should be considered as

separate pathologies (Fishbein & Fishbein, 2009). Atherosclerotic lesions may involve a

varying degree of changes in the intimal layer from fatty streak to atheroma plaque

formation. Advanced atherosclerosis usually involves calcification of the arterial wall as

well (Stary et al. 1995). While atherosclerosis is confined to the intima, medial

calcification occurs exclusively in the media. Monkeberg gave rise to the term

Monkeberg’s sclerosis and described this specific histological change as early as 1903.

Monkeberg has also been reported as the first scientist to describe prevalent arterial

calcification in the distal arteries (Jeffcoate et al. 2009). Despite being a common

finding in the healthy aging population, both lesions (atherosclerosis and medial

sclerosis) are now becoming more common in a much younger group of patients with

chronic diseases such as diabetes mellitus or renal failure.
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1.4 Risk factors and common etiology of PAD

The main risk factors for PAD are advanced age, smoking, diabetes mellitus,

hypertension and dyslipidaemia. As mentioned by Norgen and colleagues (2007), the

relative risk for developing PAD is less for hypertension than diabetes mellitus or

smoking. However, once hypertension is complicated with renal failure, then the risk of

having PAD may rise.

Ageing, for example was initially proposed as a risk factor because of the high

incidence or prevalence of PAD in the aging population. As put forward by Norgren and

others (2007), the risk factors may come out of association alone with no definitive

causal factor to be linked to the event of PAD.

With the increasing information on inflammatory-based diseases (Moe & Chen, 2005),

more can be postulated for the probable underlying factors for PAD. Despite the

seemingly multifactorial reasons, they may be underpinned by unifying inflammatory

causes. This thesis will try to bring together the common clinical manifestations of

atherosclerosis and medial calcification, which is PAD, under the umbrella of

inflammation and arterial remodelling.

There seems to be a type of mechanism in place in the arterial wall that is similar to

bone-formation, which may be responsible for the calcification and, which in itself is

pathological in the context of the artery (Boström et al., 1993; Parfitt, 1984). A better

understanding of how this bone-like process works in general, and specifically in the

arterial calcification, may help to identify new therapeutic approaches.

In addition, there are a number of bone diseases such as osteoporosis and arthritis

associated with vascular calcification, suggesting that inflammatory immune response

may be influencing bone metabolism at the same time (Foo, Frey, Yang, Zellweger, &

Filgueira, 2007; Weitzmann & Pacifici, 2006). It is not a straightforward case of

calcium depletion in the bone becoming deposits on the arterial wall, but rather an

intricate network of the adaptive immune system with T lymphocyte activity

augmenting release of immune factors and cytokines that influence bone, and possibly

vascular biology, such as RANKL and TNF-α (Chan, Mhawi, Clode, Saunders, & 

Filgueira, 2009).

In vivo evidence of inflammatory burden has been shown in Apo E deficient mice with

increased arterial and valvular calcification, which at the same time showed loss of bone

mineral density (Hjortnaes et al., 2010). Due to the inherent difficulties associated with

investigation in humans, much information has been gained from animal models.
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Consequently, many of the principles identified in animals need to await further

validation in humans. In this thesis, the main investigations were carried out in human

samples and this may still be hampered by certain limitations. The outcome may differ

from those that have been shown in animal models. The issue of limitations will be

further highlighted in the final discussion chapter. The next chapter will further review

the key players in pathological arterial wall remodelling and the underlying

inflammatory mediators relevant to PAD.
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CHAPTER 2: LITERATURE REVIEW

This chapter aims to review the relevant background of the inflammation theory behind

atherosclerosis and medial calcification relevant to PAD. It has been proposed that

inflammation may drive the arterial wall changes and the corresponding arterial wall

remodelling (Ward, Pasterkamp, Yeung, & Borst, 2000).

2.1 The arterial wall

The arterial wall has three layers called tunics. The tunica externa or adventitia is the

outermost layer. It consists of loose connective tissue that often merges with

neighboring structures such as other blood vessels, nerves or an organ. This outermost

layer provides an anchor and passage to smaller nerves, lymphatic vessels and smaller

vessels called the vasa vasorum. The vasa vasorum represent feeding arteries to the

outer half of the larger arterial wall (see Figure 2.1A).

The middle layer of an artery is called the tunica media and is usually the thickest in

size because it has to withstand the surges of blood pressure generated by the pumping

heart. The media also lends a more muscular structure to the artery and when compared

to the veins, the arteries will appear relatively round in tissue sections. The tunica media

is generally made of arterial smooth muscle cells (ASMC), collagen and elastic tissue.

The largest artery, which is the aorta usually, has the highest amount of elastic fibers in

its media. Whereas the muscular arteries such as the femoral and popliteal arteries have

less amount of this elastic sheets in their media. The tunica intima and media is usually

separated by the internal elastic lamina (see Figure 2.1B). However the internal elastic

lamina may not be visible in a large artery due to the high amount of elastic lamellae.

The innermost layer facing the lumen is the tunica intima, where the arterial wall is

exposed to the blood. This layer could differ in thickness, depending on the size of the

artery. The large artery have a thicker intimal layer due to the large subendothelial area

and the medium arteries may have several layers of endothelial cells in the intima,

although thinner than the intima of the large arteries. Finally, the arterioles usually

consist of simple squamous endothelium overlying a basement membrane. An intact

endothelial layer provides a smooth inner lining that normally repels blood cells and

platelets. Platelets may adhere to a damaged endothelium and during inflammation.
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A

B

Figure 2.1 Structural representation of the arterial wall layers principally found in a

medium sized artery (A), and histological cross section with arrow indicating the

internal elastic lamina (B). Images taken from www.graysanatomyonline.com.
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2.2 Arterial remodelling

2.2.1 Physiological arterial remodelling

Remodelling in a physiological sense is predominantly a maintenance cycle to ensure

normal functioning of a tissue. In the arteries, this could involve normal turnover of

cells such as the endothelial cells and ASMC. A well-regulated turnover and

replacement of dead and dying cells helps sustain the structure and function of a healthy

arterial wall (Ward et al., 2000).

2.2.2 Pathological arterial remodelling

In an overt case of pathological cell turnover such as intimal hyperplasia, proliferation

of ASMC, migration, phenotypic differentiation, as well as extracellular matrix

formation and degradation could determine the extent of intimal thickening (Newby &

Zaltsman, 1999). These are mostly features of atherosclerosis, and its more severe form

is presented with arterial stenosis.

There is also remodelling activity that causes the wall to become stiffened with bone-

like material embedded in the wall. For the scope of this thesis, only two types of

pathological arterial wall remodelling will be discussed in the context of PAD. First, is

arterial wall thickening and atherosclerosis; second, calcified arteries involving the

media, which is also known as medial sclerosis.

There is increasing evidence that abnormal ASMC turnover and differentiation can lead

to adipocyte-like foam cells and calcifying-like bone cells, resulting in atherosclerosis

or medial sclerosis (Vukovic, Arsenijevic, Lackovic, & Todorovic, 2006). Normal

ASMC express the specific markers desmin and smooth muscle actin, whereas

pathological cells are expected to express either adipocyte or bone cell markers

(Iyemere, Proudfoot, Weissberg, & Shanahan, 2006; Vukovic et al., 2006).

2.2.3 Cellular origin in arterial remodelling

Since phenotypic differentiation has been mentioned in pathological arterial

remodelling, the source of the cell origin is further discussed here. There are at least

three different, possible sources for the appearance of bone-like cells in the arterial wall,

which may originate from (1) the mesenchymal progenitors resident in the arterial wall,

(2) re-differentiation of the mature ASMC and (3) from circulating cells with calcifying
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potential, which could still originate from bone marrow stromal cells. In order to

determine the possible cell origin, a range of markers has been used to determine the

lineage. Generally, ASMC are derived from the mesenchymal cell lineage and express

the stromal cell marker (Stro-1) and smooth muscle actin (Bensidhoum et al., 2004;

Yoshiba, Yoshiba, & Ohkura, 2012). The osteogenic cells, derived from pluripotential,

mesenchymal stem cells, principally come from the bone marrow and may be seeded

from the circulation (Fadini, Rattazzi, Matsumoto, Asahara, & Khosla, 2012). The cells

in the arterial wall, which retained the capacity to differentiate and re-differentiate, may

well display the osteogenic features, given a specific stimulus.

Osteoblasts are also of mesenchymal origin and share the same lineage as the ASMC,

fibroblasts, myocytes and adipocytes (Ahdjoudj, Fromigué, & Marie, 2004). An early-

differentiated osteoblast will display core binding factor-1 (cbfa-1) or Runx2. The

osteoblasts will differentiate and progress through several precursor stages before

forming the mature osteoblast. Osterix is a mature osteoblast marker and suggests a

terminally differentiated stage (Billiard et al., 2003). Osteoblasts can produce RANKL

to help regulate osteoclast activity. This is important because osteoblasts are responsible

for the calcification of the bone matrix and in maintaining physiological bone growth

and remodelling.

Osteoclasts however, originate from the haematopoietic lineage and the precursor forms

are monocytes. Osteoclasts are the only bone resorbing cells and are coupled with

osteoblast to regulate bone mass and structure as a feature of bone remodelling. The

markers that are important in characterizing the phenotype of osteoclasts are RANK,

TRAP and CD14 (for the early precursor cells-monocytes) (Saitoh, Koizumi, Sakurai,

Minami, & Saiki, 2007).

It is hypothesized that vascular cells may trans-differentiate into cells which display

osteoblast and osteoclasts-like phenotype ((Massy, Mentaverri, Mozar, Brazier, &

Kamel, 2008).There have been several tracer studies to identify whether these cells are

derived from ASMC. Mice models were developed, where the progenitors of

mesenchymal stem cells were tagged and then traced up to the stage of vascular

development. A specific strain such as the matrix Gla protein deficient (MGP null) mice

from the study of Speer and colleagues (2009), was used to show that the ASMC could

trans-differentiate and contribute to the development of medial wall calcification. Speer

and others (2009) have genetically labeled the ASMC with the SM22-Cre recombinase

and the Cre reporter Rosa26-LacZ alleles in utero and trace this cells formation into

osteochondrogenic precursor- and chondrocyte-like cells in calcified arteries of the
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MGP null mice. Tang and others (2012) however, insist that proper lineage tracing

should include the myosin heavy chain (MHC), specific for a smooth muscle lineage

instead of using smooth muscle actin stain alone. Tang and others (2012) proposed that

the differentiated smooth muscle cells might instead be derived from multipotent

vascular stem cells.

In general, findings of bone-like cells in the arterial wall have led to the theory of

ectopic bone-like formation in the arterial wall. However, what induces the changes is

still not clear. It could also be that some cells are not fully differentiated and attempts to

resolve calcification by recruiting monocytes to sites of calcification have failed.

2.3 Arterial inflammation

In general, chronic inflammation is characterized by ongoing tissue damage from

reactive oxygen species and proteases, which are secreted by inflammatory cells such as

the monocytes and macrophages. When there is prolonged exposure to toxic agents or

other persistent inflammatory agents or inducers, chronic inflammation may occur.

Other products such as pro-inflammatory cytokines and chemokines may amplify and

propagate the damage. Inflammatory factors have been long proposed to play a major

role in the development of PAD (Epstein, Zhou, & Zhu, 1999; Tervaert, 2009). These

factors include infection or injury from a mechanical, chemical or biochemical sources.

Inflammation is recognized as a key process in the development of atherosclerosis given

the presence of infiltrating macrophages. However, in medial calcification, it is likely

that the vascular resident cells namely the ASMC, act to differentiate and protect

themselves, hence releasing a number of pro-inflammatory cytokines and chemokines

(Charo & Ransohoff, 2006; Moser, Wolf, Walz, & Loetscher, 2004). It has become

clear that the expression of functional chemokines and receptors are not restricted to

immune cells alone (Zulli et al., 2008). Many cell types are able to produce chemokines

or up-regulate inflammatory receptor expression under the influence of pro-

inflammatory cytokines such as IL-1β, TNF-α and IFN-γ. Both cytokines and 

chemokines are important in the maintenance of such lesions.

2.3.2 Atherosclerosis

The initial event in atherosclerosis is the adhesion of monocytes to endothelial cells and

the extravasation of these cells into the sub-endothelial region (Plasschaert, Heeneman,

& Daemen, 2009; Ross, 1999). These monocytes are recruited in the event of injury or

imbalance of the chemokine gradient at sites of inflammation. The chronic recruitment
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of these cells leads to the growth of the lesions and occlusion of arteries. With the

theory of “response-to-retention”, these monocytes accumulate modified forms of LDL

via scavenger receptors and further become lipid-laden cells called foam-cells

(Williams & Tabas, 1995). The chemokines CCL2 and CX3CL1 are important

mediators facilitating monocyte adhesion and migration, preceding the process of

plaque formation (Butoi et al., 2011; Matsumoto, Kobayashi, & Kamata, 2010)

CCL2 has been described previously as monocyte chemoattractant protein-1 (MCP-1)

and has been shown to be an important chemoattractant for monocytes towards the

subendothelial space of the arterial wall mediating the formation of foam cells (Nelken

et al. 1991). However, the involvement of chemokines other than CCL2 is suggested

when irradiated apolipoprotein (apo) E3-Leiden mice were reconstituted with CCR2-

deficient bone marrow progenitor cells, which resulted in 86% reduction of the overall

atherosclerotic lesion development (Guo et al., 2005). This suggests that there might be

other pathways for the monocytes recruitment to the inflammation site. Furthermore,

CCL2/CCR2 expression may be limited to the early stage of atherosclerosis formation

and downregulated in an advanced lesion (Wong, Wong, & McManus, 2002).

Fractalkine (FKN) or CX3CL1 is a unique chemokine, which functions as a

chemoattractant, as well as an adhesion molecule. FKN was described as a

transmembrane-anchored molecule on the surface of endothelial cells which is up

regulated in inflamed tissues, such as the atherosclerotic walls (Umehara et al., 2004).

The FKN receptor (CX3CR1) is a critical factor for monocyte trafficking to the

vasculature and is mainly expressed on monocytes. According to a number of studies,

CX3CR1 is chiefly involved in atherosclerosis (Butoi et al., 2011; Liu et al., 2008).

Interestingly, as atherosclerosis can display pathological remodelling such as intimal

hyperplasia and plaque formation, CX3CR1 has been found to be responsible from the

very beginning. A study by Lucas et al., (2003) has shown that the expression of the

FKN receptor facilitated the migration of the ASMC into the intimal layer. Since

Koizumi and colleagues (2009) suggested a novel role for FKN to attract monocytes to

sites of mineralization, there is the need to investigate the role of FKN and its receptor

in medial calcification.

2.3.3 Causes of arterial inflammation: role of infection

Many lines of evidence, ranging from in vitro experiments, pathological examinations

to epidemiological studies, reveal that inflammation is cardinal to the pathogenesis of
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PAD (Libby, 2002). However, this relationship between inflammation and the

development or progression of PAD involves complex molecular networks of the

immune and the host defense system. There is an emerging role for the toll-like

receptors (TLRs) in recognizing exogenous and endogenous molecular signals

promoting inflammation in cardiovascular disease (Spirig, Tsui, & Shaw, 2012).The

possible role of infectious agents has been described in a number of studies, but has

mainly revolved around atherosclerosis (Leinonen & Saikku, 2002; Rosenfeld et al.,

2000).

