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Abstract

Cerebral arteriovenous malformations (AVMs) are congenital lesions that cause
brain haemorrhage leading to death or permanent neurological disability in
children and young adults. Treatment options to prevent haemorrhage include
surgery, radiosurgery and embolisation. Depending on the size and location of
the lesion, over one-third of AVMs cannot be treated safely with current options.

Therefore, there is a need for a new treatment.

It is proposed that vascular targeting could be a novel effective therapy for AVMs
that are currently untreatable. An antibody attached to an effector molecule such
as thrombin or tissue factor may be targeted at a specific molecule expressed in
AVM vessels to create intravascular thrombosis. A better understanding of the
AVM endothelial molecular biology is thus required for identifying the best

candidates for vascular targeting in AVMs.

Vascular targeting has been applied successfully in the treatment of cancer
because of the significant differences between the tumour and normal
vasculatures. This however is not the case in AVMs. It is proposed that
radiosurgery can ‘prime’ AVM endothelial cells by stimulating them to express

certain proteins, which could then be targeted.

This thesis aims at identifying molecular changes in the endothelial cells exposed
to irradiation for the development of a potential vascular target. To accomplish
this, radiation-induced molecular changes were investigated in human brain
microvascular endothelial cells as well as in animal models of AVM. Furthermore,
endothelial microparticles were characterised to evaluate molecular changes in

human AVMs.

Previous in vitro studies on mouse brain endothelial cells have shown that
irradiated cells express CD51, CD109 and BMP3 protein markers. One of the
aims of this project was to determine the localisation of these three molecules in

the endothelium of AVM animal models that were exposed to irradiation and also

12



to identify the proteins expressed in human cerebral microvascular endothelial

cells in response to radiation.

Studies in rat models of AVM showed increased abundance of BMP3 in AVM
vessels on day 21 post-irradiation. In vitro studies showed talin to have
increased relative abundance in LC/MS/MS analysis, increased band intensity in
western blot analysis and increased fluorescent intensity in immunofluorescence
analysis. These results add to our understanding of AVM endothelial responses
to radiation. BMP3 and talin are promising protein markers for AVM vascular
targeting. Further work is required to determine whether these are clinically

viable and effective targets.

13



Chapter 1

Introduction

14



Arteriovenous Malformations and Endothelial Cells

Definition
“Arteriovenous malformations (AVMs) of the brain are focal abnormal

conglomerations of dilated arteries and veins within brain parenchyma, in which
a loss of normal vasculature organisation at the sub arteriolar level and a lack of

a capillary bed result in abnormal arteriovenous shunting” [1].

Introduction
AVMs are generally thought to be congenital although there is some evidence to

suggest that they form post-natally [2]. They can occur in any part of the central
nervous system and are the most common cause of intracerebral haemorrhage in
children and young adults [3]. Arteries and veins are connected by one or more
fistulae, which form a tangled structure commonly known as the AVM
‘nidus’ (Fig. 1.1). These direct connections allow high-pressure arterial blood to
flow through the fragile cerebral veins, which carry a high risk of rupture with
ruinous results [1]. Factors that are associated with a higher risk of haemorrhage
include small size, location and shunt resistance of the AVM [4]. Other
characteristics include the presence of aneurysms, a single draining vein and

venous stenosis [1].

Figure 1.1: Arteriovenous malformations
AVMs are short circuit connections between arteries and veins that form a
tangled web called a ‘nidus’. (Figure - courtesy of Prof. Stoodley)
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Symptoms
The most frequent presentation of brain AVMs is intracranial haemorrhage [5].

Over 50% of 1289 AVM patients presented with haemorrhage [6]. This was
followed by epileptic seizures in 25%, chronic headaches in 15% and
progressive neurological deficits in 5% [6]. There is a 30% risk of permanent
neurological disability and a 15% risk of death in every incidence of bleeding [7].

The level of neurological deficit increases with the depth of the nidus [8].

Pathophysiology
AVMs are considered to be congenital lesions that are the result of disordered

development of the primordial vasculature. This hypothesis is criticised by some
due to the absence of strong evidence in support of the theory. AVM patients are
usually 20 to 60 years of age at presentation [9]. AVMs occur sporadically and
are not associated with non central nervous system congenital
malformations [9]. Some studies refer this ‘puzzle’ to teratologists so that a

better understanding of AVMs could be achieved [3, 9].

In a study that involved over 1500 AVM cases, it was concluded that a biological
change occurs only around 10 years of age [10]. Before that, the AVM could have
been absent totally or in an inactive state [10]. There are also studies that report
the regrowth of AVMs after successful treatment [3]. The above provide evidence

against the traditional assumption that AVMs are of congenital origin.

Future studies are needed to explore the pathogenesis of AVMs [3]. Research on
the molecular biology of brain AVMs may one day be able to prove that AVMs are

acquired abnormalities that develop in the postnatal period.

Epidemiology
Studies show the incidence of AVM detection in various populations to be

0.9/100000 to 1.4/100000 per year. The prevalence of AVMs is estimated to be
0.01% of the population [11].

The incidence of AVMs is fairly low when compared with most other neurologic
disorders such as stroke, epilepsy, intracranial haemorrhage, benign central

nervous system tumour, motor neuron disease and spinal cord injury [12]. The
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average age of AVM presentation is mid-30s. Various population-based and large
natural history studies have shown that there is no gender predilection in AVMs

[13].

Population based studies show a high incidence rate in Kaiser Permanente
(1.4/100,000) and in the New York Islands (1.3/100,000). This is followed by
Sweden (1.2/100,000), The Netherlands Antilles and Olmstead County,
Minnesota (1.1/100,000) and Western Australia (0.9/100,000) [13].

Studies show that 2% of AVM cases are associated with Hereditary
Haemorrhagic Telangiectasia (HHT), an autosomal vascular disorder [14]. The
incidence of HHT associated AVMs is 1 in 5000-8000 individuals which can get
much higher in the Dutch Antilles (1 in 1300) [15].

Classification of AVMs
The Spetzler-Martin grading system is currently used to predict the risk of

surgery for the AVM patient. According to that system, AVMs are classified based
on their size, pattern of venous drainage and neurological eloquence of the brain
regions adjacent to them [16]. This is a more practical approach than considering
all the other factors associated in the risk prediction process such as number of
feeding arteries, amount of flow through the lesion, degree of steal from
surrounding normal brain, location, surgical accessibility, eloquence of adjacent

brain and pattern of venous damage [17].

Angiography, computerised tomography (CT) and magnetic resonance imaging
(MRI) are currently used for the grading of AVMs based on the three categories
mentioned above. Each of the categories is given a numerical value and the
values are summed to derive the grade of the lesion. The lesions are graded from
[-V, where I is the least and V is the maximum in terms of risk of surgical
morbidity and mortality. Additionally, there are grade VI AVMs that are
inoperable because of their large size and critical location in the brain

region [16].
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Treatment options
At present, AVMs can be treated by surgery, endovascular treatment or

radiosurgery, all of which aim at preventing a haemorrhage. The treatment
option is chosen depending on various factors such as size, location and anatomy

of the AVM and previous history of haemorrhage.

Figure 1.2: Radiosurgery

Radiosurgery is a non-invasive mode of treatment where focussed irradiation is
administered to the AVM without any effect on the surrounding tissues.

(Figure - courtesy of Prof. Stoodley)

Currently, surgical resection is the best treatment for AVMs because it provides
immediate cure [18] [19]. This is achieved by the removal of the nidus along with
the direct feeders and disconnection of the draining vein [18]. Factors such as
size and location of the lesion are taken into consideration by the treating
neurosurgeon prior to surgery [16]. Not all AVMs can be treated by surgery [20].
This mode of treatment can produce high cure rates without further
complications only for Grade I, I and most Grade III AVMs [21]. The
effectiveness of surgery in such AVMs has been confirmed in a study where the
AVM was successfully obliterated from 99% of 110 patients with Grade I-III
AVMs. Grade IV and V AVMs carry a high surgical risk if they are to be operated
and Grade VI AVMs are inoperable [21].

In stereotactic radiosurgery, a dose of focussed radiation is accurately

administered to the AVM nidus (Fig. 1.2) [22]. This may be achieved using
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Gamma Knife, linear accelerators and proton beam [22]. Radiosurgery is an ideal
method for treating AVMs that cannot be resected due to their critical locations
in the brain [21, 23]. The success rate is high in AVMs that are <2.5 cms in
diameter. Studies show a 60 - 80% chance of obliterating the AVM
successfully [21]. Despite its advantages of being less invasive and cost effective
when compared to surgical resection, radiosurgery poses its own
limitations [23]. There is a latent period of 3 years during which a haemorrhage
could possibly occur [18]. This has been observed in a study where 4% of 602
patients suffered from intracranial haemorrhage during the latency period [23].
In some cases, the AVM could be unresponsive to the treatment even after the 3
years due to factors such as radiobiological resistance, nidus size, number of

draining veins, deep location and patient age [18].

Endovascular embolisation is another possible treatment for brain AVMs. This is
popular mainly because of its benefits of being minimally invasive, quick in
occluding the high-pressure shunt of blood and intraprocedure angiographic
evaluation. Embolisation is carried out exploiting advances in endovascular
technologies where unique liquid embolics are developed and delivered through
a micro catheter. Ethylene vinyl alcohol copolymer, n-butyl cyanoacrylate and
platinum embolic coils are the commonly used liquid embolics. This treatment
may be carried out prior to surgery or in conjunction with radiosurgery. Large
AVMs may be reduced in size through embolisation for further treatment by
surgery or radiosurgery. Endovascular therapy however is effective only for
small AVMs. Other limitations include incomplete embolisation, intracranial
haemorrhage, unintended vessel embolisation and normal perfusion pressure

breakthrough leading to swelling or haemorrhage [24].

The above treatments, despite their benefits can only treat small AVMs
effectively. Over 90% of the grade IV and V AVMs remain untreatable and 25% of
the grade III AVMs cannot be treated without high risk [16, 25]. There is
therefore an urgent need for a new treatment option to save those patients with
large AVMs that cannot be treated and run the risk of a haemorrhage or sudden

death [26].
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Potential new treatment for AVMs
Theoretical changes to the current, existing treatment options are very unlikely

to happen for the successful treatment of AVMS that are large and those in
critical locations. We are therefore counting on novel molecular and cellular
based therapies such as vascular targeting, vascular remodelling and

radiosensitisation for the treatment of AVMs [27-29].

Over 900 genes encode for growth factors, extracellular matrix, matrix
metalloproteinase, endocrine hormones and inflammatory factors and are either
up-regulated or down-regulated in brain AVMs [29-33]. This opens the way for
possible gene therapies as potential new treatments. Endothelial cells, vascular
smooth muscle cells and inflammatory cells are being studied to add to the
limited knowledge we have on the pathogenesis and molecular biology of AVMs
[33]. In molecular studies, integrins, angiotensins, VEGF, TGFB have been shown
to play a critical role in the pathogenesis of AVMs [33]. Although informative
regarding AVM pathogenesis, these molecular findings are unlikely to be useful

for treatment once an AVM has already formed.