Up until now, no definitive conclusion has been drawn on the association between PAD

and a number of proposed infective organisms such as Chlamydophila, Mycoplasma

and Cytomegalovirus (CMV). For instance, Chlamydia pneumoniae (CP) has been the

most frequently proposed pathogen in coronary artery disease, however, results are

conflicting and causality is difficult to prove in humans (Pasterkamp et al, 2004).

Gutierrez and others have compiled 43 published studies that evaluated the association

between PAD and CP and their observational case-control meta-analysis did not support

any strong association. Gutiérrez and others (2005) proposed that an association can

only be made with a case control study with adequate number of cases that uses

multiple techniques and samplings from the same subjects to detect the presence of the

bacterium and establish a relationship with the disease. For the purpose of this thesis,

two methods of detection of CP will be used; immunofluorescent detection in arterial

tissue samples and a pathogen-specific PCR assay using fine tissue scrapings.

2.4 Arterial calcification

Arterial calcification has been suggested to resemble the active process of bone

formation. Although initially it was believed to be a passive mechanism, accumulating

evidence has now led to a new understanding in the process of arterial calcification.

Moreover, bone-like markers such as alkaline phosphatase (ALP), bone sialoprotein or

bone matrix protein have been reported to be present in the diseased arterial wall

(Boström et al., 1993; Hunt, 2002; Wada, McKee, Steitz, & Giachelli, 1999). These

findings mainly showed an association of bone forming-like lesions in atherosclerosis

rather than in medial sclerosis. However, it is possible that this bone-like structure could

be present in the medial wall of the arteries, as well.

Other evidence includes in vitro findings on bone related nuclear transcriptional factors

such as Runx2 and Osterix (Panizo et al., 2009). However, Byon et al. (2011) in a recent

study suggested that Runx2 might be responsible for RANKL expression in the
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osteoblast-like ASMC resulting from atherosclerotic lesions. It is now clear that arterial

calcification may involve phenotypic changes in the arterial cells. Although these

studies were centered on atherosclerosis, it is possible to investigate a similar

mechanism for medial sclerosis.

Up till now, several studies have investigated the role of OPG/RANKL in the

progression of atherosclerotic calcification. In hyperlipidemic ApoE deficient mice,

Bucay et al. (1998) showed that OPG deficient mice developed osteoporosis and

vascular calcification. Arterial calcification is now recognized as a marker of

atherosclerotic plaque burden and also a major contributor of arterial stiffness owing to

the loss of arterial elasticity (Soor, Vukin, Leong, Oreopoulos, & Butany, 2008).

2.4.1 Arterial cell and bone biology

The theory proposed for the regulation of arterial calcification is the interplay between

osteoblast and osteoclast-like cells (Massy et al., 2008). The bone remodelling theory

describes how bone forming cells (osteoblast) and bone resorbing cells (osteoclast) may

interact (Figure 2.2). Bone remodelling involves the spatial and temporal coupling of

these cells through four main stages: cell activation, bone resorption, reversal of cell

activation and bone formation (Parfitt, 1984). The remodelling is initiated by the

activation of the quiescent cells on the bone surface, which is covered by the bone

lining cells. Activation requires the recruitment of new osteoclasts from the

mononuclear phagocyte system or from haematopoietic precursors. Also, the close cell-

to-cell interaction is needed in order to activate the signaling cascade. The mechanism

of attraction and binding to the mineralized surface could be due to chemotactic signals

such as fractalkine (Koizumi et al., 2009). Further maturation of the osteoclast is then

induced by binding of RANKL expressed by the osteoblast. Resorption is then carried-

out by the osteoclast, which when activated becomes a giant multinucleated cell. There

is a proposed interaction between RANKL and fractalkine receptor, which further

fascilitate osteoclast functions (Saitoh et al., 2007).
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Figure 2.2 Proposed remodelling in arterial calcification with the involvement of two

key cells: monocyte derived osteoclasts and osteoblast-like smooth muscle cells.

Adapted from Weitzmann and Pacifici (2006).

There is link between bone and vascular immunology, which has been established by

many bone destructive disorders such as rheumatoid arthritis (Jones, Kong, &

Penninger, 2002), Charcot’s disease (Ndip et al. 2011) and osteoporosis (Wu et al.

2012). The term osteoimmunology has been coined in order to describe the accelerated

bone loss caused by inflammatory and autoimmune diseases such as rheumatoid

arthritis and diabetes. Jones, Kong and Penninger (2002) noticed the osteoclast-inducing

capacity of activated T-cells in adjuvant arthritis that is mediated through the

RANK/RANKL/OPG axis. Most of these agents or pro-inflammatory cytokines are

produced by the osteoblast or bone marrow derived stromal cells. However, these

cytokines have to compete for binding on their shared cognate receptor RANK.

Therefore, the cytokines, which are more abundant in the circulatory system easily bind

to RANK and exert their effects. This is clearly demonstrated in the treatment of

osteoporosis by denosumad (an antibody to RANKL), where the osteoporotic bone

resorption problem in the patients can be controlled. Another important highlight from

an early animal study is the OPG knockout mice. In this mouse model of OPG

deficiency developed by Bucay and colleagues (1998), severe bone loss and

calcification of the aorta and renal arteries were observed. This finding indicates the

important role of OPG as an osteoprotective factor and also as an inhibitor to arterial

wall calcification. By acting as a decoy receptor to RANKL, osteoclastic activity and

thus bone resorption in the area of arterial wall may be halted and the active

remodelling of arterial wall calcification may be reduced.
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Despite increasing evidence supporting the link between the immune system and

vascular calcification, the role of the proposed biomarkers remains obscure in the

pathogenesis of PAD. This study, thus aimed to investigate the presence and role of

inflammatory markers CCR2, CX3CR1 and RANK in PAD. It is hypothesized that

these markers will be up-regulated in the arterial wall in PAD and contributes to the

pathological arterial wall remodelling.
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CHAPTER 3: AIMS AND HYPOTHESES

This chapter generally outlines the hypotheses to be tested with aims to be addressed in

the following experimental chapters. The overall aim is to identify relevant

inflammatory markers in severe PAD as derived from the arterial tissues and ASMC

grown from viable samples and to identify possible intracellular infection as a source of

inflammation.

Hypotheses:

Hypothesis 1- Patients with clinically severe PAD (needing amputation) have greater

arterial wall changes than in control subjects.

Aim: To assess the degree of arterial wall changes in terms of calcification and

lipid deposition on the arterial walls of PAD and controls. Further comparison was

made between samples having PAD with or without diabetes.

Hypothesis 2 - The expression of inflammatory and bone-related markers is associated

with the severity of arterial calcification and/or lipid deposition in the arterial walls of

PAD and controls.

Aim: To investigate the expression of the inflammatory and bone-related

markers: CCR2, CX3CR1, TRAP and RANK in association to the severity of arterial

calcification and/or lipid deposition in the arterial walls of PAD and controls. Further

comparison was made between samples having PAD with or without diabetes.

Hypothesis 3 - The calcification phenotype (osteoblast-like cells) is up-regulated in

ASMC derived from the arterial wall of patients with PAD.

Aim: To characterize PAD-derived and human fetal aorta-derived ASMC for

expression of markers specific for smooth muscle cells (alpha-smooth muscle actin,

desmin), fibroblasts (vimentin), osteoblasts (Osterix, Runx2) and mesenchymal

precursor cells (Stro-1).
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Hypothesis 4 - The inflammatory and bone-related cell surface markers (CX3CR1/L1,

RANK/L TLR4, CD14, CCR2 and CCR4) are up regulated in ASMC derived from the

arterial wall of patients with PAD compared to fetal derived ASMC.

Aim: To investigate the expression of inflammatory and bone-related cell

surface markers in PAD-derived ASMC and human fetal aortic smooth muscle cells,

including CX3CR1/L1, RANK/L TLR4, CD14, CCR2 and CCR4.

Hypothesis 5 - Intracellular infection such as Chlamydia Pneumoniae (CP) may be

associated with inflammation in PAD.

Aims:

(i) To determine the presence of CP in calcified diabetic samples and non-

calcified non-diabetic samples using immunofluorescence (IF) study and

polymerase chain reaction (PCR).

(ii) To determine the molecular detection of TLR4 and CD14 in mediating

differential response to LPS as an in vitro model to CP infection in ASMC.
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CHAPTER 4: GENERAL METHODS

4.1 Materials and methods

This section describes the samples and general methods used throughout the thesis.

There will be four experimental chapters describing separate studies, which first

investigate the main histopathological characteristic of the arterial samples (Chapter 5)

and identifying relevant inflammatory markers using immunofluorescence techniques

(Chapter 6).The next experimental chapter (chapter 7) uses fresh arterial samples to

culture smooth muscle cells for phenotypic characterization and identify proposed

inflammatory markers either intracellularly or on the surface membrane to help support

tissue findings in chapter 6. The final experimental chapter (chapter 8), combines both

tissue, ex-vivo and in vitro studies in order to identify the possible source of

inflammation by testing for the presence of an obligate intracellular pathogen,

Chlamydia pneumoniae. The general outline of the experiments was given below in

Figure 4.1.

Figure 4.1 Flow chart of the general research design for the thesis project.
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4.2 Arterial samples

Between March 2010 and August 2012, 17 patients consented to arterial tissue

harvesting after below or above knee amputation for tissue loss, ulceration or gangrene.

Ethics approval was obtained from local Human Ethics committees (RA/4/1/4078) with

the relevant documents provided in Appendix I. Amongst the cases, seven were not

diabetic and 10 had diabetes for 9 to 20 years duration. Control arteries were obtained

from eight embalmed cadavers (< 48 hours post –mortem) – all without diabetes and no

clinical history of PAD. The cadavers were obtained from the body donation program at

the University of Western Australia. All subjects were Caucasian and subject

characteristics are summarized in Table 4.1.

Cases of PAD contributed 53 different arterial samples (popliteal,peroneal, anterior and

posterior tibial arteries) and controls contributed a total of 33 different lower limb

arteries for histopathological evaluation. A segment of these arteries were each

immediately fixed in 1% paraformaldehyde (PFA) (to be used for histopathological

evaluation).The other halves of the arterial segments were transported in culture

medium for explantation in the cell culture lab (as described in chapter 5).

The risk factors for PAD are also summarized in Table 4.1.

Table 4.1 Demographic data representing groups of peripheral arterial disease (PAD)

cases and subgroups of the amputees or PAD cases with and without diabetes (DM) and

controls.

PAD cases Controls

No DM DM No DM

Number 7 10 8

Mean Age (years) ± SD 66 ± 13 64 ± 15 78 ± 8

Median Age (years) 68 66 75

Age Range 41-78 39-82 68-90

Gender (male) (5) 71% (8) 80% (5) 63%

Smokers (7) 100% (6) 60% unknown

Hypertension (4) 57% (2) 20% unknown

Hyperlipidaemia (5) 71% (2) 20% unknown

Renal failure (1) 14% (6) 60% unknown
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CHAPTER 5: HISTOPATHOLOGICAL
EVALUATION OF 53 ARTERIES FROM 17
PAD CASES

5.1 Introduction

Histopathological studies have revealed that the changes in severe peripheral arterial

disease (PAD) not only involves atherosclerosis in the intima, but also significant

medial arterial wall calcification (Soor et al. 2008, Mozes et al. 1998). Imaging

modalities usually confirm the diagnosis of PAD by showing areas of stenosis or

blockage and calcified arteries at the problem site. Calcification in the posterior tibial

artery can be scored using multi-sliced computated tomography, and this technique has

been proposed by Guzman and colleagues (2008) to predict future amputation.

Increasing age and traditional risk factors for atherosclerosis are associated with an

increased tibial artery calcification (TAC) score, which is used as an independent

marker by Guzman and his colleagues.

Sangiorgi and colleagues (1998) have also proposed that quantification of calcified

arterial lesion should be used in histological studies rather than using lumen diameter

measurements because of arterial remodelling factors that might influence the predictive

value of atherosclerotic plaque burden. Overall, the significance of calcification in PAD

has been established but the mechanistic picture is still not clear.

Through histopathological study in this chapter, evaluation were made on; first, whether

lipid or calcium depositions are more predominant in arteries from lower limbs

amputated for non-traumatic causes and clinically diagnosed PAD, compared to the

controls. Secondly, PAD cases with and without diabetes were compared separately

with control samples from individuals without known PAD or diabetes.

5.2 Hypothesis and aim

Hypothesis - Patients with clinically severe PAD (needing amputation) have greater

arterial wall changes than in control subjects.

Aim: To assess the degree of arterial wall changes in terms of calcification and

lipid deposition on the arterial walls of PAD and controls. Further comparison was

made between samples having PAD with or without diabetes.
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5.3 Materials and Methods

5.3.1 Arterial samples

Segments 2-3 cm in length of the distal popliteal artery and its named branches

(peroneal, anterior and posterior tibial arteries) were harvested and immediately fixed in

1% paraformaldehyde and 0.6% sucrose for storage at 4⁰C. Prior to transverse

sectioning, 5 mm long arterial sections from three different intervals (of at least 15 mm

apart) were embedded in Tissue Tek® (Sakura Finetek U.S.A. Inc., Torrance, CA) and

frozen at -22⁰C. Serial cryosections of 8 µm thickness were prepared from each sample,

air-dried and fixed on positively charged, Super frost® glass slides. 81 tissue slides

were then subjected to routine Hematoxylin and Eosin (H&E) and Oil red O lipid

staining with at least two repeats.

5.3.2 Histopathological analysis

The severity of PAD was determined by counting the number of quadrants involved

with either calcification or lipid deposition. For each segment of a given arterial section,

one type of the lesion was scored with a specific staining i.e. H&E; dark blue staining

indicating calcification and Oil Red O; deep red droplet areas indicate lipid deposition.

Figure 5.1 below highlights a normal arterial sample with H&E staining (Figure 5.1A),

and a similar tissue from serial sectioning (Figure 5.1B), which indicates that the sample

is free from lipid deposition (no red staining). The following figure (5.1C) showed

minimal red staining in two different areas within the intima, were given a score of 2.

Arterial sample in Figure 5.1D were also given a score of 2 despite the larger area with

the red stain, because it extends over two quarter of the arterial cross section. The

scoring methods were adapted from Mozes et al. (1998) for the semi quantitative

assessment. The region where the lesion was found was taken into account i.e. lipid

deposition was counted as a lesion only if found in the intimal layer (see Figure 5.1D)

and calcified lesion was counted only if it appeared in the medial region (see arrows in

Figure 5.2).

Since the method chosen was a semi quantitative assessment, the scale is not linear and

may not represent the severity of other confounding lesions. The approach taken is to

identify each type of lesion, one at a time although in reality, both lesions may coincide

or influence each other. For example, a similar extent of calcification may be found in

Figure 5.2B and 5.2C but the lumen of the artery in Figure 5.2B is occluded (indicating

a more severe lesion) and given a score of 2 although the sample in Figure 5.2C is not

occluded, but given a score of 3 since it is a calcification scoring. If occlusion is taken
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into account, it will suggest a contribution from atherosclerotic lesion and not

calcification.

Figure 5.1 Scores of ‘0’ given for arterial section which are free from calcification

when stained with H&E (A) and free from lipid deposition when stained with Oil red O

(B). Scores of ‘2’ were given to both arterial sections in C and D. Scale bars at 200 µm.