A new treatment is proposed to induce thrombosis in the AVM vessels without
any effect on the surrounding vessels. The aim is to block the high-pressure
arteriovenous shunt. For this to be successful, it is required to identify a
molecule that occurs on the internal surface of the blood vessels of AVMs
specifically and not in the surrounding vessels. Once identified, that signature
molecule located on the internal surface of the blood vessels can be targeted with
an antibody. The antibody will be attached to another molecule that will
stimulate thrombosis. It is hoped that when the therapy is injected systemically,
it will adhere to only the AVM blood vessels and promote thrombosis in the AVM.
In order to do that, it is needed to identify a signature molecule on the
endothelial surface. It might not be possible to identify one that is specific
enough in AVMs to be able to use that in AVM treatments. Therefore
radiosurgery is proposed to stimulate that signature. Radiation will stimulate
molecular changes in the AVM tissues, but in particular, in the endothelial cells,

which are the innermost surface lining of blood vessels [27, 28]. Signature
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molecules on the endothelial cells that are specific to the volume irradiated can
then be targeted. Therefore, a better understanding of the endothelial cells is
needed. Knowledge on endothelial cells in normal vessels and in AVM vessels,
knowledge on their response to irradiation and particularly the response of AVM
endothelial cells to irradiation is to be acquired. This is because endothelial cells
differ according to organ, blood flow, location and respond differently to stresses
[34, 35]. It cannot be assumed that all endothelial cells respond to radiation in
the same way. An understanding of endothelial cells in AVMs and how they
respond to radiation will aid in finding a signature molecule that can be targeted

for the treatment of AVMs.

(The animal models of AVM have been discussed in detail in a separate section.)

Endothelial cells
The endothelium is a thin monolayer of cells that lines the entire vascular and

lymphatic system (Fig. 1.3) [36-38]. The endothelium varies from organ to organ.
After the early years of research by William Harvey in circulating blood,
attention drew to a network of vessels that physically separated blood and tissue
[34, 35]. Later observations by von Recklinghausen found that vessels were lined
by cells [35]. Future research involving electron microscopic and physiological
studies showed the endothelium as being more than just a barrier [34].

Endothelial cells carry out numerous functions that are critical in nature [39].

The endothelium in a human accounts for 1 - 6 x 1013 cells, which is equivalent
to almost a kilogram [38, 40]. During early vascular development, endothelial
cells organise into vessels in the absence of any vascular system in a process
called vasculogenesis. During organ growth, wound healing and metastasis,
endothelial cells proliferate from pre-existing vessels in the process called
angiogenesis [41]. The vascular endothelial cells emerge from hemangioblasts,
which are also the precursor cells for haematopoietic cells [38, 42]. The exact
mechanism of this process still remains unclear. Endothelial cells differ in their
expression levels and in their response to stimuli in different parts of the

vasculature [36, 38, 43].
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Figure 1.3: Endothelial cells

The thin innermost monolayer of cells in the vasculature is the endothelium
(Figure - courtesy of Prof. Stoodley)

Endothelial cells have important roles in coagulation, inflammation and blood
vessel structure. In these roles, they produce a wide range of molecules including
matrix products such as fibronectin, laminin, collagen and proteases,
antithrombotic factors such as thrombomodulin and heparin sulphate,
procoagulant factors such as von Willebrand factor, thromboplastin and platelet
activating factor, inflammatory mediators such as cell adhesion molecules,
factors causing lipid metabolism such as lipoprotein lipase, relaxing and
constricting vasomotor factors and growth factors such as platelet derived

growth factor, epidermal growth factor and fibroblast growth factor [38].

The electronic microscopic studies from the 1950s showed plasmalemmal
vesicles called caveolae and Weibel-Palade bodies [44]. They also showed that
the endothelium could either be continuous, connected by a basement
membrane, or could have transparent areas called fenestrae, or could be
altogether discontinuous where the basement membrane is not connected [35,
45]. This led to the current understanding that endothelial cells vary from one
another in structure and function [45]. They express heterogeneity in size, shape,

thickness and nuclear orientation from a structural point of view. Endothelial
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cells show heterogeneity in the expression of cell surface glycoproteins, proteins
and mRNA [46]. They also display heterogeneity in function some of which
include transport of nutrients, leukocyte trafficking, permeability, haemostasis,
vasomotor tone, cell and nutrient trafficking, angiogenesis, barrier function,

osmoregulation and inflammatory responses [35, 36, 38, 43, 46].

Endothelial cell heterogeneity has been studied in detail using various methods,
the first of which was scanning electron microscopy (SEM)[44, 47, 48]. Other
methods included immunohistochemistry, in situ hybridisation studies and
radiolabelled antibodies [49-65]. In the field of proteomics, there is increasing
interest focussing on membrane proteins, anti-caveolin antibodies and phage
display [66-71]. In the field of genomics, transcriptional arrays and serial

analysis of gene expression (SAGE) have been applied [72-76].

AVM Endothelium
The AVM endothelium is different to the endothelium of the normal vasculature

[27, 77]. Several studies have been conducted using primary cell culture,

surgically resected AVM specimens and animal models.

Culturing of endothelial cells from cerebral AVMs has been a challenging task.
Necrosis, post-embolisation, infection and unfavourable in vitro conditions are
some of the causal factors for unsuccessful AVM endothelial cell culture [77].
Endothelial cell culture from ruptured AVM specimens showed increased
expression of endothelin-1 when compared to non-ruptured AVM
specimens [78]. The oxyhaemoglobin that is released post rupture interacts with
the endothelium thereby increasing endothelin-1 expression [79, 80]. A 25.2 fold
increase of the transcriptional repressor, Id1 was reported from gene microarray
and quantitative polymerase chain reaction analyses, which has an effect on the
downregulation of thrombospondin in AVM endothelial cells [81]. AVM
endothelial cells exhibit high proliferation rates with increased rates of
angiogenesis [81, 82]. To standardise the function of AVM endothelial cells,
thrombospondin was added to AVM endothelial cell cultures to balance the

angiogenic phenotype suggesting the molecule may be a potential aid in future
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targeted therapies [81]. Interleukin-6 has been reported to produce matrix

metalloproteinase 3 and 9 in a similar study [82].

In an immunohistochemical study that involved AVM patient tissues, signal
transducers and activators of transcription (STATs) 1 and 3 showed increased
expression levels in the endothelium of all the samples [83]. Nestin that has been
reported to show increased expression in tumours showed increased expression

levels in the endothelial cells of 13 out of 20 AVM tissues [84].

Animal model studies in mice report increased activity of the notch-signalling
pathway [85]. This is accomplished by notch ligands Jagged 1 and 2 in the
arterial and venous endothelium of the AVM vasculature [86]. In another study,
the expression levels of Notch 1 and 4, Delta-like 1 and 4, Jagged 1 and HES1
were examined in a rat arteriovenous fistula model before and after
radiosurgery. The drop in expression levels was monitored by

immunofluorescent analysis of the endothelium over a period of 42 days [87].

Endothelial Dysfunction
The endothelium exercises various functions ranging from vasomotor tone to

mediating inflammation and cell growth [38, 88]. A diverse collection of
substances is secreted from the endothelium for the proper maintenance and
functioning of the endothelial cell [38]. The repertoire of some of the substances
secreted has been discussed in the previous section. When the level of the
substances expressed gets disturbed in a measure that is able to alter the
phenotype of the cell, the normal, healthy endothelium becomes a damaged
endothelium [89-92]. The process is called endothelial dysfunction. It is
prompted by a number of physiological factors such as shear stress, ageing,
hypoxia and tumultuous blood flow [93, 94]. The most important among those
listed above is shear stress because it is that factor that stimulates the
endothelium to secrete vasoconstricting factors, prothrombotic agents,

procoagulants and adhesion molecules [91, 92].

The equipoise of the endothelium can be interrupted due to an extensive list of

reasons [95]. This could be a decrease in the production of vasodilatory
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mediators such as nitric oxide (NO) and prostacyclin or an increase of

vasoconstrictors such as angiotensin or endothelin [96].

Among the many vasodilators, NO produced from L-arginine plays a crucial role
in vasomotor tone [97-99]. NO is produced by nitric oxide synthase (NOS) which
has three isoforms - neuronal NOS, endothelial NOS and inducible NOS [96, 100,
101]. The NO from endothelial NOS spreads either through the cell membrane to
go about its usual function of paracrine signalling or it can interact with
superoxide dismutase which ultimately ends up in the inactivation of NO [96,
102]. Reduction of NO therefore is a common lead up to endothelial
dysfunction [96]. Prostacyclins involved in vascular smooth muscle relaxation
can employ vasoconstricting properties when expressed in reduced levels due to
cytokines, thus resulting in endothelial dysfunction [103, 104]. Angiotensin aids
improved endothelial permeability through its production of vascular
endothelial growth factor receptors and matrix metalloproteinases. Elevated
levels of angiotensin exhibit vasoconstricting properties that lead to endothelial
dysfunction [105-108]. Endothelin, under normal conditions increases
production of endothelial NOS which synthesises NO. Increased levels foster

secretion of adhesion molecules that leads to endothelial dysfunction [109-111].

Inflammation plays a critical role in the pathophysiology of various
cardiovascular diseases [112]. Inflammation is characterised into acute and
chronic inflammation. This section of the literature review however looks at
inflammation as a general process and does not distinguish between acute and
chronic inflammation. Rigid adhesion of circulating leukocytes to the
endothelium is reduced when the latter becomes inflamed. The resulting
condition is referred to as endothelial dysfunction [93, 112, 113]. Some of the
causative agents of inflammation include an atherogenic diet, obesity,
hypercholesterolemia and hyperglycemia. These agents stimulate the expression
of several adhesion molecules that bind to monocytes and T-lymphocytes in the
blood stream, resulting in the recruitment of leukocytes and their endothelial
transmigration [93, 112, 113]. Endothelial dysfunction occurs mostly at the

initiating stages of the inflammatory diseases [114].
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Endothelial dysfunction has been evaluated by measuring adhesion molecules
such as ICAM-1, VCAM-1, E-selectin and P-selectin, endothelial function markers
such as endothelin, von Willebrand factor, tissue type plasminogen activator and
plasminogen activator -1, plasma and urine tests for nitric oxide and positron

emission tomography [89, 92, 115].

Endothelial Microparticle (EMP)
The lipid bilayered membranes of endothelial cells must be intact for the proper

functioning of the cell [116, 117]. When the cell membrane undergoes structural
changes due to activation or injury, it results in its dysfunction [116]. Structural
changes may involve alterations in the cytoskeletal arrangements and membrane
blebbing (also known as membrane budding) [118, 119]. The changes in the
bilayer are carried out by the enzymes, flippase, floppase and scramblase [117].
Membrane blebbing may result in release of part of the cell membrane. Such

isolated fragments of the membrane are known as microparticles [116].

Endothelial microparticles are vesicles that typically range between 500 nm and
1 pm in diameter [118-123]. The precise mechanism of microparticle release is
not very clear [124]. What is known of the process is that during the process of
membrane blebbing, part of the cell membrane pinches off as free flowing
microparticles into the plasma or extracellular fluid [117, 124]. EMPs are
generated as a result of either activation or apoptosis [117, 124]. EMPs are
heterogeneous due to the proteins present on their surface. From the parent cell,
microparticles carry along with them endothelial proteins such as cadherins,

ICAM, PECAM, endoglin, E-selectin and integrin [117, 125].

There is a growing interest of late in the pathophysiological role of EMPs. Under
normal conditions, microparticles circulate at concentrations of more than
10°/mL [126]. The concentration is increased under various pathological
conditions [127]. It is not known if EMPs are the cause for the pathological state
or if they are released as a consequence of the disease [128]. The presence of

EMPs however points to endothelial damage [129].
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Following the findings of elevated EMPs in patients with lupus anti coagulant by
Combes et al, several studies were carried out on various other pathological
conditions including systemic, haematological, cardiovascular, atherosclerotic
and arterial diseases [116, 130]. EMPs were found to be elevated in acute
coronary syndrome, metabolic syndrome, diabetes, hypertension, sickle cell
disease, thrombotic thrombocytopenic purpura, paroxysmal nocturnal
hemoglobinuria, multiple sclerosis, pulmonary arterial hypertension and kidney
failure [131-139]. In thrombotic thrombocytopenic purpura for instance, the
level of the EMPs was found to be elevated much before the onset of the
condition, allowing EMPs to be used as a potential marker for the

condition [135].

Detection of EMPs
The major assays carried out for the detection of EMPs include flow cytometry,

immunoassays and nanoparticle analysis [124]. Each assay has its own

advantages and limitations.

Flow cytometry is considered the most accepted assay for the detection and
quantitation of microparticles. The detection of microparticles using flow
cytometry has been widely discussed in literature critically discussing different
protocols and pitfalls associated with the technique. Proteins (antibodies) of
interest are conjugated with fluorophores for successful detection and
quantitation of microparticles based on their size. Flow cytometry is the only
technique that can quantify microparticles. Because microparticle research is
still in its cradle stage, there needs to be done a lot of standardisation in the
methods that involve isolation and fluorescent labelling. As part of standardising
the methodology, research has been carried out on key variables such as needle
gauge, anti-coagulants used during sample collection, centrifugation speed and

temperature for sample storage [140-143].
Flow cytometry cannot however be precise in detecting microparticles that are

100 - 400 nm in diameter as this size range could easily pick up background

noise and could also be challenging for antibody binding [124].
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ELISA on the other hand is an efficient immunoassay in detecting antigens on the
surface of microparticles for successful antibody binding. This is also a cost
effective technique when compared to flow cytometry. But it cannot detect
microparticles based on their size. There has been a lot of focus of late on
nanoparticle analysis due to its potential to capture microparticles that are 25 -

1500 nm, which cannot be detected by flow cytometry [124].

Vascular Targeting
One of the major developments in the field of biomedical science is to develop

techniques for successful imaging and treatment of diseased conditions [144-
149]. In the treatment of cancer, pharmaceutical and chemotherapeutic agents
tend to gather in the non-pathological tissues and organs with a very decreased
level of it reaching the tumour tissues and organs [144]. To overcome this
limitation of poor selectivity, drugs have been targeted at specific tumour
tissues [67, 150, 151]. A list of biomarkers that distinguish normal and
pathological states has been studied for the treatment of cancer from proteomic

and genomic analyses [146, 147].

Work on the development of vascular targeting agents (VTAs) for cancer
treatment began after tumour vessels were obliterated in mice. This initial study
by Juliana Denekamp in 1980s was then confirmed when tumour vessels were
successfully blocked when targeted with an antibody specific agent such as anti-
tubulin [152]. There is a list of prospective antigen markers or VTAs utilised in
cancer therapy. Vascular endothelial growth factor (VEGF) located in angiogenic
blood vessels, endoglin, p30.5 and endosialin in proliferating endothelial cells,
H-5-2, Lewisy-6 in aberrant endothelial cells and integrins, VCAM-1, E-selectin,
CD62E, phosphatidylserine, CD44, hyaluronan in activated endothelial cells are
examples of some VTAs [153-163].

By means of their anti-angiogenic property, VTAs however only prevent further
development of the tumour by blocking formation of new blood vessels. The
supply of blood and oxygen feeding into the tumour vasculature remains

undisrupted. This is achieved by vascular disrupting agents (VDAs) such as

28



flavonoids, colchicine, auristatin, soblidotin and combretastatin which are

currently in different phases of clinical trials [152].

During the process, an effector molecule is conjugated to an antibody and
targeted at a specific site in the vasculature of the tumour cells which will lead to
cell necrosis and death [164, 165]. Membrane proteins expressed on the luminal
surface of endothelial cells are constantly exposed to those agents circulating in
the plasma which make them desirable loci for effector molecules to be
targeted [164, 166, 167]. This ligand-based strategy has increased interest in the
endothelium as a target site for therapeutic delivery [164, 168].
Histocompatibility complex attached to ricin was the first successful tumour
vasculature targeting. Burrows and Thorpe reported this in animal models in
1993 although Folkman had projected the theory much earlier in 1971 [153,
165, 168, 169].

Molecules are targeted at the endothelium through the blood stream using
biocompatible drug carriers. This is to overcome challenges of them becoming
inactive and also to optimise the effective delivery and binding of
molecules [166]. One of the possible options is the successful delivery of
molecules contained in nanoparticles to the endothelium [170]. Affinity moieties
are selected on the endothelial surface so that molecules along with their
carriers successfully bind to the endothelium [166]. A series of potential targets
have been studied for this cause in various diseased states such as inflammation,
ischaemia, edema, thrombosis, diabetes, oxidative stress, atherosclerosis and
hypertension to name a few where the endothelium is targeted for drug
delivery [166]. Transmembrane glycoproteins such as angiotensin-converting
enzyme, thrombomodulin, PECAM and ICAM are continually expressed in
endothelial cells and are escalated in pathological conditions [166]. Of more
interest are the molecules such as E-selectin, P-selectin and VCAM that are
completely non-existent in normal vasculature and present in pathological

vasculature [166].
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In the field of oncology, vascular targeting is used in conjunction with other
therapies such as radiation therapy, chemotherapy and hyperthermia [153, 171-
173]. Advancements in the fields of proteomics and transcriptomics assist in the
validation of various targets and call for more work to be done in taking this

forward to clinical trials.

The technique of vascular targeting is attractive for treating AVMs that cannot be
obliterated with existing treatment modalities. In AVMs, vascular targeting aims
to create vascular occlusion by targeted thrombosis in contrast to cell death and
necrosis in cancer (Fig. 1.4) [164]. Thrombosis could either be ligand-based or

non-ligand based [174, 175].

Research confirms there are differences between the AVM and normal
endothelia [176, 177]. Differences are not sufficient though to be exploited for
drug delivery [178]. Stereotactic radiosurgery has been used therefore as a
priming technique to differentiate between the AVM and normal endothelia [27,
28, 179]. Its precision in targeting AVM vessels without having an effect on the
surrounding tissues makes it the preferred modality to be used in conjunction

with vascular targeting.
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Figure 1.4: Vascular targeting

Radiation induces changes in endothelium cells causing the expression of
specific proteins on the surface of endothelial cells. A ligand such as tissue factor
(TF) that is attached to an effector molecule binds to the protein of interest and
creates intravascular thrombosis. (Figure - courtesy of Prof. Stoodley)

lonizing radiation causes damage of the DNA and endothelium, which may lead
to cell death resulting in the externalisation of certain proteins [180]. In this way,
the molecular changes in the endothelial cell surface of AVM vessels could be
targeted with pro-thrombotic agents. Consequently, the pro-thrombotic
molecules will bind to specific sites in the AVM vasculature leading to rapid

thrombosis and AVM occlusion [180].

Storer et al reported the first study on vascular targeting in combination with
radiosurgery. This was a non-ligand based strategy for enhancing thrombosis in
a rat model of AVM using lipopolysaccharide and soluble tissue factor [62]. A

ligand-based strategy is more advantageous because it gives a wider repertoire
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of effector moieties to remodel the endothelium and enhance thrombosis [175].
E-selectin, VCAM, ICAM, PECAM, ESAM, Hmga2, cadherin 5, cadherin 13 and
integrin beta 1 are some of the targets explored for ligand based vascular
targeting in an animal model of AVM [62, 63]. The externalisation of
phosphotidylserine post radiation was studied in cell models of AVM using live
cell imaging. The rate of externalisation was explored at different dosages [180].
Targeting the AVM vasculature is currently in its preliminary stages of
investigation. Research is underway in the search for the right candidate

molecules that will treat AVMs.

Summary
AVMs are congenital lesions that cause brain haemorrhage in children and young

adults that result in death or severe neurological deficits. Current treatment
options cannot treat large AVMs and those not superficially located, which leads
to a need for a new treatment. Knowledge on the molecular biology of AVMs can
lead to a novel approach of treating AVMs by the technique called vascular
targeting. The endothelium is the preferred target for delivering therapeutic
biomolecules because of its accessibility. Through advanced procedures in
proteomics, access is acquired to a range of potential targets that are to be

validated for possible therapeutic use in future for the treatment of AVMs.
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Hypothesis

1.

Aims

Endothelial molecular changes induced by radiation can be detected in
circulating endothelial microparticles.
Radiation induces molecular changes in in vitro and in vivo models of

arteriovenous malformation.

The overall goal of this Ph.D. project was to discover and validate potential target

molecules from animal model, in vivo and in vitro studies.

1.

To determine the protein expression of 3 target molecules - integrin V
alpha (CD51), TGF-B1 binding protein (CD109) and bone morphogenetic
protein 3 (BMP3) in an animal model of AVM after irradiation
(Chapter 2).

To quantify the level of endothelial microparticles in plasma samples of
AVM patients and compare against control volunteers (Chapter 3).

To determine the protein expression of human cerebral microvascular
endothelial cells in response to radiation and validate 4 target molecules

- talin, myoferlin, HADHA and elongation factor 2 (Chapter 4).

33



10.

11.

12.

13.

14.

15.

References
Friedlander, R.M., Clinical practice. Arteriovenous malformations of the
brain. N Engl ] Med, 2007. 356(26): p. 2704-12.
Jeffree, R.L. and M.A. Stoodley, Postnatal development of arteriovenous
malformations. Pediatric Neurosurgery, 2009. 45(4): p. 296-304.
Achrol, A.S., R. Guzman, M. Varga, J.R. Adler, G.K. Steinberg, and S.D. Chang,
Pathogenesis and radiobiology of brain arteriovenous malformations:
implications for risk stratification in natural history and posttreatment
course. Neurosurg Focus, 2009. 26(5): p. ES.
Brown, R.D,, Jr,, D.O. Wiebers, G. Forbes, W.M. O'Fallon, D.G. Piepgras, W.R.
Marsh, and R.J. Maciunas, The natural history of unruptured intracranial
arteriovenous malformations. ] Neurosurg, 1988. 68(3): p. 352-7.
Ulrich Grzyska, ].F., Pathophysiology and Treatment of Brain AVMs. Clin
Neuroradiol, 2009. 1(19): p. 82-90.
Hofmeister, C., C. Stapf, A. Hartmann, R.R. Sciacca, U. Mansmann, K.
terBrugge, P. Lasjaunias, ].P. Mohr, H. Mast, and ]. Meisel, Demographic,
morphological, and clinical characteristics of 1289 patients with brain
arteriovenous malformation. Stroke, 2000. 31(6): p. 1307-10.
Stapf, C., H. Mast, R.R. Sciacca, ]J.H. Choi, A.V. Khaw, E.S. Connolly, ]. Pile-
Spellman, and ].P. Mohr, Predictors of hemorrhage in patients with
untreated brain arteriovenous malformation. Neurology, 2006. 66(9): p.
1350-5.
Rosenkranz, M., ]J. Regelsberger, H. Zeumer, and U. Grzyska, Management
of cerebral arteriovenous malformations associated with symptomatic
congestive intracranial hypertension. Eur Neurol, 2008. 59(1-2): p. 62-6.
Warkany, J. and R.J. Lemire, Arteriovenous malformations of the brain: a
teratologic challenge. Teratology, 1984. 29(3): p. 333-53.
Kim, H., C.E. McCulloch, S.C. Johnston, M.T. Lawton, S. Sidney, and W.L.
Young, Comparison of 2 approaches for determining the natural history risk
of brain arteriovenous malformation rupture. Am ] Epidemiol, 2010.
171(12): p. 1317-22.
Berman, M.F., R.R. Sciacca, J. Pile-Spellman, C. Stapf, E.S. Connolly, Jr., J.P.
Mohr, and W.L. Young, The epidemiology of brain arteriovenous
malformations. Neurosurgery, 2000. 47(2): p. 389-96; discussion 397.
MacDonald, B.K., O.C. Cockerell, J.JW. Sander, and S.D. Shorvon, The
incidence and lifetime prevalence of neurological disorders in a prospective
community-based study in the UK. Brain, 2000. 123 ( Pt 4): p. 665-76.
Davidson, A.S. and M.K. Morgan, How safe is arteriovenous malformation
surgery? A prospective, observational study of surgery as first-line
treatment for brain arteriovenous malformations. Neurosurgery, 2010.
66(3): p. 498-504; discussion 504-5.
Haitjema, T., C.J. Westermann, T.T. Overtoom, R. Timmer, F. Disch, H.
Mauser, and J.W. Lammers, Hereditary hemorrhagic telangiectasia (Osler-
Weber-Rendu disease): new insights in pathogenesis, complications, and
treatment. Arch Intern Med, 1996. 156(7): p. 714-9.
Gallione, CJ., E.A. Scheessele, D. Reinhardt, A.J. Duits, ].N. Berg, C.J.
Westermann, and D.A. Marchuk, Two common endoglin mutations in
families with hereditary hemorrhagic telangiectasia in the Netherlands
Antilles: evidence for a founder effect. Hum Genet, 2000. 107(1): p. 40-4.