C D

A B



24

Figure 5.2 Calcification score was made using H&E staining as indicated by the dark

purplish area in each segmental quadrant. Examples of scores from 1-4 are shown. All

calcification was noted to be in the medial region. The arrows indicate areas of

calcification. Each box represents a quadrant of the arterial segment. Scale bars at 1mm

except for score 2 at 100 µm (shown by the black rectangle bar).

Stained slides were digitized using the ScanScope CS digital slide scanner (Aperio, San

Diego, CA) and analysed using the software programme Aperio Image Scope

v11.1.2.752 (www.aperio.com). The number of quadrants involved determined the

scores for each lesion, with a score of 0 indicating no lesions (Figure 5.1A) and Figure

5.2 showing a representative score for calcification, from a score of 1 for any lesion

found in a quadrant up to a score of 4; indicating the most severe lesion involving all

four quadrants in a given arterial section. Similar representative scoring were also

shown for lipid deposition but this time indicated by the arrows (Figure 5.3).
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Figure 5.3 Lipid scoring by quadrant involvement represented by the number of arrows

shown in each sample stained with oil red O. Lipid deposition indicating atherosclerosis

generally involved the intima. However, difficulty in scoring arises when the intimal

region became distorted with hyperplasia for example in B, C and D. Scale bars 200

µm.

5.3.3 Inter-scorer reliability

To assess inter-scorer reliability, a total of 133 slides were analyzed independently for

lesion scoring using standard light microscope. There were six scorers (blinded to

sample ID and grouping) and the mean scores were compared to the author’s (RZ score)

using Cohen’s kappa measurement of agreement. The kappa measure of agreement was

moderate (R=0.4) but the correlation between author’s scoring and the other observer’s

mean scoring was high (R=0.84) Figure 5.4. There is also good internal consistency,

with Cronbach’s alpha coefficient of 0.93.

C D

A B
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Figure 5.4 The mean scores from 6 different observers were plotted against the author’s

score. Positive correlation was seen with a correlation coefficient of 0.84.

5.3.4 Statistical analysis

Data were analyzed using SPSS (version 16.0; SPSS, Chicago, IL). Kruskal–Wallis for

more than two different groups and Mann Whitney non-parametric tests were used to

assess the comparison of the data. In all analyses, a p value < 0.05 was considered to be

statistically significant. Kappa inter-observer strength of reliability was measured and

plotted. Box plot diagrams indicate the median (± interquartile range; IQR) scores for

calcification and lipid deposition.

5.4 Results

5.4.1 Subject population

There was a significant difference between the age of PAD cases (mean age 65 ± 13.5

years SD) and control cases (78 ± 8 years SD), using an unpaired t test (p =0 .02).

5.4.2 Differences between arterial location of deposit

The scoring of both calcification and lipid deposition did not differ between location of

the arteries harvested from the amputated leg of PAD and controls. A Kruskal-Wallis

ANOVA indicated that there were no statistical differences between the scores given to

calcification assessment for anterior tibial artery (ATA) Mean Rank = 42.89, posterior

tibial artery (PTA) Mean Rank =38.76, and popliteal artery (POP) Mean Rank =41.29,
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H (corrected for ties) =0.455, df =2, N =81, p =0.796, Cohen’s f (effect size =0.005)

was small. Figure 5.5A shows the box plot representation with median scores.

There were also no statistical differences between the scores given to lipid deposition

(Figure 5.5B). Atherosclerosis assessment for ATA (Mean Rank = 43.14), PTA (Mean

Rank =36.06), and POP (Mean Rank =43.83), H (corrected for ties) =1.902, df= 2, N

=81, p=0.386; Cohen’s f (effect size =0 .024) was small.
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Figure 5.5 Median scores of calcification and lipid deposition are shown in the box

plots (A and B respectively) indicating no significant difference between the different

arterial locations from the lower limb arteries. Interquartile range (IQR) for calcification

scoring was between 3 to 4, and IQR for lipid scoring was 2 for all types of arteries.

5.4.3 Calcification scores in PAD cases and controls

Generally, all calcifications in the samples were noted to be in the medial layer where

the main bulk of ASMC reside. The severity of calcification was scored from 0 to 4 and

data for medians are represented in the box plot diagrams in Figure 5.6A. The Mann

Whitney U test indicated that there is statistically significant higher scores given to

calcification assessment for PAD cases (Mean Rank =46.04) compared to controls

(Mean Rank =33.67), H (corrected for ties) =5.726, df =1, N =81, p =0.016; Cohen’s f =

0.072, which is a moderate effect size.

5.4.4 Calcification scores in PAD cases with or without diabetes

Cases of PAD with diabetes showed a higher trend for calcification score but the

difference was not statistically significant from non-diabetic PAD cases (Figure 5.6B).

Calcification scores for cases with diabetes (Mean Rank = 26.61) and PAD cases
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without diabetes (Mean Rank = 21.55) showed a median of 3 and 1 respectively with a

large IQR for both groups. Mann Whitney U test indicated p =0.198, H (corrected for

ties) =1.658, df =1, N =48. The effect size calculated using eta squared, was small at

0.035.
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Figure 5.6 Median of calcification scores are shown for control and PAD cases in (A)

and between non-diabetic PAD and diabetic PAD in (B). The IQR for control is 2 and

PAD cases IQR is 4.

5.4.5 Lipid scores in PAD cases and controls

Atherosclerosis was classically represented with lipid deposition in the intimal region

(Figure 5.3). Only the quadrant stained positively red with Oil red O were counted for

ranking the severity and data for medians of PAD cases and controls are represented in

box plot diagrams in Figure 5.7A.

Mann Whitney U tests indicated that there were no statistically significant differences

between the scores given to lipid deposition on quadrant involvement. Mean rank of

lipid scores for amputated PAD cases was 38.94 and controls was 44.00, H (corrected

for ties) = 0.957, df = 1, N =81, p=0.314, Cohen’s f =0 .012. Figure 5.7A indicated the

median (± IQR) of PAD cases without DM is 3 ± 2, and PAD cases with DM is 2 ± 3.

5.4.6 Lipid scores in PAD cases with or without diabetes

There was no significant difference when atherosclerotic scores were compared

between diabetic and non-diabetic PAD cases. Atherosclerosis scoring for diabetic

*
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presence (Mean Rank = 24.00) was not significantly higher compared to cases without

diabetes (Mean Rank = 25.20), H (corrected for ties) = 0.091, df = 1, N =48, p=0.763;

Cohen’s f =0.002. Figure 5.7B shows the median (± IQR) of PAD cases without DM is

3 ± 3 and PAD cases with DM is 2 ± 2.75.
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Figure 5.7 Median and IQR of lipid scores are shown for control and PAD cases (A)

and between non-diabetic PAD and diabetic PAD (B).

5.5 Discussion

The prevalence of PAD is known to increase with age (Norman, Eikelboom, & Hankey,

2004). However, aging is not the only risk factor for PAD progression. This study has

demonstrated that the control group, which represents the “healthy” aging population,

showed significantly lower calcification scores compared to the cases with PAD. These

findings further support the studies of Guzman and others (2008), that calcification

could be the targeted as a modifiable risk factor for intervention. The early works by

Blumenthal and others (1944) also confirmed that Hematoxylin and Eosin staining is

adequate for determining calcified lesions in arterial walls.

Given that arterial calcification may contribute to increased arterial wall stiffness,

enhanced stiffening could be due to pathological causes. Mitchell and others (2004)
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have observed a relationship between aging and increase arterial wall stiffness in the

central arterial trunk but not in the peripheral arteries. The mean age of their study

sample is 56 years old for men and 57 years old for women and these participants are

relatively free of cardiovascular disease risk factors. They used arterial tonometry to

assess central (carotid-femoral) and peripheral (carotid-brachial) pulse wave velocity

and concluded that there is an age-related increase in aortic stiffness.

In the study by Soor and others (2008), the severity of calcification in diabetic arteries

were found to be greater than in non-diabetic arteries, whereas in this study the

calcification score did not differ between cases with underlying diabetes or not. This

could be due to the larger coefficient of variation (measured by IQR) for calcification

scores in the dataset, limiting the ability to detect modest associations for diabetes and

arterial calcification. However, a trend similar to Mozes and others (1998) can be seen

where the diabetic cases showed slightly higher calcification than non-diabetic cases.

Interestingly, the lipid deposition score did not differ between cases and controls or in

cases with or without diabetes. Indeed, the control group showed a higher trend for lipid

scores but it was not statistically significant. The limitation in detecting significant

changes could be due to the sensitivity of the scoring system. The lipid scoring took into

account the number of quadrants involved, for example a score of ‘2’ was given for

both Figure 5.1C and 5.1D despite area or volume differences of the red stained lipid

droplets and clinical severity such as stenosis (e.g. Figure 5.1C) was not assessed by

this scoring of quadrants. Although stenosis is best determined by the diameter of the

lumen, Sangiorgi and others (1998) also demonstrated that stenosis graded by luminal

diameter did not correlate with plaque burden whereas calcium quantification did.

In summary, the main histopathological findings in this study include early

atherosclerotic lesion, which could be seen in both PAD cases and cadaveric controls,

whereas arterial calcification is particularly seen in PAD cases with or without diabetes.
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CHAPTER 6: EXPRESSION OF RANK AND
CX3CR1 IN ARTERIES DERIVED FROM
PERIPHERAL ARTERIAL DISEASE

6.1 Introduction

Both atherosclerotic lesions and medial calcification play important role in PAD

progression. However, factors that propagate these arterial wall lesions remain to be

elucidated. Atherosclerosis, which is known to be a chronic inflammatory disease, have

been linked with events of infiltration of monocytes and other inflammatory cells to the

site of “injury” (Ross, 1999). Given the similar pathology that coronary disease and

PAD may share, several inflammatory factors were investigated for their significant role

in atherosclerosis (i.e. CCR2 and CX3CR1) and RANK, for its specific influence on

calcified arterial wall lesions (Butoi et al., 2011; Heymann et al., 2012).

Several biomarkers have been associated with the progression of PAD. Amongst

prominent biomarkers, the molecular triad of osteoprotegerin (OPG), receptor activator

of nuclear factor kappa B (RANK) and its ligand (RANKL) have been associated with

arterial calcification or pathophysiologic bone remodelling (Mabilleau, Petrova,

Edmonds, & Sabokbar, 2008; Ndip, Williams, Jude, & Serracino-inglott, 2011). The

OPG/RANK/RANKL triad plays a pivotal function in bone metabolism, vascular

biology and immunity. Bucay and others showed that OPG-deficient mice exhibited

medial calcification of the aorta and renal arteries with an early onset of osteoporosis

hence the introduction of the so-called “osteoprotective” factor OPG (Bucay et al.,

1998). In humans, a paradoxical picture was seen when increased OPG plasma

concentration was positively associated with severity of PAD (Ziegler et al. 2005,

Poulsen et al. 2011). High OPG levels were also associated with all-cause mortality in

type 2 diabetic patients (Reinhard et al., 2010).

RANKL, when present at high levels, may compete with OPG for the binding site on

RANK. It is still not clear how elevated RANKL concentration may promote arterial

wall calcification. Physiologically, RANKL is expressed by osteoblasts to activate and

promote activation of osteoclasts through binding with RANK. Thus, many studies have

postulated a role for osteoclasts in vascular calcification (Byon et al., 2011; Heymann et

al., 2012). If RANKL predominates, the osteoclast precursor monocytes will proliferate
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and commit to become osteoclasts and express the marker tartrate-resistant acid

phosphatase (TRAP). With the presence of osteoblast-like and osteoclast-like cells in

the vascular wall, there is a high chance that the remodelling process taking place will

deviate towards arterial wall calcification. Byon and others’ (2011) findings support the

accelerated calcification by increased osteoclast activity, which indirectly re-modeled

the calcified plaques. Bone-like plaque formation in the intima however, is distinctive

from medial wall calcification. In that the intima resembles an endochondral type of

bone formation while medial calcification resembles that of the non-endochondral type

(Vattikuti & Towler, 2004).

This study is proposing that RANK expression could be present on the ASMC instead

of the polymorphonuclear cells, and fit with the proposal of Panizo et al. (2009) on the

influence of RANKL on ASMC to directly promote phenotypic modulation. Ndip and

colleagues (2011) have also proposed that OPG and RANKL are important modulators

in bone homeostasis and are frequently associated with vascular calcification. It is

hypothesized that RANK would be up-regulated in pathological arteries.

6.2 Hypothesis and Aim

Hypothesis – The expression of inflammatory and bone-related markers is associated

with the severity of arterial calcification and/or lipid deposition in the arterial walls of

PAD and controls.

Aim: To investigate the expression of the inflammatory and bone-related

markers: CCR2, CX3CR1, TRAP and RANK in association with the severity of arterial

calcification and/or lipid deposition in the arterial walls of PAD and controls. Further

comparison was made between samples having PAD with or without diabetes.

6.3 Materials and Methods

6.3.1 Patient demographics

As presented earlier (Chapter 4).

6.3.2 Tissue immunofluorescence study

Arterial tissue sections from a series of sections were investigated for the presence of

antigens: CCR2, CX3CR1, RANK, alpha-smooth muscle actin (SMA) and leukocyte

common antigens: CD45 and CD68. Tissue slides were hydrated in PBS, separately
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incubated overnight in 3% bovine serum albumin with either mouse anti-human CKR-2

(1: 100; Santa Cruz Biotechnology), rabbit anti-human CX3CR1 (1:50; AbD, Serotec),

mouse anti-human RANK (1:100; Santa Cruz Biotechnology) mouse anti-human SMA

(1:200; Santa Cruz Biotechnology), FITC mouse anti-human CD45 (1:100; BD

Bioscience) or Alexa Fluor ® 647 mouse anti-human CD68 (1:100; BD Bioscience).

Samples for intra-cellular staining i.e. alpha SMA were initially permeabilized with

0.1% Triton-X for 5 minutes at room temperature (RT) to increase antibody penetration.

Following overnight incubation, tissue slides were washed three times and incubated

with Alexa Fluor® 488 (1:200; Invitrogen) conjugated anti-rabbit or anti-mouse (as

required) for a minimum of 60 minutes at RT. Nuclear staining was also introduced

during the secondary antibody incubation, using DAPI (4’, 6-diamidine-2’-phenylindole

dihydrochloride, 10ng/ml, Roche Diagnostics, Mannheim, Germany). For negative

controls, tissue slides were incubated without the primary antibodies. Slides were

washed another three times before mounting (Dako Cytomation, Carpinteria, CA,

USA). The samples were then analysed and documented using multiphoton confocal

laser scanning microscopy (Leica TCS SP2).

6.3.3 Detection of tartrate-resistant acid phosphatase (TRAP)

The phosphatase substrate ELF97 (Molecular Probes now Invitrogen) was used for the

detection of TRAP activity in osteoclasts as previously described (Filgueira, 2004).

Briefly, arterial sections on glass slides were hydrated in distilled water and

subsequently incubated with 200µM ELF97 in 110 nM acetate buffer staining solution

(pH5.2), 1.1 mM sodium nitrate and 7.4 mM tartrate (all from Sigma-Aldrich) and left

overnight in a humidified chamber at RT. After screening for a positive reaction, the

enzymatic reaction was halted by rinsing in distilled water. Other nuclear staining was

then introduced using DAPI (10ng/ml); Roche Diagnostics, Mannheim, Germany. After

mounting, the samples were analysed and documented using Nikon Inverted

Microscope Eclipse TE 300 with a Nikon CCD digital camera.

6.3.4 Statistical analysis

A Pearson’s chi-square test of contingencies (with α = 0.05) was used to evaluate 

whether expression of the inflammatory and bone-related markers: CCR2, CX3CR1,

TRAP and RANK positivity is related to PAD with or without diabetes.. Chi square test

for independence with Yates Continuity Correction were also use to determine an

association between two different groups.
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6.4 Results

6.4.1 Immunohistological findings of pan leukocytic markers and SMA

Serial sections from PAD arteries were stained with pan-leukocytic marker and

monocyte-derived macrophage marker (CD45 and CD68 respectively) to determine the

presence of inflammatory cells in the regions prone for atherosclerosis. However, none

of the samples showed expression of the leukocytic or monocytic markers. Positive

control staining has been tested on fixed mononuclear cells on cytospins and in flow

cytometry, indicating that the antibody works on fixed cells. In addition, there was cells

found to be positively stained with the tested antibody, indicating immune cells were

found in the small blood vessels of the tissues.

Evidence for atherosclerosis was only found when expression of alpha-SMA was

present in the intima, apart from its usual location in the media (see Figure 6.1A). This

indicates intimal thickening, which most probably occur in arteries due to migration of

the ASMC into the intimal region. Other PAD samples, which showed severe

calcification, expressed fewer alpha-SMA in their medial region (Figure 6.1B).

6.4.2 Immunohistological findings of inflammatory and bone markers

To determine which inflammatory marker could be detected in association with

PAD, freshly isolated arteries from amputated lower limbs were carefully fixed

and examined by immunofluorescence microscopy. Separate arteries sampled from

ten PAD cases were serially sectioned and each stained with different test

antibodies against RANK, CX3CR1, CCR2, RANKL and fractalkine. Each slide

was evaluated with confocal microscopy for the expression of positive AF488

emission from positively tagged antibodies.

As shown in Figure 6.1C and 6.1E, RANK is mainly expressed in the medial

regions. Twenty-five percent of arteries derived from non-diabetic limbs and 75%

of samples derived from diabetic limbs stained positively for RANK (see Figure

6.3B). The chi square test was statistically significant, x² (1, N =24) = 6, p = 0.014.

The association between RANK and diabetic presence was quite strong with phi =

1.2.

There was positive CX3CR1 staining in 75% of arteries derived from non-diabetic

amputations and 83% of samples derived from diabetic amputations (Figure 6.3C).

A Chi-square test for independence (with Yates Continuity Correction) indicated

no significant association between CX3CR1 positivity and diabetes status, x² (1, N

=30) = 0.31, p = 0.576, phi = 0.06.
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CX3CR1 expression was found diffusely all over the media and intima of arterial

samples derived from amputated PAD cases. They were also expressed in both

calcified and non-calcified media e.g. Figure 6.2B and 6.2D. None of the

amputated arterial samples expressed CCR2, RANKL or fractalkine. Control

samples also did not show expression for all these markers (see Figure 6.2E and

6.2F).

Figure 6.1 Presence of alpha SMA (stained fluorescent green) in both the media

100um
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and intima (arrow indicating intimal layer). For calcified arterial wall section (B),

alpha SMA staining in the media was reduced. RANK expression (stained

fluorescent green) was positive in non-calcified amputated artery in (C) and

calcified artery in (E). D and F are the corresponding DAPI nuclear staining (blue)

for samples in C and E, respectively.
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Figure 6.2 Control sample without primary antibodies (A and C) correspond to samples

in B and D, which were incubated with CX3CR1 and showed positive expression

(stained green with AF488). Aand B represents the calcified arteries, whereas C and D

represents atherosclerotic samples (arrow indicating the intima). E and F are control

arterial sections showing no expression of RANK and CX3CR1 respectively. Scale bars

= 100um.
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A B C

Figure 6.3 Non-DM and DM PAD arterial samples (shown in A) did not differ

significantly in calcification severity (p= 0.126; N=53, x² =2.34). However, diabetic

arterial samples showed a significantly higher expression of RANK (B), suggesting a

moderate relationship between DM and RANK with phi and Cramer’s V at 0.5 (p=

0.014; N= 24, x² =6.0). CX3CR1 expression in non-DM and DM arterial samples (C)

were not significantly different.(p= 0.576; N=30, x² =0.312).

6.4.3 Tissue TRAP activity

To characterize the presence of osteoclast-like cells in the tissues, fluorescent tartrate

resistant acidic phosphatase (TRAP) and nuclear staining with DAPI was performed.

Positive fluorescence emission was detected in calcified regions (Figure 6.4B) and also

atherosclerotic regions in the intima (Figure 6.5A), with small regions starting to calcify

(Figure 6.5C, see arrow). These areas also coincide with the presence of multinucleated

cells (Figure 6.5D). Positive TRAP staining is indicative of osteoclastic activity in the

calcified region.
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C D

Figure 6.4 Medial calcification seen in the control groups (A; without TRAP staining

and B; with TRAP staining) indicates positive TRAP activity surrounding the calcified

region (green fluorescent dots). Arterial sample from non-DM PAD (C) and DM PAD

(D) showed calcified region with some expression of TRAP. Scale bar 100µm.
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Figure 6.5 Samples with minimal calcification but having clear lipid deposition (A),

stained positive green with TRAP in B. The calcification area indicated by an arrow in

magnified image C. Negative control or control with secondary antibody only, shown in

D. Scale bar in A;400µm, B and D ;1000µm and C; 50µm.

6.5 Discussion

Complications of PAD may arise from progressive underlying arterial wall changes and

active vascular remodelling. Understanding the biologic basis of vascular remodelling

is, therefore, critical to prevent disease progression and clinical complications of PAD.

Recently, there has been a surge of interest in bone regulating factors such as OPG and

RANKL in PAD research (Poulsen et al., 2011). These key bone regulators have been

shown to be involved in vascular remodelling since 1997 (Bucay et al.1997). OPG was

positively related to the extent of aortic and valvular calcification in patients with

coronary arterial disease. Similarly, OPG is also linked to severity of PAD (Ziegler et

al. 2005; Poulsen et al. 2011). There is also an association between diabetes and

increased OPG serum level in this group of patients (Knudsen et al., 2003; Secchiero et

al., 2006).

This study has shown that the calcification in amputated PAD was generally found in

the media. Both the media and intima seem to be devoid of inflammatory cells such as

macrophages or monocytes. For medial calcification, it is accepted that no inflammatory

cells will be present and this is consistent with the findings of Jeziorska, McCollum and

Woolley (1998). Interestingly, TRAP positive staining suggested that osteoclastic
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activity is seen in the media, and osteoclasts are known to derive from the monocytic

precursors. The presence of osteoclastic activity also suggests that there is a bone-like

mechanism in place of the arterial wall. It could be that there is a direct type of bone-

like formation through trans-differentiation of ASMC which is responsible for the

arterial calcification (Panizo et al., 2009; Steitz et al., 2001). Due to the pathological

remodelling, osteoblast-like cells in the media promote monocytes differentiation

towards osteoclasts, instead of the activation into macrophages and dendritic cells

which is more common for an atherosclerotic lesion.

Positive staining for RANK on arterial SMC was seen in the media of both diabetic and

non-diabetic arteries. No positive expression of RANKL was found, in agreement with

the report by Schoppet et al. (2004). It could be that the ligands were cleaved into their

soluble forms and washed away during the staining steps. The soluble form of RANKL

may be counteracted by the actions of OPG and this may fit with the reports that up

regulation of OPG may act directly or indirectly act on the arterial SMC (Poulsen et al.,

2011; Ziegler et al., 2005). RANK expression on the arterial SMC could also suggest an

osteoblast-like phenotype for the SMC in diseased arteries. Medial calcification

certainly differs in mechanistic formation, and this may be implicated with the

molecular triad RANK/RANKL/OPG. Ndip and others (2011) have depicted a probable

pathway in which RANK expression on ASMC may interact with RANKL/OPG (see

Figure 6.6).

CX3CR1 expression on ASMC has been documented by Lucas and colleagues (2003).

Similarly, CX3CR1 were found to be positively expressed in ASMC derived from both

diabetic and non-diabetic PAD cases. Butoi and others (2011) proposed that there is an

interaction between ASMC and the inflammatory cells (monocytes) via the CX3CR1-

CX3CL1 axis, which promotes atherosclerosis formation. In the context of vascular

calcification, the same axis has also been found to promote calcification if soluble

fractalkine induced the migration of bone marrow derived osteoclast precursors and

bound to CX3CR1 expressed on the arterial SMC (Koizumi et al., 2009). This axis is

useful when both attraction of osteoclast precursors and subsequent cell-cell interactions

are required. The evidence may be seen in increased osteoclast-like activity marked by

positive TRAP staining.

Another inflammatory marker, which was not found, is the CCR2 or MCP-1 receptor.

However, this marker is important in the early stage of atheroma formation as it acts

mainly to recruit monocyte-macrophages (Roijers et al., 2011; Wong et al., 2002).
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CCR2 expression may not be present, as it may not have a specific role for vascular

calcification.

The immunohistological findings from this study emphasized the possible role of

certain inflammatory and bone inducing factors in calcification seen in severe PAD

cases recruited in this study. These findings could raise the possibility of anti-

inflammatory therapy in modulating the role of RANK and CX3CR1 in vascular

calcification. In the next chapter the phenotypic markers of the smooth muscle cells

grown from PAD samples will be determined and their osteoblast-like feature and

associated membrane surface markers will be evaluated.

Figure 6.6 External stimuli (hyperglycemia, inflammation resulting from trauma,

infection, or other injury) activate certain cells to release RANKL. When the

RANKL/OPG ratio is high as in PAD (A), RANKL binds to its receptors (RANK) on

ASMC to activate NF-κB and cause downstream cell signaling cascades, resulting in 

osteoblastic differentiation and deposition of mineralized matrix leading to arterial

calcification. However, when the OPG levels are high or the RANKL/OPG ratio is not

elevated (B), OPG acts as a decoy receptor mopping excess RANKL and preventing

human ASMC from undergoing osteoblastic differentiation and mineralization. (Image

taken from Ndip et al. 2011).
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CHAPTER 7: THE OSTEOBLAST-LIKE
PHENOTYPE IN PAD SMOOTH MUSCLE
CELLS

7.1 Introduction

Physiological remodelling of the arterial wall should involve a normal turnover of cells

that sustain normal structure and function of the arterial wall. There is evidence that the

adult vasculature contains stem cells with the ability to differentiate into mesenchymal

stem-like cells that can subsequently differentiate into smooth muscle cells. These stem

cells, known as multipotent vascular stem cells were recently described by Tang and

colleagues (2012). They showed that these stem cells express markers such as Sox17,

Sox 10, S100β and neural filament-medium polypeptide and can further differentiate 

into a proliferative and “synthetic” smooth muscle phonotype, which may contribute to

the pathological remodelling of the arterial wall. Another group (Phinney & Prockop,

2007), listed a few markers that are commonly present on multipotent mesenchymal

stromal cell which have the propensity to differentiate into osteoblast, adipocytes or

chondrocytes. They described the cells as having positive Stro-1 and lack the definitive

hematopoietic lineage markers such as CD11b, CD14 or CD45. However, it is

suggested that these cells display “plasticity” in response to the microenvironment they

are placed in. For example, low level of endotoxemia may induce expression of

functional membrane-bound CD14 in human coronary ASMC (Stoll et al., 2004). Ndip

and others (2011) also proposed that external stimuli could induce changes that

promotes release of significant inflammatory factors such as RANKL which could

influence ASMC phenotype and function. Thus, investigating the relevant markers on

cells derived from PAD samples will shed some light on the function and activity of the

cells. In order to show that these cells could differentiate into osteoblast-like cells, the

important transcriptional factors such as Runx2 and Osterix, will be investigated. Runx2

which is a key regulator of osteoblastic differentiation, still require the activation of

Osterix (Ducy et al.,1997; Komori et al., 1997). In mesenchymal cells, Runx2 has been

shown to bind to the Osterix promoter gene to regulate transcription (Nishio et al.,

2006).

Data presented in Chapter 6 indirectly supports the theory of phenotypic plasticity of the

smooth muscle cells because alpha smooth muscle actin (alpha-SMA) expression

indicates the ASMC lineage were present in the neo-intima and calcified media.

Similarly, RANK and CX3CR1 were expressed in the area, which has been stained
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positive with alpha-SMA in respective serial sections. The ability of the ASMC to

undergo phenotypic change has give rise to the description of the “synthetic”

phenotype, which marks the arterial disease process of either atherosclerosis or

Monkeberg’ sclerosis (Iyemere et al., 2006). The de-differentiation of ASMC, from the

contractile to the proliferative or synthetic phenotype has underly the basis of arterial

remodelling in disease processes.

By growing arterial SMC from PAD amputated cases, this chapter studies the

phenotype of cells from diseased arteries to be compared against control fetal derived

cells. This chapter describes the use of an in vitro model to investigate the markers

relevant to calcification such as RANK and CX3CR1. It is proposed that the expression

of RANK and CX3CR1 on ASMC controls active remodelling in the arterial wall of

PAD.

This current study will first determine the characteristic features of cells grown from

PAD arteries and analyze the features of ASMC such as alpha smooth muscle actin,

desmin and vimentin (Gabbiani et al., 1981). These cells will be further compared with

the control cell lines derived from fetal aortic samples. The phenotype and function of

these cells will be further investigated for other inflammatory markers such as

CX3CR1, CCR2, CCR4, TLR4, CD14, CX3CL1 and RANKL.

7.2 Hypothesis and Aims

Hypothesis (a) - The calcification phenotype (osteoblast-like cells) is up-regulated in

ASMC derived from the arterial wall of patients with PAD.

Aim: To characterize PAD-derived and human fetal aorta-derived ASMC for

expression of markers, specific for smooth muscle cells (alpha-SMA, desmin),

fibroblast (vimentin), osteoblasts (Osterix, Runx2) and mesenchymal precursor

cells (Stro-1).

Hypothesis (b) - The inflammatory and bone-related cell surface markers

(CX3CR1/L1, RANK/L TLR4, CD14, CCR2 and CCR4) are up regulated in ASMC

derived from the arterial wall of patients with PAD.

Aim: To investigate the expression of inflammatory and bone-related cell surface

markers in PAD-derived ASMC and human fetal aortic smooth muscle cells,

including CX3CR1/L1, RANK/L TLR4, CD14, CCR2 and CCR4.
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7.3 Materials and Methods

7.3.1 Cell culture

Primary cultures of human arterial smooth muscle cells were generated in vitro. Briefly,

arterial segments were kept in DMEM/F12 and antibiotics (10,000 U/mL penicillin G

sodium, 10,000 μm/mL streptomycin sulphate and 25μg/mL amphotericin B in 0.85% 

saline; Gibco) for the transport from the theatre to the laboratory. Samples were

processed within 5 hours after amputation. Segments of the arteries were minced under

sterile conditions and transferred into 25cm2 culture flasks (Corning/Starsted)

supplemented with fresh DMEM/F12, 20% fetal calf serum and 1% antibiotics. Success

rate was evaluated after 3 weeks in culture. Human fetal ASMC (from the American

Type Culture Collection, Manassas,Virginia) were used as control cells and kept under

the same culture condition as the patient derived cells. The cells were incubated at 37°

C with 5% Co2 under humidified conditions and passaged when almost confluent. Cells

were used for experiments between passage 3 and 9, after reaching 80-90% confluency.