34



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Spetzler, R.F. and N.A. Martin, A proposed grading system for arteriovenous
malformations. | Neurosurg, 1986. 65(4): p. 476-83.

Luessenhop, A.J. and T.A. Gennarelli, Anatomical grading of supratentorial
arteriovenous malformations for determining operability. Neurosurgery,
1977.1(1): p. 30-5.

Altay, T., Management of arteriovenous malformations related to Spetzler-
Martin grading system. ] Neurol Surg A Cent Eur Neurosurg, 2012. 73(5):
p. 307-19.

Gross, B.A. and R. Du, Surgical and radiosurgical results of the treatment of
cerebral arteriovenous malformations. | Clin Neurosci, 2012. 19(7): p.
1001-4.

Morgan, M.K,, A.M. Rochford, A. Tsahtsarlis, N. Little, and K.C. Faulder,
Surgical risks associated with the management of Grade I and II brain
arteriovenous malformations. Neurosurgery, 2007. 61(1 Suppl): p. 417-
22; discussion 422-4.

Farhat, H.I,, Cerebral arteriovenous malformations. Dis Mon, 2011. 57(10):
p. 625-37.

See, A.P., S. Raza, RJ. Tamargo, and M. Lim, Stereotactic radiosurgery of
cranial arteriovenous malformations and dural arteriovenous fistulas.
Neurosurg Clin N Am, 2012. 23(1): p. 133-46.

Kondziolka, D., ]J.C. Flickinger, and L. Dade Lunsford, Clinical research in
stereotactic radiosurgery: lessons learned from over 10,000 cases. Neurol
Res, 2011. 33(8): p. 792-802.

Novakovic, R.L., M.A. Lazzaro, A.C. Castonguay, and 0.0. Zaidat, The
diagnosis and management of brain arteriovenous malformations. Neurol
Clin, 2013. 31(3): p. 749-63.

Han, P.P, F.A. Ponce, and R.F. Spetzler, Intention-to-treat analysis of
Spetzler-Martin grades 1V and V arteriovenous malformations: natural
history and treatment paradigm. ] Neurosurg, 2003. 98(1): p. 3-7.

Heros, R.C., Spetzler-Martin grades IV and V arteriovenous malformations. ]
Neurosurg, 2003. 98(1): p. 1-2; discussion 2.

Sammons, V., A. Davidson, ]J. Tu, and M.A. Stoodley, Endothelial cells in the
context of brain arteriovenous malformations. ] Clin Neurosci, 2011. 18(2):
p. 165-70.

Liu, S., V. Sammons, ]. Fairhall, R. Reddy, ]J. Tu, T.T. Duong, and M. Stoodley,
Molecular responses of brain endothelial cells to radiation in a mouse
model. ] Clin Neurosci, 2012. 19(8): p. 1154-8.

Rangel-Castilla, L., ].J. Russin, E. Martinez-Del-Campo, H. Soriano-Baron,
R.F. Spetzler, and P. Nakaji, Molecular and cellular biology of cerebral
arteriovenous malformations: a review of current concepts and future
trends in treatment. Neurosurg Focus, 2014. 37(3): p. E1.

Shenkar, R., ].P. Elliott, K. Diener, J. Gault, L.J. Hu, R.J. Cohrs, T. Phang, L.
Hunter, R.E. Breeze, and 1.A. Awad, Differential gene expression in human
cerebrovascular malformations. Neurosurgery, 2003. 52(2): p. 465-77;
discussion 477-8.

Lim, M,, S. Cheshier, and G.K. Steinberg, New vessel formation in the central
nervous system during tumor growth, vascular malformations, and
Moyamoya. Curr Neurovasc Res, 2006. 3(3): p. 237-45.

35



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.
46.
47.

48.

49.

50.

51.

Moftakhar, P., J.S. Hauptman, D. Malkasian, and N.A. Martin, Cerebral
arteriovenous malformations. Part 2: physiology. Neurosurg Focus, 2009.
26(5): p. E11.

Moftakhar, P., J.S. Hauptman, D. Malkasian, and N.A. Martin, Cerebral
arteriovenous malformations. Part 1: cellular and molecular biology.
Neurosurg Focus, 2009. 26(5): p. E10.

Cines, D.B, E.S. Pollak, C.A. Buck, J. Loscalzo, G.A. Zimmerman, R.P.
McEver, ].S. Pober, T.M. Wick, B.A. Konkle, B.S. Schwartz, E.S. Barnathan,
K.R. McCrae, B.A. Hug, A.M. Schmidt, and D.M. Stern, Endothelial cells in
physiology and in the pathophysiology of vascular disorders. Blood, 1998.
91(10): p. 3527-61.

Aird, W.C., Phenotypic heterogeneity of the endothelium: I. Structure,
function, and mechanisms. Circ Res, 2007. 100(2): p. 158-73.

Aird, W.C., Molecular heterogeneity of tumor endothelium. Cell Tissue Res,
2009.335(1): p. 271-81.

Persidsky, Y., S.H. Ramirez, ]. Haorah, and G.D. Kanmogne, Blood-brain
barrier: structural components and function under physiologic and
pathologic conditions. ] Neuroimmune Pharmacol, 2006. 1(3): p. 223-36.
Sumpio, B.E,, ].T. Riley, and A. Dardik, Cells in focus: endothelial cell. Int ]
Biochem Cell Biol, 2002. 34(12): p. 1508-12.

Aird, W.C., Phenotypic heterogeneity of the endothelium: II. Representative
vascular beds. Circ Res, 2007. 100(2): p. 174-90.

Augustin, H.G., D.H. Kozian, and R.C. Johnson, Differentiation of endothelial
cells: analysis of the constitutive and activated endothelial cell phenotypes.
Bioessays, 1994. 16(12): p. 901-6.

Hanahan, D. and J. Folkman, Patterns and emerging mechanisms of the
angiogenic switch during tumorigenesis. Cell, 1996. 86(3): p. 353-64.
Risau, W,, Differentiation of endothelium. FASEB ], 1995. 9(10): p. 926-33.
Pries, A.R,, T.W. Secomb, and P. Gaehtgens, The endothelial surface layer.
Pflugers Arch, 2000. 440(5): p. 653-66.

Weibel, E.R. and G.E. Palade, New Cytoplasmic Components in Arterial
Endothelia. ] Cell Biol, 1964. 23: p. 101-12.

Florey, The endothelial cell. Br Med ], 1966. 2(5512): p. 487-90.

Aird, W.C., Endothelial cell heterogeneity. Crit Care Med, 2003. 31(4
Suppl): p. S221-30.

Smith, U., ].W. Ryan, D.D. Michie, and D.S. Smith, Endothelial projections as
revealed by scanning electron microscopy. Science, 1971. 173(4000): p.
925-7.

DeFouw, D.O. Structural heterogeneity within the pulmonary
microcirculation of the normal rat. Anat Rec, 1988. 221(2): p. 645-54.
Hickey, M.]., D.N. Granger, and P. Kubes, Molecular mechanisms underlying
IL-4-induced leukocyte recruitment in vivo: a critical role for the alpha 4
integrin. ] Immunol, 1999. 163(6): p. 3441-8.

Streeter, P.R, E.L. Berg, B.T. Rouse, R.F. Bargatze, and E.C. Butcher, A
tissue-specific endothelial cell molecule involved in lymphocyte homing.
Nature, 1988.331(6151): p. 41-6.

Kennel, S.J., J.A. Hotchkiss, M.C. Rorvik, D.P. Allison, and L.]. Foote, Rat
monoclonal antibodies to mouse lung components for analysis of fibrosis.
Exp Mol Pathol, 1987. 47(1): p. 110-24.

36



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Michalak, T., F.P. White, A.L. Gard, and G.R. Dutton, A monoclonal antibody
to the endothelium of rat brain microvessels. Brain Res, 1986. 379(2): p.
320-8.

Ghandour, S., K. Langley, G. Gombos, M. Hirn, M.R. Hirsch, and C. Goridis, A
surface marker for murine vascular endothelial cells defined by monoclonal
antibody. ] Histochem Cytochem, 1982. 30(2): p. 165-70.

Auerbach, R, L. Alby, L.W. Morrissey, M. Tu, and ]. Joseph, Expression of
organ-specific antigens on capillary endothelial cells. Microvasc Res, 1985.
29(3): p.- 401-11.

Balazs, M., L. Grama, and P. Balogh, Detection of phenotypic heterogeneity
within the murine splenic vasculature using rat monoclonal antibodies IBL-
7/1 and IBL-7/22. Hybridoma, 1999. 18(2): p. 177-82.

Henninger, D.D., ]. Panes, M. Eppihimer, ]J. Russell, M. Gerritsen, D.C.
Anderson, and D.N. Granger, Cytokine-induced VCAM-1 and ICAM-1
expression in different organs of the mouse. ] Immunol, 1997. 158(4): p.
1825-32.

Eppihimer, M.],, B. Wolitzky, D.C. Anderson, M.A. Labow, and D.N. Granger,
Heterogeneity of expression of E- and P-selectins in vivo. Circ Res, 1996.
79(3): p. 560-9.

Page, C.,, M. Rose, M. Yacoub, and R. Pigott, Antigenic heterogeneity of
vascular endothelium. Am ] Pathol, 1992. 141(3): p. 673-83.

Turner, R.R,, ].H. Beckstead, R.A. Warnke, and G.S. Wood, Endothelial cell
phenotypic diversity. In situ demonstration of immunologic and enzymatic
heterogeneity that correlates with specific morphologic subtypes. Am ] Clin
Pathol, 1987. 87(5): p. 569-75.