7.3.2 Flow cytometry and fluorescence microscopy

Cells for morphological study were grown separately onto glass cover slips placed in 24

well cell culture plate with flat-bottom wells (Sarstedt). The same antibodies were used

for flow cytometry and glass cover slips staining. Incubation with listed primary

antibodies (as given in Table 7.1) followed several washing steps before incubation with

respective secondary antibodies (Table 7.1). Corresponding labeled isotypes or

unstained controls were included in all experiments.

Morphologically, stained cells on cover slips were analysed with CoolSNAP ES digital

camera (Photometrics, Tucson, AZ) on a Nikon Eclipse 90i fluosrescent microscope.

For flow cytometry, live cells were scrapped and fixed before the standard staining

protocol was introduced. Fluorescent quantification was performed with FacsCallibur

(BD Biosciences). The recorded data were analyzed using Flowjo Software

(Treestar,Ashland,OR). Flow cytometry analysis included unstained controls and

isotype antibodies to account for autofluorescence or non-specific antibody binding.

7.3.3 Data and statistical analysis

The data obtained post-gating were corrected (minus auto fluorescence value) and

standardized against control to get the mean fluorescent score or standardized mean

difference (SMD). A one-way ANOVA with LSD post hoc tests were used to test mean
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differences in expression of the phenotypic and/or inflammatory markers. A p-value of

less than 0.05 was considered statistically significant. Data were statistically analysed

with SPSS software (version 17.0; Chicago, IL) and GraphPad Prism® version 6.0

(trial). Error bar indicates standard deviation.

Table 7.1. List of primary and secondary antibodies used

Primary Antibody Company and

dilution

Secondary antibody

and dilution

(All from Invitrogen

unless stated

otherwise)

Mouse Anti-Smooth-

Muscle Actin antibody

(anti-α-SMA) 

Isotype: Monoclonal IgG2b

with1 min permeabilization

time

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:200

Mouse Anti-Vimentin

antibody

Isotype: Monoclonal IgM

10 mins permeabilization

time

Sigma-Aldrich

(1:50)

Goat Anti-mouse IgM

(FITC) AbD Serotec

1:100

Mouse Anti-Desmin

Isotype: Monoclonal IgG1

No permeabilization

Sigma, USA

(1:50)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:100

Rabbit Anti- Osterix

Isotype: Polyclonal IgG

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-rabbit IgG

(Alexa Fluor 488)

1:200

Mouse anti-human Runx2

Isotype: Monoclonal IgG2b

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:200

Stro-1 IgM

Hybridoma cell line

Culture supernatant

(1:1)

(from Development

Studies Hybridoma

Bank)

Goat Anti-mouse IgM

(FITC) AbD Serotec

1:200

Mouse Anti-human CKR-2

Isotype:Monoclonal IgG

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:200



47

Pe-Cy7 ™ Mouse Anti-

Human CD194 or CCR4

Isotype: Monoclonal IgG1

BD Pharmingen

(1:100)

Pe-Cy7 ™ labeled

mouse IgG1 isotype

1:100

Mouse Anti-RANK

Isotype: Monoclonal

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:200

Mouse Anti-RANKL

Isotype: Monoclonal

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:200

Rabbit anti-human

CX3CR1

Isotype: Polyclonal IgG

No permeabilization

AbD Serotec

(1:100)

Donkey Anti-rabbit IgG

(AlexaFluor 488)

1:200

Rabbit anti-rat with 20%

cross-reactivity to Human

fractalkine

(CX3CL1)

Isotype: Polyclonal IgG

No permeabilization

Torrey Pines

(1:100)

Donkey Anti-rabbit IgG

(AlexaFluor 488)

1:200

PE ™ Mouse Anti-Human

CD14

Isotype: Monoclonal IgG

Becton Dickinson &

company

(1:100)

PE ™ labeled mouse

IgG isotype

(Becton Dickinson &

company)

1:200

Mouse Anti-Human TLR4

Isotype: Monoclonal IgG1

Santa Cruz

Biotechnology,Inc.

(1:100)

Donkey Anti-mouse

IgG (Alexa Fluor 488)

1:100

7.4 Results

7.4.1 Characterisation of ASMC according to lineage markers

Cells grown from PAD and control samples were tested for expression of lineage

markers using fluorescence microscopy. Both adherent cell lineages displayed slightly

elongated cells with hills and valleys characteristic of the arterial smooth muscle cells

(Figure 7.1A). The fetal aortic smooth muscle cells were positive for alpha smooth

muscle cell actin (SMA), slightly positive for vimentin and negative for desmin

expression. PAD derived cells generally exhibited positive SMA, vimentin and desmin

indicative of a myofibroblastic nature, as well as Stro-1, indicating a precursor stage

with stem cell properties. Flow cytometry was used to quantify marker expression and

the pooling of several cell lines results, after standardization using their negative
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controls. Flow cytometry allows an indicative measurement of marker expression and in

this study, showed a relatively higher expression of vimentin, desmin, Stro-1, Osterix

and Runx2 in PAD samples when compared to the controls (representative bar charts

given in Figure 7.2). PAD derived cells also displayed detectable level of bone

transcription factors Runx2 and Osterix, although not significantly higher than control

cells (Figure 7.2E and 7.2F). In a representative histogram (shown in Figure 7.3), Stro-1

was expressed more in PAD derived ASMC compared to the fetal aortic smooth muscle

cells.

A Fetal Aortic SMC B DM PAD ASMC

C Fetal Aortic SMC D Skin Fibroblast Cells

Figure 7.1. Cells in the first row (A and B) were stained with alpha smooth muscle

actin (green). Cells in the second row (C and D) were stained with vimentin (red) which

is strongly positive for the skin fibroblast cells (used as positive control).
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Figure 7.2 Phenotypic marker expression compared between control cells and ASMC

derived from non-diabetic and diabetic PAD. The assessments were made from pooled

flow cytometry data but standardized against unstained controls and respective

secondary or isotype antibodies. (SMD: standardized mean differences from median

fluorescent intensity). SMD ± SD.
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Fetal Aortic SMC PAD ASMC

Figure 7.3 Intracellular phenotypic markers assessed by flow cytometry representing

the control (fetal aortic smooth muscle cells) and PAD arterial smooth muscle cell

lineage. The cells were gated based on cell size and granularity (forward scatter and side

scatter) after labeling with respective markers. Median fluorescent intensity from blue

histograms (as test markers) was corrected against the controls (in red histogram).

7.4.2 Characterisation of ASMC according to inflammatory markers

ASMC explanted and grown from PAD arterial samples expressed RANK and

CX3CR1. Interestingly, their respective ligands, which are membrane-bound RANKL

and CX3CL1, were not visible in arterial tissues (as examined in chapter 6) but seen

positive on PAD explanted ASMC when examined through flow cytometry. The

cellular surface markers for CX3CR1, CCR4 and RANK were shown in cells cultured

on glass cover slips (Figure 7.4).



51

Figure 7.4 Cover slips grown ASMC (derived from PAD samples) expressing

CX3CR1, CCR4 and RANK in (green fluorescent) with their respective negative

controls in the lower row. Blue fluorescent were the nuclear staining with DAPI.

Magnification at x20.

Since PAD is related to chronic inflammatory processes, an array of surface

inflammatory markers such as CX3CR1, RANK, CX3CL1, RANKL, CCR2, CCR4,

TLR4 and CD14 were investigated through flow cytometry. Figure 7.5 lists the one-way

ANOVA comparisons of the mean SMD between controls (fetal aortic SMC) and PAD

derived ASMC (which were further divided into non-diabetic and diabetic derived

samples). There were no significant differences between the groups but RANK showed

a trend to have increased expression in diabetic PAD derived samples as compared to

the rest of other cell groups (Figure 7.5A).
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Figure 7.5 Expression of surface markers on cultured fetal aortic SMC (controls) and

arterial SMC derived from non-diabetic and diabetic PAD. The assessments were made

from pooled flow cytometry data but standardized against unstained controls and

respective secondary or isotype antibodies. (SMD: standardized mean differences from

median fluorescent intensity). SMD ± SD.

7.5 Discussion

An in vitro model was used in this study to assess the phenotype and function of PAD

arterial smooth muscle cells, in which ASMC were able to be cultured from PAD

samples and subjected to phenotypic characterization and function. The results mainly

suggested an osteoblast-like phenotype with positive expression of Stro-1,vimentin and

an increased expression of RANK in diabetic PAD derived cells. These cells mainly

expressed positive alpha SMA staining, which suggests that these cells retained their

features as ASMC but with some “plasticity” in the presence of other markers. The

current study approach was mainly for observation of bone-like markers and other

inflammatory markers.

In vitro conditions in this study might be limiting to test the functional markers of

osteoblast-like cells as it is an artificial environment. Furthermore, by not using culture

conditions for bone forming cells, but getting an osteoblast-like phenotype indicates that

the approach may well be suitable. Media which is commonly used to generate

osteoblasts in culture (which include β-glycerophosphate and ascorbic acid) has been 

shown to help transdifferentiation of the ASMC (Steitz et al., 2001; Wada et al., 1999).

It is not the intention of this study to try and generate osteoblast, but rather to examine

their basic phenotype potential.
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Not many studies used human derived cells to determined the ability of these cells to

differentiate into osteoblast-like cells. Several studies have shown that primary culture

from bovine ASMC or mice derived ASMC are able to differentiate into ostoblast-like

cells, but with supplement of osteogenic β-glycerophosphate and ascorbic acid (Shioi et 

al;1995,Steitz et al;2001). With higher Stro-1 expression (as represented in Figure 7.3),

there is a possibility that these PAD derived cells may differentiate into bone-like cells

given the right microenvironment. Spontaneous calcification has also been

demonstrated in human ASMC, but they may need longer culturing period for up to a

month (Proudfoot et al;1998).

Earlier study by Shanahan et al. (1999) has also looked into several markers to indicate

potential osteogenic cells from ASMC derived from amputated samples exhibiting

medial sclerosis. They showed expression of bone sialoprotein, alkaline phosphatase

and matrix Gla protein. In this study, transcription factors such as Runx2 and Osterix

were detected around 300 SMD and may be seen as low expressed in PAD derived

cells. However, higher expression of vimentin (nearly 3000 SMD), indicates that these

PAD derived cells were exhibiting a premature feature of an osteoblast-like cells (Lian,

Wang, Li, Elefteriou, & Yang, 2009). Having low expression of these transcriptional

factors, could still indicates that these cells have the potential to up-regulate the genes

related to bone formation. These cells may only need additional support by

inflammatory or other signals to do so. As a consequence of an inflammatory condition,

they could fully differentiate towards osteoblast-like cells and start to deposit a calcified

matrix (Ndip et al., 2011).

Inflammatory markers such as fractalkine receptors and CX3CL1 expression were

found to be higher than CCR2 expression. TLR4 and CD14 were 10 fold lower than

RANK fluorescent SMD, which is just above 1000. Whereas TLR4 SMD is about 100

and CD14 just 20. Markers having SMD below 500, were not detectable through cover

slip staining. Thus, markers which were positive in both tissue studies (in chapter 6) and

stained positive on cover slips were considered to be significant players in the

mechanistic pathway towards arterial remodelling.

Panizo and colleagues (2009) showed in their model, that ASMC lacking RANK, will

not show increase in calcification in the presence of RANKL. Given that the ASMC

expressed RANK (as shown in this study), they would probably respond to RANKL.

With higher Stro-1 expression (as represented in Figure 7.3), there is a possibility that

these PAD derived cells may differentiate into bone-like cells, given the right
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microenvironment. Many studies have put forward the evidence that similar diseased

arterial SMCs can differentiate into bone-like cells (Ziyad and Abedin., 2004, Al-Aly,

2007; Panizo et al., 2009).

Chemokines and cytokines are important mediators of macrophage and T-cell

recruitment in a number of inflammatory pathologies, including PAD. Chemokines such

as CCR2 and CX3CR1 expressed in atherosclerotic lesions may play an important role

in mononuclear cell recruitment and macrophage differentiation. Lucas and others

(2003) has reported that fractalkine is expressed at a high level by a subset of

inflammatory cells, but rarely expressed in normal endothelial and ASMC. Instead,

ASMC derived from diseased patients’ arteries showed high expression of fractalkine

cognate receptor, CX3CR1. Relevant to atherosclerotic features, Lucas and colleagues

(2003) proposed that fractalkine-driven ASMC proliferation could result in intimal

hyperplasia. On the other hand, the current study tried to extend this finding to other

forms of arterial remodelling such as arteriosclerosis or specifically the calcification in

the medial wall. Medial calcification is an important risk factor for cardiovascular

disease and also an independent risk factor of future amputations in PAD (Guzman et al.

2008). Furthermore, another novel function of fractalkine involved not only cell

trafficking but also osteoclast maturation and activation (Koizumi et al 2009).

Saitoh and colleagues (2007) reported that the common osteoclast activator (RANKL)

could interact with CX3CR1. This study proposed that with continuous CX3CR1

expression, may interfere with osteoclast “release” from osteoblast after their interaction

to activate mature osteoclast. As Koizumi and others (2009) showed that osteoclasts

precursors may expressed CX3CR1, which became a potent chemotactic factor and

adhesive factor to bind to osteoblast. The close cell-to-cell interaction between an

osteoblast and an osteoclastic precursor is needed as part of the precursor cell’s crucial

steps to be activated by RANKL. Once the precursor is activated and become mature

osteoclast, the cell will need to reverse the adhesion from osteoblast in order to proceed

with bone-resorption activities. This is where RANKL role is proposed to suppress

CX3CR1 expression (Saitoh et al., 2007) and may explain the higher CX3CR1

expression in PAD derived ASMC.

The RANKL competitive inhibitor, osteoprotegerin (OPG) were positively expressed in

the vicinity of arterial calcification (Schoppet et al; 2004). OPG have been shown to

counteract RANKL effect by competitively binding to RANK. A study on OPG knock-

out mice display severe osteoporosis and vascular calcifications, which is also common
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in humans (Bucay et al; 1998). When OPG action was blocked by RANKL infusion in a

mice model, skeletal deterioration but not vascular calcification was seen (Yuan et al.,

2008). It could be that in this case, a higher OPG to RANKL ratio indicates a late

marker for the disease process which involves vascular calcification.

The current study is adding more evidence to human studies by showing reduced

expression of RANKL but high expression of RANK for OPG binding and proposes an

increase in CX3CR1 expression as an effect which have been described by Saitoh and

colleagues study (2007). Therefore, detection of expression of RANK and CX3CR1 in

ASMC derived from PAD samples, point to certain mechanisms of how the

calcification phenotype may develop.
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CHAPTER 8: INFECTIVE EVIDENCE IN
PAD SAMPLES

8.1 Introduction

This chapter is focused on investigating a specific risk factor, which is the intracellular

pathogen, known to be associated with atherosclerosis but equivocal for medial

sclerosis or medial calcification (MAC). Chlamydia Pneumoniae (CP) was selected as

the commonest reported obligate intracellular pathogen. CP has been the candidate link

between respiratory infection and atherosclerosis due to its ability to infect monocytes

or macrophages as a means of systemic dissemination (Campbell et al. 1995). This

chronic and commonly insidious infection may contribute to the inflammatory process

of atherosclerosis (Lehto et al., 2002; Rödel et al., 2000) and medial sclerosis

(Bobryshev, Lord, & Tran, 2006). Pathological studies have identified CP in

atherosclerotic plaques using numerous methods from polymerase chain reaction,

electron microscopy and antibody staining. Though the causal mechanism is not clear,

current evidence is that normal or non-atherosclerotic segments of the arterial wall were

comparatively free of Chlamydial antigens (Ngeh, Anand, & Gupta, 2002).

It has been shown earlier (in chapter 5) that severe vascular disease could be a

contributor to the calcified changes of the media. However, the link between calcified

arterial walls and CP infection is still not clear. Previously, evidence has been collated

from clinical study with a focus on ischemic heart disease or ischemic injury to the

brain (reviewed by Singanayagam et al. 2011). An interesting finding from a clinical

study (Syrjanen et al. 1988) suggests that prior infection is an important risk factor for

ischaemic stroke. The group identified that positive serological evidence for bacterial

infection in patients developing ischemic stroke was five times more likely than patients

with no serological evidence of infection prior to a stroke. These infections include the

common pathogens causing community-acquired pneumonia such as Staphylococcus

aureus, Streptococcus pneumoniae, Mycoplasma pneumoniae and CP. Another study by

Lin and others (2003) investigated the presence of CP in comparison to

Cytomegalovirus but found lower frequency of CP in their 200 samples of amputated

lower limbs in diabetic PAD cases.
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Lipopolysaccharides (LPS) are part of the outer wall component of the intracellular

bacterium CP and other gram-negative bacteria. LPS are well-known endotoxins, and

their presence may be representative of these pathogenic organisms. Host defense

mechanisms will usually initiate a protective response or a chain of defense mechanisms

to combat the invasion of pathogenic organisms by detecting the molecular pattern of

the invading pathogen. Usually, the presence of these invaders will be sensed by the

surveillance cells like monocytes and macrophages with the help of a group of

transmembrane receptors called Toll-like receptors (TLR4) and CD14. However, CP

and certain intracellular microbes may be able to slip through these circulating sentinel

cells and hide intracellularly in residence cells such as ASMC. It has been reported that

low level of endotoxemia can pose as a significant risk factor for atherosclerosis and be

sufficient to produce an inflammatory response by human ASMC (Stoll et al., 2004;

Stöllberger & Finsterer, 2002). This study also investigated if the ASMC could

somehow respond to this invasion directly by mounting similar defense mechanisms to

the sentinel cells by evaluating the expression of TLR4 and CD14 on ASMC.

8.2 Hypothesis and Aims

Hypothesis - Intracellular infection such as Chlamydia Pneumoniae (CP) may be

associated with inflammation in PAD.

Aims:

(i)To determine the presence of CP in calcified diabetic samples and non-calcified

non-diabetic samples using immunofluorescence (IF) and polymerase chain

reaction (PCR).

(ii)To evaluate differential response to LPS via the molecular detection of TLR4

and CD14.

8.3 Material & Methods

Patient samples were grouped according to diabetic presence and calcification score.

The first group is non-diabetic PAD cases with mild or no calcification (N=3, 9 arterial

segments) and the second group is diabetic PAD cases with severe calcification (N=3, 6

arterial segments). Arterial segments were about 1-2 cm in length and contributed to an

average of 3 different sections tested for either PCR or immunofluorescent staining.

Successfully grown and confluent cells on glass cover slips were incubated with LPS

10ng/ml (AbD, Serotec) in 24 well plates over 24 hours. These cells were then fixed

with 0.5% PFA and stained with primary antibodies against TLR4 and CD14. Control
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cells without LPS incubation were also included and a comparison was made with

negative control cover slips.

8.3.1 Antigen detection in tissue sections from PAD samples

CP specific immunofluorescence was performed on slides using purified mouse

monoclonal primary antibodies (IgG2a) against CP (TWAR; AbD, Serotec) and rabbit

IgG against Chlamydia (all strains; Fitzgerald). All tissue sections (8 µm) were

rehydrated and incubated in PBS with 3% FCS overnight after brief permeabilization

with 0.1% Triton-x. Test slides were incubated with respective primary antibodies

(1:100) and control slides were incubated without the primary antibodies in a humidity

chamber at 4°C overnight. Slides were washed in PBS prior to incubation with

respective secondary anti-rabbit and anti-mouse IgG (Alexa Fluor 488) from Invitrogen

(1:200). Nuclei were stained with DAPI (4’, 6-diamidine-2’-phenylindole

dihydrochloride) at 10ng/ml (Roche Diagnostics, Mannheim, Germany) along with

secondary antibody incubation for 30 minutes at RT. Slides were covered and allowed

to dry on the bench. Positive detection using confocal microscopy (Leica SP5) was

compared with the negative staining control of the same sample (matched sections

devoid of the primary antibody).

The following PCR work was undertaken by Adam Polkinghorne’s group from the

Institute of Health and Biomedical Innovation, Queensland University of Technology,

Brisbane, Queensland, Australia.

8.3.2 DNA extraction from cryosections

A variable number of 50 µm PFA-fixed cryosections were cut from the arteries of each

patient and placed in sterile cryotubes. Sections were transferred to sterile eppendorf

tubes and weighed. Tissue was washed twice in phosphate buffered saline to remove

cryogel and fixative. DNA extraction was performed using a QIAamp DNA mini kit

(Qiagen, Doncaster, Victoria) as per the manufacturer’s instructions.

8.3.3 C. pneumoniae-species specific PCR screening

Detection of CP from DNA extracted from tissue sections was performed using a

previously described conventional CP species-specific PCR assay (Campbell et

al.1992). Using primers (HM-1/HR-1; Table 8.1), this PCR assay targets a 229 base pair

(bp) CP-specific region of the RNA polymerase beta (rpoB) gene. PCR positivity was
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evaluated on a subjective five-point scale (Appendix II, Figure 1) from strongly positive

(+++), moderately positive (++), weak positive (+), very weak positive (+/-) and PCR

negative (-) For the purpose of this thesis; the scale was converted to positive or

negative findings as represented in Table 1 and 2 (Appendix III).

The identity of CP positive bands was confirmed for selected samples by cloning of

PCR products into a pGEM-T Easy vector system (Promega, Alexander, NSW) and

transformation of Escherichia coli JM109 competent cells, as per the manufacturer’s

instructions. Positive plasmid constructs, identified by blue-white colour selection from

transformed colonies, were grown overnight in LB/ampicillin (100 µg/ml) media at

37°C. DNA extraction from selected colonies was performed using the Purelink™

Quick Plasmid Miniprep kit (Invitrogen, Mulgrave, Australia) and submitted for

sequencing at the Australian Genome Research Facility (AGRF).

8.3.4 Genotyping of C. pneumoniae PCR positive arterial samples

Genotyping of CP positive samples was based on the ability of the selected gene to

discriminate between indigenous Australian, non-indigenous and animal strain,

amplicon sizes (for amplification from fixed tissues). This gene, CPK_ORF00679,is a

hypothetical gene encoding a laminin 2-like protein which, distinguishes indigenous

Australian from non-indigenous strains by a 251 bp upstream segment, and additionally

distinguishes human from animal strains by any of five single nucleotide

polymorphisms (SNPs).

8.3.5 General PCR parameters

A set of general parameters was used for both CP detection and genotyping PCR assays.

Primer sequences and the appropriate annealing temperatures used are listed in Table

8.1. Briefly, each 50 µL reaction volume was prepared by addition of 10 µL DNA

template to a reaction mastermix containing 1U FastStartTaq DNA polymerase (Roche,

Castle Hill, NSW), 0.2 mM dNTPs (Roche), 1 x FastStartTaq PCR buffer with MgCl2

(Roche), 4.5 mM MgCl2 (Roche) and 0.3 µM each of forward and reverse primers as

described (Sigma Aldrich, Australia). Cycling conditions consisted of an initial

denaturation of 94 °C for 10 minutes, followed by 45 repeated cycles of 94 °C for 60

seconds, primer annealing (Table 8.1) for 60 seconds and extension at 72 °C for 60

seconds. The reaction was concluded with a final extension at 72 °C for 7 minutes.

DNA extracted from cell-cultured CP was used as a positive control for these reactions

and dH2O was used in negative control reactions.
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All PCR products were visualised using Tris-Borate-EDTA agarose gel electrophoresis

with ethidium bromide to confirm presence and size of target products. PCR products

were purified and submitted for sequencing.

Table 8.1 Primer sequences for C. pneumoniae detection and genotyping.

8.3.6 Statistical evaluation

The groups of CP-positive vs.-negative samples were compared using non-parametric

Chi-square or Fisher’s exact test. The analysis was performed with SPSS version 16.0

(USA). Statistical significance was defined as p <0.05.

8.4 Results

8.4.1 Immunofluorescent detection of C. Pneumoniae in arterial tissues from PAD
samples

Positive detection of CP antigen was found in nine out of fifteen PFA fixed arterial

sections when tested using species-specific CP antibodies. There were 3 positive

sections (50%) derived from diabetic PAD cases, which exhibited severe medial

calcification (score of 4). Whereas 6 positive sections (67%) were derived from non-

diabetic PAD cases and has minimal arterial calcification (score of 0 or 1). There was

no significant difference between the rates of CP detection in diabetic and non-diabetic

Primer

name
Primer sequence (5’ to 3’)

Annealing

temperature

(°C)

Predicted

size of

product

(bp)

Ref

Detection:

HM-1 GTGTCATTCGCCAAGGTTAA 48

229

Campbell

et al.

(1992)

HR-1 TGCATAACCTACGGTGTGTT
48

Genotyping:

K_00679 HF TCGAAAAGGCGATTGTATATTG 60

539

Mitchell

et al.

(2010)

K_00679R TTGAGCTAAGGTCGAGGGAAG
60
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PAD cases, p=0.619 (see Figure 8.1A). CP antigens were not only found in diabetic

PAD cases or calcified arterial segments alone, but frequently found in non-diabetic

PAD cases as well. Similar arterial samples were also tested for PCR and the results

were given in Appendix II. The list for CP detection results by both techniques was

comparable in the tables provided in Appendix III.

A p =0.619 B p =0.128

Figure 8.1 There was no difference between positive CP detection using (A)

immunofluorescent microscopy or (B) using PCR methods.

8.4.2 PCR detection of C. Pneumoniae

Subsequent sections from similar arterial segments tested with IF, were run through

PCR analysis where more cryosections (N=50) were obtained from a total of 6 different

patients; three with diabetes and three without diabetes. Samples were investigated

using CP genotyping primers. Grading of the PCR products was done using quantitative

PCR. Figure 8.1B showed the distribution of positive PCR samples for non-diabetic and

diabetic arterial samples, which were 32% and 14% respectively. There was no

significant difference for the distribution (p=0.128).

8.4.3 Detection of C. Pneumoniae in ASMC derived from PAD samples

In order to confirm the presence of CP in ASMC, explant technique was used to obtain

cultured smooth muscle cells from PAD samples. Tissue immunofluorescence

microscopy has indicated that the CP distribution was found in the region positive with

smooth muscle cells (positive with alpha smooth muscle actin as shown in chapter 6).
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Thus, cover slip samples were prepared to determine CP presence and distribution in

this cell culture. Figure 8.2A showed cytoplasmic distribution of CP antibodies in

ASMC. In tissue samples, positive staining was shown in the intima and media of

calcified arterial samples (Figure 8.3A and G), and also in the intima and media of non-

calcified sample (Figure 8.3 C). Evaluation through epifluorescent microscope (Nikon

90i upright) was further confirmed by confocal fluorescence microscopy evaluation (see

Figure 8.3).

Figure 8.2 ASMC derived from PAD sample (A) stained with primary antibody against

Chlamydia pneumoniae and (C) without the primary antibody stained with Alexa fluor

488.Figure B and D were corresponding nuclei staining with DAPI.

C D

A B



64

Figure 8.3 Arrows show positively stained anti-Chlamydial antibodies in the intima (A)

and media (G) of calcified PAD samples. Non-calcified PAD samples were also

positive with anti-Chlamydial antibodies in both intima and media (C) but negative in

C Media D Media

E Control sample F

G Test sample H

Intima Intima

A Lumen B Lumen
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control samples (D). E and F were controls for calcified PAD samples. Blue staining

were respective nuclear staining DAPI. Scale bars in C and D 300 μm.

8.4.4 LPS activation induced TLR4 and CD14 expression

There is a possibility that ASMC could somehow respond to CP invasion by mounting a

similar defense mechanism to the sentinel cells (monocytes and macrophages) by

expressing TLR4 and CD14. Cover slips with grown cells activated by LPS and non-

activated cells were evaluated through immunofluorescence staining and positive

expression of TLR4 was seen only with LPS activated cells (Figure 8.4B). However,

upon quantification of pooled samples with flow cytometry, there was no significant

difference in TLR4 expression between diabetic or non-diabetic PAD grown cells

(Figure 8.5).

CD14 expression was invisible through immunofluorescence microscopy due to the

nature of the PE™ conjugated antibodies, which is sensitive to photo-induced

degradation. Therefore, it is best investigated through flow cytometry along with the

introduction of a positive control, using donor’s peripheral blood mononuclear cells

(PBMCs). Figure 8.6 showed the histogram of CD 14 expression for ASMC not

activated with LPS (Figure 8.6 A) and ASMC activated by LPS (Figure 8.6B).

Although there is a shift in the test histogram (Figure 8.6B) with LPS activation, the

overall expression of CD14 is still lower than the positive control (Figure 8.6C).

(A) TLR4 before LPS activation (B) TLR4 after LPS activation

Figure 8.4 TLR4 immunofluorescent staining pre (A) and post (B) 24 hours incubation

with LPS 10ng/ml on glass cover slips. Scale bar 50 μm.
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Figure 8.5 TLR4 expression from flow cytometry, non-DM (N =5), DM (N =9),

unpaired T-test p=0.3.All samples were not activated with LPS in order to evaluate the

baseline expression of TLR4.

A B C

Figure 8.6 Histograms representing CD14 expression in non-activated ASMC in (A),

activated ASMC with LPS (B) and positive control from human peripheral blood

monocytes (C). Slight increase in CD14 expression can be seen in (B) which could be

due to the activation effect with LPS. The red lines showed cells with secondary

antibodies stained alone as controls and the blue line as the cells profile with tested

antibodies.
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8.5 Discussion

The main finding of this study is that CP can be frequently demonstrated in both

diabetic and non-diabetic PAD arterial samples obtained from lower limb amputations.

The first aim in this study was to determine the presence of CP in calcified diabetic

samples, which represents severe PAD cases, and non-calcified non-diabetic samples,

which represents the less severe PAD cases. Thomas and colleagues (1999) also found

no correlation between CP detection and the severity of atherosclerosis grading using

Stary’s classification and showed that mild atherosclerotic lesions were as likely as the

severe lesions to be positive for CP.

Peripheral arterial disease, which is commonly comprised of both atherosclerosis and

medial sclerosis, has been associated with diabetes mellitus (Soor et al., 2008).

However, non-diabetic specimens with less severe histopathopathology (showing no

calcified lesions), collected in this study, showed positive detection of CP at a higher

percentage (between 6 and 20%) more by immunostaining detection and PCR

respectively. This could be due the presence of atherosclerosis in the non-calcified

samples. Earlier studies had found a relationship between atherosclerotic lesions and CP

presence through serological antigens, and previous study has shown that CP is not

normally found in non-diseased arteries (Grayston, 2000).