Hajra, L., A.L. Evans, M. Chen, S.J. Hyduk, T. Collins, and M.I. Cybulsky, The
NF-kappa B signal transduction pathway in aortic endothelial cells is
primed for activation in regions predisposed to atherosclerotic lesion
formation. Proc Natl Acad Sci U S A, 2000. 97(16): p. 9052-7.

Tu, J., A. Karunanayaka, A. Windsor, and M.A. Stoodley, Comparison of an
animal model of arteriovenous malformation with human arteriovenous
malformation. ] Clin Neurosci, 2010. 17(1): p. 96-102.

Storer, K.P., ]. Tu, M.A. Stoodley, and R.I. Smee, Expression of endothelial
adhesion molecules after radiosurgery in an animal model of arteriovenous
malformation. Neurosurgery, 2010. 67(4): p. 976-83; discussion 983.
Reddy, R., T.T. Duong, ].M. Fairhall, R.I. Smee, and M.A. Stoodley, Durable
thrombosis in a rat model of arteriovenous malformation treated with
radiosurgery and vascular targeting. ] Neurosurg, 2014. 120(1): p. 113-9.
Kashba, S.R., N.J. Patel, M. Grace, V.S. Lee, N. Raoufi-Rad, ]J.V. Raj, T.T.
Duong, and M. Stoodley, Angiographic, hemodynamic, and histological
changes in an animal model of brain arteriovenous malformations treated
with Gamma Knife radiosurgery. ] Neurosurg, 2015. 123(4): p. 954-60.
Giuffrida, M.A., N.J. Bacon, and D.A. Kamstock, Use of routine
histopathology and factor VlIlI-related antigen/von Willebrand factor
immunohistochemistry to differentiate primary hemangiosarcoma of bone
from telangiectatic osteosarcoma in 54 dogs. Vet Comp Oncol, 2016.
Ghitescu, L. and M. Robert, Diversity in unity: the biochemical composition
of the endothelial cell surface varies between the vascular beds. Microsc Res
Tech, 2002. 57(5): p. 381-9.

37



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

McIntosh, D.P., X.Y. Tan, P. Oh, and J.E. Schnitzer, Targeting endothelium
and its dynamic caveolae for tissue-specific transcytosis in vivo: a pathway
to overcome cell barriers to drug and gene delivery. Proc Natl Acad Sci U S
A, 2002.99(4): p. 1996-2001.

Slany, A., A. Bileck, D. Kreutz, R.L. Mayer, B. Mugaku, and C. Gerner,
Contribution of Human Fibroblasts and Endothelial Cells to the Hallmarks
of Inflammation as Determined by Proteome Profiling. Mol Cell Proteomics,
2016.15(6): p. 1982-97.

Jin, H,, X. Cheng, Y. Pej, . Fu, Z. Lyu, H. Peng, Q. Yao, Y. Jiang, L. Luo, and H.
Zhuo, Data from a comparative proteomic analysis of tumor-derived lung-
cancer CD105(+) endothelial cells. Data Brief, 2016. 7: p. 927-39.

Patella, F., L.J. Neilson, D. Athineos, Z. Erami, K.I. Anderson, K. Blyth, K.M.
Ryan, and S. Zanivan, In-Depth Proteomics Identifies a Role for Autophagy
in Controlling Reactive Oxygen Species Mediated Endothelial Permeability. ]
Proteome Res, 2016. 15(7): p. 2187-97.

Bauer, A., H. Mylroie, C.C. Thornton, D. Calay, G.M. Birdsey, A.P. Kiprianos,
G.K. Wilson, M.P. Soares, X. Yin, M. Mayr, A.M. Randi, and J.C. Mason,
Identification of cyclins A1, E1 and vimentin as downstream targets of heme
oxygenase-1 in vascular endothelial growth factor-mediated angiogenesis.
Sci Rep, 2016. 6: p. 29417.

St Croix, B. C. Rago, V. Velculescu, G. Traverso, K.E. Romans, E.
Montgomery, A. Lal, G.J. Riggins, C. Lengauer, B. Vogelstein, and KW.
Kinzler, Genes expressed in human tumor endothelium. Science, 2000.
289(5482): p. 1197-202.

Girard, J.P.,, E.S. Baekkevold, T. Yamanaka, G. Haraldsen, P. Brandtzaeg,
and F. Amalric, Heterogeneity of endothelial cells: the specialized phenotype
of human high endothelial venules characterized by suppression subtractive
hybridization. Am ] Pathol, 1999. 155(6): p. 2043-55.

Kim, J.,, H. Wu, L. Hawthorne, S. Rafii, and ]. Laurence, Endothelial cell
apoptotic genes associated with the pathogenesis of thrombotic
microangiopathies: an application of oligonucleotide genechip technology.
Microvasc Res, 2001. 62(2): p. 83-93.

Gerritsen, M.E., R. Soriano, S. Yang, G. Ingle, C. Zlot, K. Toy, ]. Winer, A.
Draksharapu, F. Peale, T.D. Wu, and P.M. Williams, In silico data filtering to
identify new angiogenesis targets from a large in vitro gene profiling data
set. Physiol Genomics, 2002. 10(1): p. 13-20.

Sengoelge, G.,, W. Winnicki, A. Kupczok, A. von Haeseler, M. Schuster, W.
Pfaller, P. Jennings, A. Weltermann, S. Blake, and G. Sunder-Plassmann, A
SAGE based approach to human glomerular endothelium: defining the
transcriptome, finding a novel molecule and highlighting endothelial
diversity. BMC Genomics, 2014. 15: p. 725.

Wautier, M.P., B. Boval, O. Chappey, O. Enjolras, N. Wernert, ].]. Merland,
and ].L. Wautier, Cultured endothelial cells from human arteriovenous
malformations have defective growth regulation. Blood, 1999. 94(6): p.
2020-8.

Boscolo, E., G. Pavesi, P. Zampieri, M.T. Conconi, C. Calore, R. Scienza, P.P.
Parnigotto, and M. Folin, Endothelial cells from human cerebral aneurysm
and arteriovenous malformation release ET-1 in response to vessel rupture.
Int ] Mol Med, 2006. 18(5): p. 813-9.

38



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Ohlstein, E.H. and B.L. Storer, Oxyhemoglobin stimulation of endothelin
production in cultured endothelial cells. ] Neurosurg, 1992. 77(2): p. 274-8.
Kobayashi, H.,, M. Hayashi, S. Kobayashi, M. Kabuto, Y. Handa, and H.
Kawano, Effect of endothelin on the canine basilar artery. Neurosurgery,
1990. 27(3): p. 357-61.

Stapleton, C.J., D.L. Armstrong, R. Zidovetzki, C.Y. Liu, S.L. Giannotta, and
F.M. Hofman, Thrombospondin-1 modulates the angiogenic phenotype of
human  cerebral arteriovenous malformation endothelial cells.
Neurosurgery, 2011. 68(5): p. 1342-53; discussion 1353.

Chen, Y., L. Pawlikowska, ].S. Yao, F. Shen, W. Zhai, A.S. Achrol, M.T.
Lawton, P.Y. Kwok, G.Y. Yang, and W.L. Young, Interleukin-6 involvement in
brain arteriovenous malformations. Ann Neurol, 2006. 59(1): p. 72-80.
Aziz, M.M,, Y. Takagi, N. Hashimoto, and S. Miyamoto, Expression and
activation of STAT family proteins in cerebral arteriovenous malformations.
World Neurosurg, 2012. 78(5): p. 487-97.

Shimizu, T., K. Sugawara, M. Tosaka, H. Imai, K. Hoya, T. Takeuchi, T.
Sasaki, and N. Saito, Nestin expression in vascular malformations: a novel
marker for proliferative endothelium. Neurol Med Chir (Tokyo), 2006.
46(3): p. 111-7.

Murphy, P.A,, G. Lu, S. Shiah, A.W. Bollen, and R.A. Wang, Endothelial Notch
signaling is upregulated in human brain arteriovenous malformations and
a mouse model of the disease. Lab Invest, 2009. 89(9): p. 971-82.

Yao, Y. J. Yao, M. Radparvar, A.M. Blazquez-Medela, P.]. Guihard, M.
Jumabay, and K.. Bostrom, Reducing Jagged 1 and 2 levels prevents
cerebral arteriovenous malformations in matrix Gla protein deficiency. Proc
Natl Acad Sci U S A, 2013.110(47): p. 19071-6.

Tu, J., Y. Li, Z. Hu, and Z. Chen, Radiosurgery inhibition of the Notch
signaling pathway in a rat model of arteriovenous malformations. ]
Neurosurg, 2014. 120(6): p. 1385-96.

Daiber, A, S. Steven, A. Weber, V.V. Shuvaev, V.R. Muzykantov, I. Laher, H.
Li, S. Lamas, and T. Munzel, Targeting vascular (endothelial) dysfunction.
Br ] Pharmacol, 2016.

Park, K.H. and W.]. Park, Endothelial Dysfunction: Clinical Implications in
Cardiovascular Disease and Therapeutic Approaches. ] Korean Med Sci,
2015.30(9): p. 1213-25.

Cai, H. and D.G. Harrison, Endothelial dysfunction in cardiovascular
diseases: the role of oxidant stress. Circ Res, 2000. 87(10): p. 840-4.
Suganya, N., E. Bhakkiyalakshmi, D.V. Sarada, and K.M. Ramkumar,
Reversibility of endothelial dysfunction in diabetes: role of polyphenols. Br ]
Nutr, 2016.116(2): p. 223-46.

Vapaatalo, H. and E. Mervaala, Clinically important factors influencing
endothelial function. Med Sci Monit, 2001. 7(5): p. 1075-85.

Libby, P., P.M. Ridker, and A. Maseri, Inflammation and atherosclerosis.
Circulation, 2002. 105(9): p. 1135-43.

Gokce, N,, ].F. Keaney, Jr., L.M. Hunter, M.T. Watkins, ].0. Menzoian, and J.A.
Vita, Risk stratification for postoperative cardiovascular events via
noninvasive assessment of endothelial function: a prospective study.
Circulation, 2002. 105(13): p. 1567-72.

39



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Poggesi, A., M. Pasi, F. Pescini, L. Pantoni, and D. Inzitari, Circulating
biologic markers of endothelial dysfunction in cerebral small vessel disease:
A review. ] Cereb Blood Flow Metab, 2016. 36(1): p. 72-94.

Su, ].B., Vascular endothelial dysfunction and pharmacological treatment.
World ] Cardiol, 2015. 7(11): p. 719-41.

Nishida, K., D.G. Harrison, ].P. Navas, A.A. Fisher, S.P. Dockery, M. Uematsu,
R.M. Nerem, RW. Alexander, and T.]. Murphy, Molecular cloning and
characterization of the constitutive bovine aortic endothelial cell nitric
oxide synthase. ] Clin Invest, 1992. 90(5): p. 2092-6.

Sessa, W.C, J.K. Harrison, C.M. Barber, D. Zeng, M.E. Durieux, D.D.
D'Angelo, K.R. Lynch, and M.]. Peach, Molecular cloning and expression of a
c¢DNA encoding endothelial cell nitric oxide synthase. ] Biol Chem, 1992.
267(22): p. 15274-6.

Palmer, R.M., D.S. Ashton, and S. Moncada, Vascular endothelial cells
synthesize nitric oxide from L-arginine. Nature, 1988. 333(6174): p. 664-6.
Boger, R.H., S.M. Bode-Boger, A. Szuba, P.S. Tsao, ]J.R. Chan, 0. Tangphao,
T.F. Blaschke, and ].P. Cooke, Asymmetric dimethylarginine (ADMA): a
novel risk factor for endothelial dysfunction: its role in
hypercholesterolemia. Circulation, 1998. 98(18): p. 1842-7.