However, there is also a study showing low detection (3.5% positive) of CP in diseased

lower limb arteries from 200 cases of non-traumatic, diabetic amputated cases (Lin et

al., 2003). The control patients recruited in Lin and colleagues’ study (2003) were non-

diabetic patients who had undergone surgical amputation due to traumatic injury.

Therefore, this study reported similarly lower incidence of CP infection in diabetic

amputees with severe calcification, but higher incidence of CP infection in a well-

described control cases different to Lin’s study samples. The control cases recruited in

the current study were non-traumatic cases undergoing lower limb amputations

involving non-diabetic patients. Since this study has demonstrated that both diabetic and

non-diabetic cases have significantly higher calcification scores compared to non-

amputated cases in controls (as presented in chapter 5), CP infection may contribute to

the calcified lesions formation to some degree. The detection of CP could also be lower

because severe calcified samples may have less viable ASMC. As proposed by

Bobryshev and others (2006), the detection of CP in the medial ASMC may be

associated with the pathophysiological presentation of the calcified media as 10 out of

17 carotid artery specimens detected positive CP in their study. They also detected the
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presence of CP with both PCR and immunohistochemistry staining. Gutiérrez and

others (2005) also found a relationship between PAD and CP infection through

immunohistochemical analysis and nested PCR studies. However, they made a guarded

conclusion from their meta-analyses of forty-three published studies, suggesting that

proper case-control study and adequate number of cases need to be used. Although the

majority of published studies used coronary arteries, one has to consider that coronary

disease and PAD share common risk factors including CP infection.

The finding in this study further enhanced the possibility that CP influences PAD

progression and contributes to vascular inflammation by expression of TLR4 and CD14.

Membrane-bound TLR4 and CD14 have been shown to be expressed in human

coronary ASMC, which suggests a role for these cells in leading the innate

inflammatory response by expressing the pattern recognition molecules (Shi et al.,

2010; Stoll et al., 2004). This response was shown in the context of low endotoxin such

as LPS and the level of CD14 can be a useful determinant of endotoxin–induced cellular

activation. Although there was no difference between non-diabetic and diabetic samples

in this study, expression of both TLR4 and CD14 could be clearly demonstrated using

the techniques proposed by Qiang Shi and colleagues (2010), which used flow

cytometry and similar conjugated-antibodies. Despite a low base-line expression in

these cells, higher expression of TLR4 and CD14 is seen in human ASMC compared to

endothelial cells or baboon ASMC (Shi et al., 2010).

The current study suggests that there might be various sources of inflammation

including CP, and interestingly the group without diabetes has higher infection rates. It

could be that other than diabetes mellitus, intracellular infection could influence PAD

progression and lead toward calcification of the arterial wall. TLR4 as part of the innate

immune system can be triggered not only by external pathogens, but also by

endogenous molecules released in response to tissue injury or damage cells (Gan et al.,

2013; Manolakis et al., 2011; Pasterkamp et al., 2004).
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CHAPTER 9: DISCUSSION

The purpose of this general discussion is to summarize the major findings of this thesis

and attempt to discuss the implications of how the data contributes to an increased

understanding of vascular calcification related to inflammation and immunobiology.

The experiments described in this thesis were performed to examine the

immunopathology in PAD, specifically in the context of arterial calcification.

9.1 Major histopathological findings

The first issue addressed was to determine the major histopathological findings in

severe PAD cases obtained in this study. Previously, PAD was thought to be a sole

consequence of atherosclerosis because of the obvious stenotic lesion. Soor and others

(2008), however, showed that apart from atherosclerosis, medial calcification is an

important condition that can cause stiffening of the arterial wall, which can further

compromise the circulation to the lower limb. Medial calcification is also related to the

complication of diabetes mellitus, especially in patients having chronic kidney diseases.

In the study of Soor and colleagues (2008), out of 58 patients undergoing lower limb

amputation, 70% comprised patients with diabetes mellitus (mainly type 2). This study

recruited 17 patients undergoing lower limb amputation for non-traumatic causes in

which 59% were diabetic cases. The main histopathological lesion presented in the

current study was severe medial calcification, which did not show discrimination

between diabetic and non-diabetic cases.

The histopathological study (chapter 5) has found no fibrotic calcification displayed in

the intimal layer of the arterial cross sections derived from amputated PAD cases and

the controls. Instead, very few stages in the formation of atherosclerosis could be found,

which were fatty streak (evidenced by positive Oil red O staining) and intimal

thickening (showed by positive alpha smooth muscle actin staining). Although the

arterial samples appeared devoid of inflammatory cells (negative for CD45 and CD68),

it has been documented that in response to inflammatory damage, the normally residing

smooth muscle cells in the media can migrate and proliferate to effect repair.
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9.2 Expression of CX3CR1 in the intima

Lucas and others (2003), have implicated the role of a chemokine receptor (CX3CR1)

expressed by the ASMC, to facilitate the migration and proliferation of the smooth

muscle cells. The findings in Chapter 6 have demonstrated the presence of CX3CR1 in

similar cells of the arterial intima and media of both diabetic and non-diabetic PAD.

However, another common receptor in atherosclerosis (CCR2) or the monocyte

chemotactic protein-1 (MCP-1) was not found in the samples of this study. It could be

that these PAD samples have bypassed the early stage of atherosclerosis formation and

may not progress to form plaques in the intima. This finding may support the notion that

CCR2 is mainly important at the early stage. However, no other human study has

demonstrated CCR2 expression on ASMC. Evidence of CCR2 involvement in

atherogenesis were mainly based on animal studies using the Apo E deficient mice

model (Guo et al., 2005; Zhang et al., 2011). A study using freshly isolated human

monocytes, suggested that stimulation with CCL2 induced a rapid increase of CX3CR1

protein on the cell surface (Green et al., 2006). Guo and colleagues (2005) studied the

role of CCR2 in established atherosclerotic lesions by transplanting bone marrow

progenitor cells from CCR2-deficient mice into irradiated 16 week-old Apo E knockout

mice with established atherosclerosis. The CCR2 deficient bone marrow progenitor

cells did not seem to reduce the plaque progression in the irradiated mice after 9 weeks

of transplantation and there is still evidence of macrophage or monocyte influx at lesion

site. This suggests that there may be additional mechanisms for recruitment of

monocytes at later stages of an advanced vascular disease with expression of CX3CR1

and not CCR2.

9.3 Expression of CX3CR1 and RANK in the media

The findings of medial calcification in severe PAD cases examined in this thesis were

further associated with expression of RANK and CX3CR1. These markers may

represent inflammatory functions related to osteoblast and osteoclast-like activity. On

one hand, osteoclast precursors, which are the monocytes, may be recruited by diseased

ASMC expressing CX3CR1. On the other hand, there is less RANKL expression to

induce the down-regulation of the fractalkine receptor and release the binding of

monocytes from ASMC. In a physiological context, Saitoh and others (2007) proposed

that mature osteoclast (upon activation by the osteoblast on cell-cell interaction) need to

reverse the adhesion to osteoblast and rustle in the bone-like matrix in order to proceed

with bone resorption activities. ASMC in the context of PAD do not only express
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CX3CR1 but also RANK. RANK expression is important in the event of arterial

calcification, which closely resembles bone formation. RANK as part of the molecular

triad (RANK, RANKL and OPG) is an important participant in bone forming activity.

With the reportedly higher OPG expression in PAD (Poulsen et al., 2011; Ziegler et al.,

2005), RANKL activity may be reduced and allow higher expression of CX3CR1

instead.

OPG and RANKL as inflammatory markers, have been investigated by Schoppet and

colleagues (2004), who investigated atherosclerosis and Monkeberg’s sclerosis in the

coronary arteries; but they have not yet been described for the popliteal and tibial

branches. One recent study by Heymann and others (2012) did compare the expression

of the bone regulatory triad OPG/RANK/RANKL between carotid and femoral arteries

and highlighted some differences between the two. The study of Heymann and

colleagues (2012) also demonstrated less infiltration of macrophages in the femoral bed

and lesser expression of OPG, which may contribute to the overall higher calcification

seen in the lower limb arteries. Interestingly, serum OPG level is higher for the femoral

subjects but lower for the carotid subjects.

9.4 In vitro assessment

In chapter 7, it has been shown that the highly calcified arteries were able to grow

“synthetic” ASMC phenotype with explant techniques. The term “synthetic” is used

here to denote the plasticity or the ability of the ASMC to trans-differentiate into other

stromal cell lineages as suggested by Vukovic and others (2006). Compared to human

fetal ASMC, PAD derived ASMC displayed positive smooth muscle actin and

vimentin. Vimentin is a well-known marker for a synthetic smooth muscle cell (Salabei

et al., 2013; Vukovic et al., 2006). Na Lian and colleagues (2009, 2012) had also found

an interaction of vimentin with an osteoblast transcription factor ATF4. They concluded

that vimentin will be predominantly expressed in immature osteoblast and might

interfere with the terminal differentiation of this cells, which are of stromal origin (Lian

et al., 2012, 2009).

The expression of other bone-regulatory markers in association with inflammation such

as RANK and CX3CR1 were demonstrated at both tissue and cellular levels in this

thesis. In support of these findings, Schoppet et al. (2004) have demonstrated OPG

localization, but not RANKL in Mönckeberg’s sclerosis and atherosclerotic samples. In

contrast, Ndip et al. (2011) showed positive RANKL staining within the vicinity of

calcified medial arterial layer. Both studies utilized immunohistochemistry techniques,
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but used different primary antibodies which are mouse anti human RANKL monoclonal

antibodies (R&D systems) and rabbit anti-human RANKL (AbCAM,UK). RANKL

mRNA expression were also negative in Schoppet’s investigation. Ndip and colleagues

however, did not find any different serum level of RANK or RANKL between control

and diabetic patients without Charcot’s lesion, but a higher soluble form of RANKL in

the serum of Charcot’s patient. Thus, the higher serum RANKL in patients with Charcot

lesion may explain the increased osteolysis activity of the ankle joint. Ndip and

colleagues (2011) further suggest increased expression of RANK on the smooth muscle

cells, drives the osteoblastic differentiation pathway to facilitate arterial calcification.

This could be relevant to the expression of RANK in ASMC as shown at both tissue and

cellular levels (chapter 6 and 7). Furthermore, Heymann and others (2012) found

positive expression of both RANK and RANKL in diseased carotid and femoral

specimens but highlighted that the expression is found in macrophages, lipid core and

calcified plaques rather than ASMC.

9.5 CX3CR1 expression and relation to vascular calcification

In earlier literature, the fractalkine receptor (CX3CR1) has been mainly discussed in

association with atherosclerosis (Kumar et al., 2010; Liu et al., 2008). Although, the

expression of CX3CR1 has been frequently associated with atherosclerosis, the main

function of this receptor is to facilitate monocyte and macrophage recruitment to the

intimal layer or other inflammatory sites (reviewed by Liu and Jiang, 2011). Lucas and

colleagues (2003) proposed that this chemokine may play an important role in vascular

remodelling, since many of these receptors are found in the neo-intima of human

coronary artery plaques and expressed by the smooth muscle cells recruited into the

atherosclerotic plaque.

However, there is now emerging evidence for the role of CX3CR1 and its ligand in

vascular calcification (Hoshino et al., 2013). CX3CR1 expression in the context of

PAD in this study may be relevant to arterial wall remodelling which involved

osteoblast and osteoclasts-like activity. Evidence of osteoclast-like activity was detected

through positive TRAP expression along calcified areas of PAD arteries.

In a model of CX3CR1-deficient mice, osteoclast formation was reduced alongside the

increase in osteoid formation. Thus, in a diseased state where CX3CR1 is up-regulated,

there may be an up-rise in osteoclast formation and more bone resorption that leads to

osteopenia. This phenomenon was considered to be a therapeutic method in

counteracting vascular calcification in a review by Demer, Linda and Tintut (2011).
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They proposed that the osteoclastic activity could be part of the host defense mechanism

to counteract vascular calcification. Chapter 6 of this thesis has demonstrated positive

TRAP staining in PAD arterial samples, suggesting that there is osteoclast-like activity

in the area of the calcified lesions.

In bone biology, presence of CX3CR1 alongside the TRAP activity may be explained

by Hoshino and others (2012) findings, where they coupled the role of the CX3CR1-

CX3CL1 axis to the early stage of osteoblast formation and maintenance of osteoclastic

precursors. Chapter 7 demonstrated detectable levels of bone transcriptional factors;

Cbfa1/Runx2 and Osterix through flow cytometry on PAD derived arterial SMC.

RANK expression is higher in PAD derived SMC and this supports the expression of

RANK on the stromal lineage cells such as ASMC.

9.6 Possible infective cause as a source of inflammation

As mentioned earlier, intracellular infection is highlighted as a possible source of

inflammation, which may induce vascular calcification seen in severe PAD cases. It has

been well documented that Chlamydia Pneumoniae may be implicated with

atherosclerosis, but the association of this particular pathogen with arterial calcification

is still not clear. Bobryshev and colleaugues (2006) have demonstrated a significant

relationship between Chlamydia and medial calcification from 60 endarterectomy

carotid samples. They investigated the presence of the organism using PCR and

immunohistochemistry and showed 17 samples (28%) positive with both methods.

Another group (Lin et al., 2003), however, detected higher presence of cytomegalovirus

and not Chlamydia pneumoniae in 200 samples of atherosclerotic lesions from diabetic

cases undergoing lower limb amputations. Lin and others (2003) demarcated only

atherosclerotic lesions and not medial calcification. The samples included in chapter 6

however selectively differentiates diabetic and non-diabetic amputated samples and

representative of medial calcification (for the diabetic cases). Although the distribution

of Chlamydia pneumoniae was similar in both groups, the detection for diabetic and

non-diabetic patients was still high (50% and 67% respectively) with

immunofluorescent staining and (14% and 32% respectively) with PCR study.

Chapter 6 further explores the expression of TLR4 and CD14 on the ASMC using flow

cytometry, to identify whether the probable related pathways are involved. This was

assessed by incubating the ASMC with low level of LPS and comparing the expression

of the markers (TLR4 and CD14) without LPS incubation, using flow cytometry..
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However, there is no significant difference between activated and non-activated ASMC

with LPS introduction. LPS, the outer glycolipid content in the outer leaflet of the outer

wall of Gram- negative bacteria can bind to TLR4 and is thought to induce the

expression of other endotoxin receptor such as LPS- binding protein, CD14 and MD-2

(Antal-Szalmás, 2000; Pasterkamp et al., 2004). These surface markers or receptors are

quite specific for circulating inflammatory cells, and there is evidence that human

smooth muscle cells can express similar endotoxin receptors. Although the TLR4

baseline expression is low in ASMC, LPS is shown to increase TLR4 expression in

Qiang Shi and others study (2010). Qiang Shi uses both flow cytometry for detection of

protein expression and reverse transcription-polymerase chain reaction for mRNA

quantification of the TLR4 protein expression in human and baboon ASMC. Results

from flow cytometry, presented in chapter 7 also showed similar expression with an up

regulated trend of TLR4 and CD14, although their expression were not as high as

CX3CR1 and RANK expression in PAD ASMC samples.

Interestingly, Zulli (2008) demonstrated leukocytic markers such as CD14 and

embryonic stem cell markers (i.e. Octomer 4 and SSEA 1, 3 and 4) in ASMC derived

from diseased arteries. This further supports the phenotypic plasticity of the ASMC,

where aberrant phenotypic and functional changes of ASMC changes into bone-like

cells or foam-like cells may contribute to the pathogenesis of vascular diseases such as

atherosclerosis and Monckeberg’s sclerosis.