Vallance, P., A. Leone, A. Calver, ]. Collier, and S. Moncada, Accumulation of
an endogenous inhibitor of nitric oxide synthesis in chronic renal failure.
Lancet, 1992. 339(8793): p. 572-5.

Stamler, J.S., D.I. Simon, ].A. Osborne, M.E. Mullins, O. Jaraki, T. Michel, D.].
Singel, and ]. Loscalzo, S-nitrosylation of proteins with nitric oxide:
synthesis and characterization of biologically active compounds. Proc Natl
Acad Sci U S A, 1992.89(1): p. 444-8.

Blanco-Rivero, ]., V. Cachofeiro, V. Lahera, R. Aras-Lopez, 1. Marquez-
Rodas, M. Salaices, F.E. Xavier, M. Ferrer, and G. Balfagon, Participation of
prostacyclin in endothelial dysfunction induced by aldosterone in
normotensive and hypertensive rats. Hypertension, 2005. 46(1): p. 107-12.
Camacho, M., ]. Lopez-Belmonte, and L. Vila, Rate of vasoconstrictor
prostanoids released by endothelial cells depends on cyclooxygenase-2
expression and prostaglandin I synthase activity. Circ Res, 1998. 83(4): p.
353-65.

Ridker, P.M., C.L. Gaboury, P.R. Conlin, E.W. Seely, G.H. Williams, and D.E.
Vaughan, Stimulation of plasminogen activator inhibitor in vivo by infusion
of angiotensin II. Evidence of a potential interaction between the renin-
angiotensin system and fibrinolytic function. Circulation, 1993. 87(6): p.
1969-73.

Arenas, LA, Y. Xu, P. Lopez-Jaramillo, and S.T. Davidge, Angiotensin II-
induced MMP-2 release from endothelial cells is mediated by TNF-alpha. Am
] Physiol Cell Physiol, 2004. 286(4): p. C779-84.

Tamarat, R, ].S. Silvestre, M. Durie, and B.1. Levy, Angiotensin I angiogenic
effect in vivo involves vascular endothelial growth factor- and
inflammation-related pathways. Lab Invest, 2002. 82(6): p. 747-56.
Watanabe, T., T.A. Barker, and B.C. Berk, Angiotensin Il and the
endothelium: diverse signals and effects. Hypertension, 2005. 45(2): p.
163-9.

40



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

Helset, E., T. Sildnes, and Z.S. Konopski, Endothelin-1 Stimulates Monocytes
in vitro to Release Chemotactic Activity Identified as Interleukin-8 and
Monocyte Chemotactic Protein-1. Mediators Inflamm, 1994. 3(2): p. 155-
60.

Callera, G.E., A.C. Montezano, R.M. Touyz, T.M. Zorn, M.H. Carvalho, Z.B.
Fortes, D. Nigro, E.L. Schiffrin, and R.C. Tostes, ETA receptor mediates
altered leukocyte-endothelial cell interaction and adhesion molecules
expression in DOCA-salt rats. Hypertension, 2004. 43(4): p. 872-9.
Sanchez, A. P. Martinez, M. Munoz, S. Benedito, A. Garcia-Sacristan, M.
Hernandez, and D. Prieto, Endothelin-1 contributes to endothelial
dysfunction and enhanced vasoconstriction through augmented superoxide
production in penile arteries from insulin-resistant obese rats: role of ET(A)
and ET(B) receptors. Br ] Pharmacol, 2014. 171(24): p. 5682-95.

Chai, J. and Q. Song, Quantitative and multiplexed study of endothelial cell
inflammation. Cell Biochem Biophys, 2014. 70(3): p. 1783-90.

Libby, P., Inflammation in atherosclerosis. Nature, 2002. 420(6917): p.
868-74.

Tousoulis, D., C. Antoniades, N. Koumallos, and C. Stefanadis, Pro-
inflammatory cytokines in acute coronary syndromes: from bench to
bedside. Cytokine Growth Factor Rev, 2006. 17(4): p. 225-33.

Li, H. and U. Forstermann, Nitric oxide in the pathogenesis of vascular
disease. ] Pathol, 2000. 190(3): p. 244-54.

Chironi, G.N., C.M. Boulanger, A. Simon, F. Dignat-George, ].M. Freyssinet,
and A. Tedgui, Endothelial microparticles in diseases. Cell Tissue Res, 2009.
335(1): p. 143-51.

Burnouf, T., M.L. Chou, H. Goubran, F. Cognasse, 0. Garraud, and ].
Seghatchian, An overview of the role of microparticles/microvesicles in
blood components: Are they clinically beneficial or harmful? Transfus
Apher Sci, 2015. 53(2): p. 137-45.

Burnouf, T., H.A. Goubran, M.L. Chou, D. Devos, and M. Radosevic, Platelet
microparticles: detection and assessment of their paradoxical functional
roles in disease and regenerative medicine. Blood Rev, 2014. 28(4): p. 155-
66.

Mooberry, M.]. and N.S. Key, Microparticle analysis in disorders of
hemostasis and thrombosis. Cytometry A, 2016. 89(2): p. 111-22.

Burger, D. and R.M. Touyz, Cellular biomarkers of endothelial health:
microparticles, endothelial progenitor cells, and circulating endothelial
cells. Journal of the American Society of Hypertension, 2012. 6(2): p. 85-
99.

La Vignera, S., R. Condorelli, E. Vicari, R. D'Agata, and A.E. Calogero,
Circulating endothelial progenitor cells and endothelial microparticles in
patients with arterial erectile dysfunction and metabolic syndrome. Journal
of Andrology, 2012. 33(2): p. 202-9.

Sari, I, G. Bozkaya, H. Kirbiyik, A. Alacacioglu, H. Ates, G. Sop, G. Can, A.
Taylan, O. Piskin, Y. Yildiz, and N. Akkoc, Evaluation of circulating
endothelial and platelet microparticles in men with ankylosing spondylitis. ]
Rheumatol, 2012. 39(3): p. 594-9.

van lerssel, S.H, V.Y. Hoymans, E.M. Van Craenenbroeck, V.F. Van
Tendeloo, C.J. Vrints, P.G. Jorens, and V.M. Conraads, Endothelial

41



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

microparticles (EMP) for the assessment of endothelial function: an in vitro
and in vivo study on possible interference of plasma lipids. PLoS ONE
[Electronic Resource], 2012. 7(2): p. e31496.

Herring, ].M., M.A. McMichael, and S.A. Smith, Microparticles in health and
disease. ] Vet Intern Med, 2013. 27(5): p. 1020-33.

Dignat-George, F. and C.M. Boulanger, The many faces of endothelial
microparticles. Arterioscler Thromb Vasc Biol, 2011. 31(1): p. 27-33.
Simak, J. and M.P. Gelderman, Cell membrane microparticles in blood and
blood products: potentially pathogenic agents and diagnostic markers.
Transfus Med Rev, 2006. 20(1): p. 1-26.

Goubran, H.A, T. Burnouf, ]J. Stakiw, and ]. Seghatchian, Platelet
microparticle: a sensitive physiological "fine tuning" balancing factor in
health and disease. Transfus Apher Sci, 2015. 52(1): p. 12-8.

Puddu, P., G.M. Puddu, E. Cravero, S. Muscari, and A. Muscari, The
involvement of circulating microparticles in inflammation, coagulation and
cardiovascular diseases. Can ] Cardiol, 2010. 26(4): p. 140-5.

Sabatier, F., L. Camoin-Jau, F. Anfosso, J. Sampol, and F. Dignat-George,
Circulating endothelial cells, microparticles and progenitors: key players
towards the definition of vascular competence. ] Cell Mol Med, 2009. 13(3):
p. 454-71.

Combes, V., A.C. Simon, G.E. Grau, D. Arnoux, L. Camoin, F. Sabatier, M.
Mutin, M. Sanmarco, ]. Sampol, and F. Dignat-George, In vitro generation of
endothelial microparticles and possible prothrombotic activity in patients
with lupus anticoagulant. ] Clin Invest, 1999. 104(1): p. 93-102.

Amabile, N., A.P. Guerin, A. Leroyer, Z. Mallat, C. Nguyen, ]. Boddaert, G.M.
London, A. Tedgui, and C.M. Boulanger, Circulating endothelial
microparticles are associated with vascular dysfunction in patients with
end-stage renal failure. ] Am Soc Nephrol, 2005. 16(11): p. 3381-8.
Amabile, N., C. Heiss, W.M. Real, P. Minasi, D. McGlothlin, E.]. Rame, W.
Grossman, T. De Marco, and Y. Yeghiazarians, Circulating endothelial
microparticle levels predict hemodynamic severity of pulmonary
hypertension. Am ] Respir Crit Care Med, 2008. 177(11): p. 1268-75.
Minagar, A.,, W. ]y, ].J. Jimenez, W.A. Sheremata, L.M. Mauro, W.W. Mao, L.L.
Horstman, and Y.S. Ahn, Elevated plasma endothelial microparticles in
multiple sclerosis. Neurology, 2001. 56(10): p. 1319-24.

Simak, J., K. Holada, A.M. Risitano, J.H. Zivny, N.S. Young, and ].G. Vostal,
Elevated circulating endothelial membrane microparticles in paroxysmal
nocturnal haemoglobinuria. Br | Haematol, 2004. 125(6): p. 804-13.
Jimenez, ].J., W. Jy, L.M. Mauro, L.L. Horstman, and Y.S. Ahn, Elevated
endothelial microparticles in thrombotic thrombocytopenic purpura:
findings from brain and renal microvascular cell culture and patients with
active disease. Br ] Haematol, 2001. 112(1): p. 81-90.

Preston, R.A,, W. Jy, ].J. Jimenez, L.M. Mauro, L.L. Horstman, M. Valle, G.
Aime, and Y.S. Ahn, Effects of severe hypertension on endothelial and
platelet microparticles. Hypertension, 2003. 41(2): p. 211-7.

Diamant, M., R. Nieuwland, R.F. Pablo, A. Sturk, ].W. Smit, and J.K. Radder,
Elevated numbers of tissue-factor exposing microparticles correlate with
components of the metabolic syndrome in uncomplicated type 2 diabetes
mellitus. Circulation, 2002. 106(19): p. 2442-7.

42



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Arteaga, R.B,, J.A. Chirinos, A.O. Soriano, W. Jy, L. Horstman, J.J. Jimenez, A.
Mendez, A. Ferreira, E. de Marchena, and Y.S. Ahn, Endothelial
microparticles and platelet and leukocyte activation in patients with the
metabolic syndrome. Am | Cardiol, 2006. 98(1): p. 70-4.

Mallat, Z., H. Benamer, B. Hugel, J. Benessiano, P.G. Steg, ].M. Freyssinet,
and A. Tedgui, Elevated levels of shed membrane microparticles with
procoagulant potential in the peripheral circulating blood of patients with
acute coronary syndromes. Circulation, 2000. 101(8): p. 841-3.

Nomura, S., Y. Ozaki, and Y. Ikeda, Function and role of microparticles in
various clinical settings. Thromb Res, 2008. 123(1): p. 8-23.

Poncelet, P., S. Robert, N. Bailly, F. Garnache-Ottou, T. Bouriche, B. Devalet,
J.H. Segatchian, P. Saas, and F. Mullier, Tips and tricks for flow cytometry-
based analysis and counting of microparticles. Transfus Apher Sci, 2015.
53(2): p. 110-26.

Shah, M.D., A.L. Bergeron, ].F. Dong, and J.A. Lopez, Flow cytometric
measurement of microparticles: pitfalls and protocol modifications.
Platelets, 2008. 19(5): p. 365-72.

Orozco, A.F. and D.E. Lewis, Flow cytometric analysis of circulating
microparticles in plasma. Cytometry A, 2010. 77(6): p. 502-14.

Bosslet, K., R. Straub, M. Blumrich, ]J. Czech, M. Gerken, B. Sperker, H.K.
Kroemer, ]J.P. Gesson, M. Koch, and C. Monneret, Elucidation of the
mechanism enabling tumor selective prodrug monotherapy. Cancer Res,
1998. 58(6): p. 1195-201.

Jain, RK, Transport of molecules in the tumor interstitium: a review.
Cancer Res, 1987.47(12): p. 3039-51.

Workman, P., New drug targets for genomic cancer therapy: successes,
limitations, opportunities and future challenges. Curr Cancer Drug Targets,
2001.1(1): p. 33-47.

Lindsay, M.A., Target discovery. Nat Rev Drug Discov, 2003. 2(10): p. 831-
8.

Rudin, M. and R. Weissleder, Molecular imaging in drug discovery and
development. Nat Rev Drug Discov, 2003. 2(2): p. 123-31.

Massoud, T.F. and S.S. Gambhir, Molecular imaging in living subjects:
seeing fundamental biological processes in a new light. Genes Dev, 2003.
17(5): p. 545-80.

Carver, L.A. and ].E. Schnitzer, Caveolae: mining little caves for new cancer
targets. Nat Rev Cancer, 2003. 3(8): p. 571-81.

Renkin, E.M., Capillary transport of macromolecules: pores and other
endothelial pathways. ] Appl Physiol (1985), 1985. 58(2): p. 315-25.
Lippert, J].W., 3rd, Vascular disrupting agents. Bioorg Med Chem, 2007.
15(2): p. 605-15.

Brekken, R.A,, C. Li, and S. Kumar, Strategies for vascular targeting in
tumors. Int ] Cancer, 2002. 100(2): p. 123-30.

Griffioen, AW., M.]. Coenen, C.A. Damen, S.M. Hellwig, D.H. van Weering,
W. Vooys, G.H. Blijham, and G. Groenewegen, CD44 is involved in tumor
angiogenesis; an activation antigen on human endothelial cells. Blood,
1997.90(3): p. 1150-9.

43



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Liu, N., R.K. Lapcevich, C.B. Underhill, Z. Han, F. Gao, G. Swartz, S.M. Plum,
L. Zhang, and S.J. Green, Metastatin: a hyaluronan-binding complex from
cartilage that inhibits tumor growth. Cancer Res, 2001. 61(3): p. 1022-8.
Koch, A.E., B.]J. Nickoloff, ]. Holgersson, B. Seed, G.K. Haines, ]J.C. Burrows,
and S.J. Leibovich, 4411, a monoclonal antibody recognizing a novel
antigen expressed on aberrant vascular endothelium. Upregulation in an in
vivo model of contact dermatitis. Am ] Pathol, 1994. 144(2): p. 244-59.
Rettig, W.]J., P. Garin-Chesa, |.H. Healey, S.L. Su, E.A. Jaffe, and L.J. Old,
Identification of endosialin, a cell surface glycoprotein of vascular
endothelial cells in human cancer. Proc Natl Acad Sci U S A, 1992. 89(22):
p. 10832-6.

Hagemeier, H.H., E. Vollmer, S. Goerdt, K. Schulze-Osthoff, and C. Sorg, A
monoclonal antibody reacting with endothelial cells of budding vessels in
tumors and inflammatory tissues, and non-reactive with normal adult
tissues. Int ] Cancer, 1986. 38(4): p. 481-8.

Wang, J.M,, S. Kumar, D. Pye, AJ. van Agthoven, ]J. Krupinski, and R.D.
Hunter, A monoclonal antibody detects heterogeneity in vascular
endothelium of tumours and normal tissues. Int | Cancer, 1993. 54(3): p.
363-70.

Westphal, J.R., H.W. Willems, C.J. Schalkwijk, D.]. Ruiter, and R.M. de Waal,
A new 180-kDa dermal endothelial cell activation antigen: in vitro and in
situ characteristics. ] Invest Dermatol, 1993. 100(1): p. 27-34.

Cooke, S.P., G.M. Boxer, L. Lawrence, R.B. Pedley, D.I. Spencer, R.H. Begent,
and K.A. Chester, A strategy for antitumor vascular therapy by targeting
the vascular endothelial growth factor: receptor complex. Cancer Res,
2001.61(9): p. 3653-9.

Brekken, R.A., X. Huang, S.W. King, and P.E. Thorpe, Vascular endothelial
growth factor as a marker of tumor endothelium. Cancer Res, 1998. 58(9):
p. 1952-9.

Ran, S, B. Gao, S. Duffy, L. Watkins, N. Rote, and P.E. Thorpe, Infarction of
solid Hodgkin's tumors in mice by antibody-directed targeting of tissue
factor to tumor vasculature. Cancer Res, 1998. 58(20): p. 4646-53.
Schliemann, C. and D. Neri, Antibody-based targeting of the tumor
vasculature. Biochim Biophys Acta, 2007. 1776(2): p. 175-92.

Bikfalvi, A. and R. Bicknell, Recent advances in angiogenesis, anti-
angiogenesis and vascular targeting. Trends Pharmacol Sci, 2002. 23(12):
p.576-82.

Simone, E., B.S. Ding, and V. Muzykantov, Targeted delivery of therapeutics
to endothelium. Cell Tissue Res, 2009. 335(1): p. 283-300.

Roodink, I. and W.P. Leenders, Targeted therapies of cancer: angiogenesis
inhibition seems not enough. Cancer Lett, 2010. 299(1): p. 1-10.

Burrows, F.J. and P.E. Thorpe, Eradication of large solid tumors in mice
with an immunotoxin directed against tumor vasculature. Proc Natl Acad
SciUS A, 1993.90(19): p. 8996-9000.

Folkman, ], Tumor angiogenesis: therapeutic implications. N Engl | Med,
1971.285(21): p. 1182-6.

Dziubla, T.D. and V.R. Muzykantov, Synthetic carriers for vascular delivery
of protein therapeutics. Biotechnol Genet Eng Rev, 2006. 22: p. 267-98.

44



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Horsman, M.R. and D.W. Siemann, Pathophysiologic effects of vascular-
targeting agents and the implications for combination with conventional
therapies. Cancer Res, 2006. 66(24): p. 11520-39.

El Kaffas, A.,, W. Tran, and G.J. Czarnota, Vascular strategies for enhancing
tumour response to radiation therapy. Technol Cancer Res Treat, 2012.
11(5): p. 421-32.

Wong, P.P., N. Bodrug, and K.M. Hodivala-Dilke, Exploring Novel Methods
for Modulating Tumor Blood Vessels in Cancer Treatment. Curr Biol, 2016.
26(21): p.R1161-R1166.

Storer, K, J. Tu, A. Karunanayaka, R. Smee, R. Short, P. Thorpe, and M.
Stoodley, Coadministration of low-dose lipopolysaccharide and soluble
tissue factor induces thrombosis after radiosurgery in an animal
arteriovenous malformation model. Neurosurgery, 2007. 61(3): p. 604-10;
discussion 610-1.

Rybak, J.N., E. Trachsel, ]J. Scheuermann, and D. Neri, Ligand-based
vascular targeting of disease. ChemMedChem, 2007. 2(1): p. 22-40.

Storer, K.P,, J. Tu, A. Karunanayaka, M.K. Morgan, and M.A. Stoodley,
Thrombotic molecule expression in cerebral vascular malformations. ] Clin
Neurosci, 2007. 14(10): p. 975-80.

Storer, K.P., ]J. Tu, A. Karunanayaka, M.K. Morgan, and M.A. Stoodley,
Inflammatory  molecule  expression in  cerebral  arteriovenous
malformations. | Clin Neurosci, 2008. 15(2): p. 179-84.

Jabbour, M.N,, ].B. Elder, C.G. Samuelson, S. Khashabi, F.M. Hofman, S.L.
Giannotta, and C.Y. Liu, Aberrant angiogenic characteristics of human
brain arteriovenous malformation endothelial cells. Neurosurgery, 2009.
64(1): p. 139-46; discussion 146-8.

Tu, J, M.A. Stoodley, M.K. Morgan, and K.P. Storer, Responses of
arteriovenous malformations to radiosurgery: ultrastructural changes.
Neurosurgery, 2006. 58(4): p. 749-58; discussion 749-58.

Zhao, Z., M.S. Johnson, B. Chen, M. Grace, ]. Ukath, V.S. Lee, L.S. McRobb,
L.M. Sedger, and M.A. Stoodley, Live-cell imaging to detect
phosphatidylserine externalization in brain endothelial cells exposed to
ionizing radiation: implications for the treatment of brain arteriovenous
malformations. ] Neurosurg, 2016. 124(6): p. 1780-7.

45



The following (pg 47 - 64) is a reproduction of the published manuscript that
reviews animal models of AVMs. It forms a part of the content described in this

chapter.

Experimental Animal Models of Arteriovenous Malformation:

A Review
Amal Raj ], Stoodley M. Experimental animal models of arteriovenous

malformations: A Review. Veterinary Sciences 2015, 2(2),97-110
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Abstract
Arteriovenous malformations (AVMs) are congenital lesions that cause brain

haemorrhage in children and young adults. Current treatment modalities include
surgery, radiosurgery and embolisation. These treatments are generally effective
only for small AVMs. Over one third of AVMs cannot be treated safely and
effectively with existing options. Several animal models have been developed
with the aims of understanding AVM pathophysiology and improving treatment.
No animal model perfectly mimics a human AVM. Each model has limitations and
advantages. Models contribute to the understanding of AVMs and hopefully to
the development of improved therapies. This paper reviews animal models of

AVMs and their advantages and disadvantages.

Introduction
Cerebral arteriovenous malformations (AVMs) are abnormal connections

between arteries and veins that lead to the formation of a tangled collection of
vessels referred to as a ‘nidus’ [1-3]. The high-pressure shunt of arterial blood
flowing through the fragile vessels in the nidus and the draining veins can cause
intracranial haemorrhage resulting in death or disability [4, 5]. The prevalence of
this condition is 0.01% - 0.5% of the population with presentation common in
children and young adults [2, 6]. In addition to haemorrhage, AVMs can present
with epileptic seizures, chronic headaches, migraines and ischaemic neurologic

deficits [7-10].

Current treatment options include surgical resection, endovascular occlusion
and radiosurgery, or combinations of these [11]. Surgery is generally limited to
small AVMs that are superficially located [12-14]. Large AVMs (more than 3 cm
diameter) and those located in critical regions such as the thalamus and basal
ganglia remain a challenge for effective treatment. There is a higher risk of
morbidity following surgery in such cases [11, 15, 16]. Radiosurgery, although
attractive as a relatively non-invasive treatment, is often not as effective as
surgery [17, 18]. There is also a 2 - 3 year delay to AVM occlusion after
radiosurgery treatment and a success rate of approximately only 80% even for

small lesions [14, 19-21].
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There is an urgent need for a new treatment for the over one third of AVMs that
cannot be safely and effectively treated with current protocols [21, 22]. Animal
models are required to investigate the pathogenesis of AVM formation and their
biological and haemodynamic characteristics. Development of a new effective
treatment for AVMs is also likely to depend on the use of appropriate animal
models. Improving responses of AVM tissue to radiation, and developing adjuvants
such as radiosensitisers, could be best achieved using animal models. Potential
new biological therapies such as gene therapy or vascular targeting to induce
AVM thrombosis will require animal models for developing and trialling the
therapeutic agents. Refining endovascular techniques is a further field where
animal models are extremely useful.