9.7 Limitations of the study

9.7.1 Sample size

The first limitation encountered in this study was sample size since recruited diabetic

and non-diabetic cases in this study is only 17 compared to 58 patients in the study of

Soor and others (2008). However, this study sample managed to show highly significant

calcified lesions in amputated diabetic samples when compared to non-diabetic samples,

as presented by Soor’s group. This could probably be due to the higher percentage of

diabetic participants in both Soor’s (70%) and this study (59%). Interestingly, a study

by Mozes et al. (1998) did not show significant differences between calcified lesions

amongst their equally distributed diabetic amputees (N=14) and non-diabetic amputees

(N=14).
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9.7.2 Variability in biological samples

Another limitations could be due to the variability of biological samples as

suggested by age distribution alone. For example, a given age for any case selected

from the cadaveric controls and PAD group, could be anywhere between 39 to 90 years

old. This may contribute to an experimental challenge to obtain minimal variation in the

extent of histological or molecular abnormalities within a small sample size. The arterial

wall changes observed could be a wide spectrum from a healthy young artery to a

senescent and diseased artery.

9.7.3 Methodological aspects

With viable cell lineage of the adherent cell type, the cells grown from human PAD

samples obtained in this study did not detach easily with EDTA-Trypsin methods at

0.05% diluted concentration. Enzymatic digestion with this detachment method may

also render the loss of surface markers under investigation. Scrapping method was used

instead and this is done before the cell lineage reach maximum confluence. However,

this may contribute to the difficulty in obtaining a single cell suspension when the

scrapped cells easily become clumped together, due to increased “stickiness” when

detached manually. This could lead to an unspecific binding when using

immunofluorescence-based techniques leading to a higher background staining in the

controls. Another issue is in handling a large number of cells to be run together for

several long experiments using flow cytometry.

9.8 Future direction

In the future, more attention can be given to the selected few inflammatory markers

chosen since this thesis mainly tested a list of probable inflammatory mediators under a

wide range of targets. With narrowed list of candidates, better experimental targets can

be designed using precious human samples. Further evaluation of the selected markers

can also be made at the transcriptional or translational level using different stimuli in

activated cells.

9.9 Conclusions

In conclusion, the main findings from this thesis project are as follows:

1) ASMC derived from severe PAD with medial wall calcification express RANK

and CX3CR1.

2) Phenotypic plasticity is displayed by ASMC derived from PAD in response to

chronic inflammatory condition.



76

3) Intracellular infection in cases of severe PAD might trigger inflammation in the

arterial wall.

Although the study has a small sample size, the cohort of 17 amputated cases might

give some insight to vascular immunopathobiology. The results of this work represent

an important step toward understanding medial wall calcification and its interplay with

recent inflammatory molecules. In addition to recognizing an extended role of

CX3CR1, which most likely contribute to the monocytes recruitment and activation into

osteoclasts, CX3CR1 expression could also be regulated by RANK/RANKL/OPG

activities. These regulatory molecules of bone biology seem to be at the same time

inflammatory mediators that may link the immune system to the vascular system, where

vascular cells, such as the ASMC, play an important role in maintaining vascular health

and integrity and may respond with pathological remodelling to inflammatory signals.
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Information and Consent for Blood/Tissue/DNA (Genetic)
Collection, Storage and Testing for Research

The role of inflammatory factors in peripheral arterial disease

REQUIREMENTS OF STUDY: (this form to be completed by Researcher)

In general, the South Metropolitan Area Health Service Human Research Ethics
Committee requires that the collection, use and storage of blood/tissue/DNA
samples be conducted in accordance with the NHMRC National Statement on
Ethical Conduct in Human Research (2007) and the Guidelines for Genetic Registers
and Associated Genetic Material (2000).

Accordingly, in this study patients’ samples will be used in the following ways
(these are to be explained to the patient by the study nurse or doctor):

A. SPECIFICITY OF RESEARCH

1. Samples will be used only for the purposes specified for this
study:

Yes

2. Samples will be used for other unspecified research purposes: No

B. STORAGE OF SAMPLES

1. Place of storage:
The School of Anatomy and Human Biology, University of Western Australia

2. Body responsible for storage procedures:
Professor Luis Figueria of the School of Anatomy and Human Biology, University of
Western Australia

3. Contact details for patient use to arrange for retrieval or destruction of samples, or
to obtain information about results:
Professor Paul Norman, UWA School of Surgery, Fremantle Hospital. Tel:
0894312500. Fax: 0894312623.

4. Duration of storage:

 current storage for specific use: Yes
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 long-term storage for specific use: Yes

 long-term storage for unspecified use: No

5. Can stored samples and information be traced back (directly or
indirectly) to the patient?

(If the answer to 5 is “No” then all answers to “C” must be “No”)

No

C. ACCESS TO SAMPLES AND RESEARCH RESULTS

1. Will the patient be able to receive results of their testing? No

2 . Will the patient be able to retrieve/destroy samples if they
withdraw from the study or wish to at a later date?

No

3. Could future testing of the sample reveal paternity/maternity? No

4. Will the test results be available to family members?

 Upon the patient’s request No

 Upon the family’s request No

 Under any other circumstances (specify) No

CONSENT

I, ___________________________________of _____________________________________

______________________________________________________________________________

have read and understand the nature of this study as stated in the above details.
The Information and any questions I have asked have been answered to my
satisfaction.
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............………………………………… ……………………..…………. ……...............
Name of Patient Signature of Patient Date

……………………………………........ ..……………………………….. ...........………..

Name of Witness to Patient Signature Signature of Witness
Date

..………………………………………… .………………................…….. ...............………
Name of Investigator Signature of Investigator Date

* The NHMRC advises the Australian community and Commonwealth and State Governments on
standards of individual and public health, and supports research to improve those standards.

The South Metropolitan Area Health Service Human Research Ethics Committee has given ethics
approval for the conduct of this project. If you have any ethical concerns you can contact the Chair
of the Human Research Ethics Committee on (08) 9431 2929. All study participants will be
provided with a copy of the Information Sheet and Consent Form for their personal records.
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SOUTH METROPOLITAN HEALTH SERVICE

FREMANTLE HOSPITAL

PATIENT INFORMATION SHEET

The role of inflammatory factors in peripheral arterial disease

Investigator: PROFESSOR PAUL NORMAN

INTRODUCTION

We invite you to participate in a research project which we believe is of potential

importance. However, before you decide whether or not you wish to participate, we

need to be sure that you understand why we are doing the research and what it would

involve if you agreed.

Please read this information carefully and be sure to ask any questions you have. The

doctor conducting the research will be happy to discuss it with you and to answer any

questions. You are free to discuss it with other people if you wish (i.e. family, friends

and/or your local doctor).

Your participation is purely voluntary and you are under no pressure to participate.

Should you agree to enter the study, you may change your mind and withdraw at any

stage.

This study has been approved by the South Metropolitan Area Health Service Human

Research Ethics Committee. This study is under the direction of Professor Paul

Norman, one of the Vascular Surgeons at Fremantle Hospital.

1. WHAT IS THE PURPOSE OF THIS STUDY?

Hardening of the arteries (atherosclerosis) may cause severe lower limb problems

including ulcers and gangrene. This is due to blockages of the main arteries that supply

blood to the legs. In some cases, particularly in patients with diabetes, the only leg

arteries that are diseased are those in the calf - these are called the tibial arteries. The

reason why these arteries are particularly prone to damage by diabetes, often in the

absence of blockages in other arteries, is unknown. Another feature of diabetes is

nerve damage (peripheral neuropathy) and abnormalities in the skin circulation. It is

unclear how important the neuropathy and the skin changes are in making the

circulation in the foot so bad that an amputation is needed. This research aims to
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compare the tibial arteries and nerves and the skin in patients with and without

diabetes in order to find out more about the changes that result in poor circulation.

2. WHAT DOES PARTICIPATION IN THIS RESEARCH PROJECT INVOLVE?

The vascular surgeon looking after you has recommended that you need an

amputation of your leg. This is because of severe arterial disease resulting in loss of

blood supply to the foot or leg. In your case this may or may not be due to diabetes.

The nature and level of amputation and the possible complications will be described

separately by the team looking after you. We are seeking your consent to the following:

(a) obtain some basic information from your hospital records about your health – this

includes information such as age, medical history, medication history and whether you

have been a smoker; some routine blood test results (eg blood sugar) and the reports

of scans (CT, MR or ultrasound) of your arteries (if available).

(b) after the amputation, remove a 10cm length of a tibial artery, a 5cm length of nerve,

a 2cm ellipse of skin from calf part of your leg and the tip of a toe. These samples will

be removed from the leg after it has been amputated. This does not affect your

operation in any way.

(c) take a 10ml (~one tablespoon) sample of blood from a vein in your arm. If at all

possible this will be done at the same time as routine blood tests, thereby avoiding an

extra needle.

3. WHAT WILL HAPPEN TO MY INFORMATION AND SAMPLES?

Only information necessary for the purposes of the study will be collected by the

researchers. This information includes your: age, medical history and diagnosis,

smoking history, current medications, results of X-rays and scans of your arteries,

routine blood test results any medical procedures that you undergo. All information

collected will be confidential and will be labelled with a code number and not your

name. Only Professor Norman will know your name. You can request to have access

to information collected and held about you during the study by contacting Professor

Norman (on 94312500). You may request that any incorrect personal data be

corrected.

The samples of artery, nerve, skin and blood will be taken to a laboratory in the School

of Anatomy and Human Biology at the University of Western Australia. The samples

will be identified by a number only and your name will not appear on them. The

samples will be studied by a PhD Student (Rasheeda Zamin) using a range of

laboratory techniques including examination under a microscope and the measurement

of various molecules relevant to arterial disease. The blood sample will be used to
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measure the concentration of certain proteins that may be relevant to arterial disease.

It will not be possible to make the results of any of these laboratory tests available to

you as your name will be removed from all samples.

4. WHAT ARE THE POSSIBLE BENEFITS?

There are no specific benefits for you personally. You will not receive any form of

payment for participation in this study. If successful, the research may help explain why

the calf arteries become so diseased in patients with diabetes. This has the potential to

help a future patient avoid an amputation.

5. WHAT ARE THE POSSIBLE DISCOMFORTS AND RISKS?

The removal of samples of artery, nerve and skin from the leg after amputation is of no

risk to you personally. Taking a blood sample from a vein in your arm may be

associated with a small risk of bruising.

6. CAN I HAVE OTHER TREATMENTS DURING THIS RESEARCH PROJECT?

The research will not alter your usual treatment in any way.

7. HOW WILL I BE INFORMED OF THE RESULTS OF THIS RESEARCH

PROJECT?

The results from individual patients are only analysed as part of the whole study and

your personal results will not be made available. Any published results of the study can

be obtained from the researchers (Professor Paul Norman) on request. Publication

may not occur for several years. When the results of the study are published,

participant data will be de-identified and all results supplied will be grouped. This

means that it will not be possible to identify individual participants from the results. As

part of West Australian law regarding research, all information about this study and its

participants will be kept for a minimum of 15 years.

8. WHAT IF I WITHDRAW FROM THIS RESEARCH PROJECT?

This study is entirely voluntary and you will be given time to decide whether you wish to

participate. If you do not wish to take part you don’t have to. If you decide to take part

and later change your mind, you are free to withdraw from the project at any stage

without having to give any reasons. However, once your name has been removed from

tissue (artery, skin, nerve and blood) samples it will no longer be possible to discard

your samples. Your decision whether to take part or not, or to take part and then

withdraw will not affect your current or future treatment. If you decide to withdraw,
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please notify your vascular surgeon or Professor Paul Norman via nursing or medical

staff looking after you on the ward.

9. WHAT ARE MY RIGHTS?

If you choose to participate and you become injured in this study and your injury is a

direct result of the effects of the study procedures, Fremantle Hospital will provide

reasonable medical treatment. By participating in this study, your normal legal rights

under common law will not be affected.

Your study doctor and colleagues are available to answer any questions you may have

regarding the treatment described or the study procedures. If you have any questions

regarding this research trial, you may contact:

PROFESSOR PAUL NORMAN on 9431 2500 or via nursing staff on the ward

The South Metropolitan Area Health Service (SMAHS) Human Research Ethics

Committee has approved this study. Should you wish to speak to a person not directly

involved in the study in relation to

 matters concerning policies,

 information about the conduct of the study,

 your rights as participant, or

should you wish to make a confidential complaint, you may contact Chairman of this

Committee, on 9431 2929.

As a participant in this study you will be provided with a copy of the Information Sheet and

Consent Form for your personal records if requested.
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FREMANTLE HOSPITAL PATIENT CONSENT FORM
The role of inflammatory factors in peripheral arterial disease

Investigator: PROFESSOR PAUL NORMAN

I, the undersigned (print name)________________________________________

hereby consent to my involvement in the research project explained above.

 I am over 18 years of age. I have read the information sheet entitled ‘The role of

inflammatory factors in peripheral arterial disease’, and I understand the

reasons for this study.

 The details of the study have been explained to me by Professor Norman,

including:

 The nature of the procedures being performed

 Any risks or discomforts which I may experience

 My questions have been answered to my satisfaction.

 My consent is given voluntarily.

 I understand I am free to withdraw from the study at any time without having to

give a reason, and without my medical care or legal rights being affected.

 I understand that my tissue samples cannot be withdrawn once my name has

been removed from them.

 I understand that the information in my medical records is essential to evaluate

the results of this study. I agree to the release of this information to the research

staff and on the understanding that it will be treated confidentially. I understand

that I will not be referred to by name in any report concerning this study. In turn,

I cannot restrict in any way the use of the results that arise from this study.

 I understand that my normal legal rights to compensation under common law

will not be affected by participating in this study.

 I understand that the purpose of this research project is to improve the quality of

medical care, but my involvement may not be of benefit to me.

 I have been given the opportunity to have a member of family or a friend

present while the project was explained to me.

SIGNED DATE

WITNESS
INVESTIGATOR
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Appendix II

Figure 1 Stacked bar graphs demonstrating the number of samples (and sections per artery) and

subjective evaluation of PCR positivity by the C. pneumoniae-species specific PCR assay by Adam

Polkinghornes’ group (unpublished data). PCR (polymerase chain reaction).
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Appendix III
Table 1. Non-diabetic PAD arterial samples assessed for CP detection using IF

(immunofluorescence) and PCR (polymerase chain reaction).

No. Sample ID Positive

sections tested

for IF

Positive sections

tested for PCR

Total sections

tested for PCR

1 P3 POP 0 3 4

2 P3 FIB 0 1 3

3 P3 ATA 0 0 2

4 P4 POP 1 1 5

5 P4 PTA 1 0 1

6 P10 ATA 1 1 4

7 P10 POP 1 0 3

8 P10 DPA 1 1 3

9 P10 PTA 1 2 3

Total positives 6 9 28

Positive (%) 67% 32%

Table 2. Diabetic PAD arterial samples assessed for CP detection using IF

(immunofluorescence) and PCR (polymerase chain reaction).

No. Sample ID Positive

sections tested

for IF

Positive sections

tested for PCR

Total sections

tested for PCR

1 P1 PTA 1 1 4

2 P1 POP 1 0 3

3 P2 ATA 1 2 4

4 P9 PTA 0 0 4

5 P9 POP 0 0 4

6 P9 ATA 0 0 3

Total positives 3 3 22

Positive (%) 50% 14%
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