Many animal models have been developed in the last three decades. Each has
advantages and disadvantages and there is no model that is suitable for all
purposes. This review discusses each of the research settings where models are
used and discusses the advantages and disadvantages of each model.
Standardising animal model use for each research indication would hopefully lead
to uniformity in research methods and more efficient progress towards the goal

of developing better treatments for AVM patients.

Study of AVM Haemodynamics
Replicating AVM haemodynamics is necessary for the study of AVM

pathophysiology and refinement of endovascular techniques. Most models

include an arteriovenous shunt and a nidus.

The rete mirabile in swine has been used as an AVM model for its network of
microarteries that are interconnected and resemble an AVM nidus, at least
angiographically [23]. However its arterial-to-arterial structure does not mimic
that of a human AVM, which is arterial to venous [23]. This limitation was
addressed by creating a short-term arteriovenous shunt between the rete and
the internal carotid artery and the cavernous sinus [23]. Although this model has
morphological resemblances to human AVMs, there are several adverse effects
on the animals such as proptosis, chemosis and sub-conjunctival haemorrhage.
The model lasts for a maximum period of only a week by which time the

connections have occluded spontaneously. As with most AVM models, the rete
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mirabile model is not inside the brain. The model however is particularly useful

for refining endovascular techniques and trialling new embolic agents [23].

In an attempt to simplify the creation of the model, Massoud et al., created an
AVM model in the neck of swine, thus avoiding the adverse effects of the rete-
cavernous fistula model. In order to increase blood flow in the fistula, three
arteries are occluded in the neck region. This is followed by a side-to-side

anastomosis forming a carotid-jugular fistula [24].

This model has been criticised for its use of microcatheter and detachable
balloons, which are very expensive [25]. Qian et al. created a similar model in
sheep, but did not occlude the arterial branches (Fig 1.5). The sheep rete
mirabile is quite different to that in swine. The retia appear as two units,
connected by bridging vessels in sheep and as one in swine. This proves to be an
advantage for sheep over swine where it gives the possibility for researchers to

study multiple AVMs [25].

Figure 1.5: Animal model of cerebral AVM in sheep

Side-to-side anastomosis was carried out between the CCA and EJV (Right). The
arrows show the direction of the circulatory flow after anastomosis. ICA:
common carotid artery, EJV: external jugular vein. (Adapted from Qian et al,
1990) [25].
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Swine are preferred for their large neck vessels, which allow for faster and easier
fistula creation. There are models in which external arteries need not be
occluded [26, 27]. An end-to-end anastomosis instead of a side-to-side
anastomosis shows an increase in blood flow in the rete mirabile. Spontaneous
occlusion does not occur as in previous models, which means these could be
used for research that involves a longer duration [23, 24, 26, 27]. Additional
advantages with swine model are that the swine coagulation system is similar to

humans and they are inexpensive [24].

Haemodynamic models are also used to study perfusion pressure breakthrough,
the role of venous hypertension and the role of thrombosis in AVMs. Rat models
are often used for research in these areas [28, 29]. Various haemodynamic
arrangements have been used, although the model usually is located in the neck
region by creating an anastomosis between the common carotid artery and
external jugular vein [6, 30]. In these models, the common carotid artery acts as
the feeding artery and the external jugular vein acts as the arterialised vein. In
one model, the anastomosis is between the rostral carotid artery and the caudal
jugular vein. This arrangement results in intracranial hypoperfusion, analogous
to the ‘steal’ phenomenon around AVMs, and has been used to study the effects
of chronic ischaemia [31, 32]. The carotid jugular fistula model by Morgan et al.
was used to study hypoperfusion. An end-to-end anastomosis was performed
between the common carotid artery and the external jugular vein (Fig 1.6). The
involvement of both the intracranial arterial and venous systems with the

extracranial venous systems is a feature of this model [32].
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[ntracranial
Sinus

Right

Figure 1.6: Schematic representation of animal model of cerebral AVM in
l(NJE;}lf"otid jugular fistula model that involves an end-to-end anastomosis between
the common carotid artery and external jugular vein. ICA: internal carotid artery;
EJV: external jugular vein. (Adapted from Morgan et al., 1989) [32].

In other models, the anastomosis is a side-to-end connection between the
common carotid artery and the rostral external jugular vein. In this arrangement
arterial blood flows through the external jugular vein and its branches (the
“nidus”) and the outflow is then through the transverse sinus and the
contralateral jugular vein (draining vein) (Figure 1.7) [33, 34]. This model has
been used to study the molecular and morphological changes in AVMs treated
with radiosurgery [6, 35]. Critically, the model produces an endothelial
phenotype that resembles that of human AVMs; this is crucial when studying
radiation effects because the endothelial response to radiation is different for

different phenotypes. Blood flow has been shown to increase with time in this

model, at least until 42 days post-surgery [6].
In the many AVM models that claim to have a blood flow similar to what is

observed in human AVMs, the model is usually extracranial in location and not

intracranial [24, 36, 37]. In response to this, an AVM model was developed in
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beagle dogs (Figure 1.8) [38]. An end-to-end anastomosis between the
superficial temporal artery and the middle cerebral artery and an end to side
anastomosis between the superficial temporal artery and the dorsal sagittal
sinus were carried out. A muscle graft supplied by the superficial temporal
artery was fixed in the ischaemic region of the brain. Ischaemia was found to be
aggravated in the arteriovenous fistula region [38]. An advantage of this model is
its intracranial location. This model has not been reported in any subsequent

investigations.
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Figure 1.7: Schematic representation of an AVM model in rat

This is a carotid jugular, side-to-end anastomosis between the common carotid
artery and external jugular vein. This is a very efficient model for radiosurgery
related studies. CCA: common carotid artery, ICA: internal carotid artery, EJV:
external jugular vein. Anastomosis (1) arterial feeder (2) nidus (3) draining vein

(4).
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Figure 1.8: Animal model of cerebral AVM in beagle dogs

The dog model located intracranially has the benefit of the vascular capillary
network around the AV shunt, resembling the human AVM more closely. DSS:
Dorsal sagittal sinus MCA: Middle cerebral artery Area shaded with slanted lines:
Relative ischaemia to stimulate angiogenesis. A: End-to-end anastomosis B: End-
to-side anastomosis C: Muscle graft implanted in the ischaemic brain tissue and
supplied by the bypass D: Nomal capillary network in the brain parenchyma E:
Vein with normal drainage F: Arterialised blood G: Venous blood. (Adapted from
Pietila et al., 2000) [38].

A model was developed by Numazawa et al. to study hypoperfusion and
impaired CO: reactivity. A femoral vein graft was used to connect a cortical
branch of the middle cerebral artery and the superior sagittal sinus, thus
creating an arteriovenous shunt. This model was shown to closely resemble the
haemodynamics of AVM patients with hypoperfusion and decreased CO:

reactivity [39].

The rete mirabile is a suitable model for the development of endovascular
techniques. Surgery is not required for this arterio-arterial system. However for
studies involving the pathophysiology of AVMs and their haemodynamic
properties, an arterio-venous shunt is required. This swine model can be used
for this purpose, however the arteriovenous model in rats has an advantage in
terms of simpler animal care and maintenance and is far more economical than

swine and sheep.

54



Radiosurgery
Radiosurgery is one of the treatment options for AVMs [40-42]. A single,

focussed high dose of radiation is delivered to a target volume of AVM tissue [42,
43]. Free radicals react with the DNA causing damage [44, 45]. This is followed
by endothelial proliferation, smooth muscle cell proliferation and thrombosis,
which lead to AVM obliteration [43]. The exact mechanism is still unknown. AVM
animal models have therefore been developed to study the short-term effects of

radiosurgery.

De Salles et al. treated eight swine with 20, 30, 40, 50, 60, 70, 80 and 90 Gy
dosages. The rete mirabile was selected as the target tissue. Neurologic
dysfunctions, such as abnormal eye movement, were commonly observed in the
animals. A decrease in vascularity was observed in animals that received 50 Gy
or more dosage and complete obliteration of the rete mirabile was observed in
the animal that received 90 Gy [46]. The rete mirabile, which is located in the
cavernous sinus, is an arterioarterial system unlike an AVM that is an
arteriovenous system [47-49]. This means that that model lacks the high-

pressure blood flow in arterialised veins typical for an AVM.

Jahan et al. used the model by Massoud et al. to study the effects of radiosurgery
on a swine model where a carotid-jugular fistula was created in the neck [50,
51]. The preferred dosage was 40 Gy. Decreased vascularity was observed in
treated animals when compared to those not treated at a
three-month time point [50]. Histopathological changes post-radiation were
studied. The study showed expressions of Type IV collagen to be very similar to

those in resected specimens post-radiation from humans [50].

Radiosurgery is shown to cause vascular obliteration in several models. Intimal
hyperplasia, necrosis, oedema and gliosis have been observed in the tissues
surrounding the target volume [46]. In the rete mirabile model for instance, these
could be pointed to as the main cause for several neurological deficits such as
hemiparesis, loss of coordination, disruption in vision and seizures [46]. Mut et

al. studied a carotid jugular fistula model in a rat to see the effects of radiosurgery
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in the tissues surrounding the target volume for a dosage of 25 Gy [43]. DNA
strand breaks and the level of free radicals were analysed. There was significant

apoptosis in irradiated groups irrespective of the presence of the fistula [43].

Great care is taken in the complete obliteration of AVMs during surgical excision.
A small amount of tissue left behind is capable of AVM angiogenesis. This applies
to the radiosurgery treatment modality as well. AVM angiogenesis after
radiosurgery is highly dose dependent according to the corneal angiogenesis
model study [52]. Resected AVM specimens from humans were implanted in the
corneal tissues of rats. Dosages of 1.5 Gy, 3 Gy, 15 Gy and 30 Gy were
administered to the animals. The latter two dosage groups showed a greater

anti-angiogenesis effect than the former two [52].

Another major application radiosurgery models have is in the search for a
potential vascular target for inducing thrombosis. In the field of cancer, vascular
targeting has been successful in inducing thrombosis due to the molecular
differences that distinguish tumour vessels from normal vessels [33]. This
however requires the AVM vessels to differ significantly from normal vessels. Tu
et al. have reported increased levels of ICAM, VCAM and E-selectin in human
AVM endothelium when compared to the endothelium in normal vessels,
however the changes were not sufficiently discriminating to be used as a
vascular target [53]. The carotid jugular anastomosis rat model was to see if
radiosurgery induced molecular changes sufficient to discriminate them from
normal vessels [53]. In this model, the external jugular vein was anastomosed to
the common carotid artery. After six weeks when the fistulae were considered
mature, AVM niduses were treated with radiosurgery (25 Gy). In this work,
radiosurgery was given not as a treatment for the AVM but rather as a priming
technique to explore the endothelial molecular changes that would come about
as a result of radiosurgery [54]. Subsequent studies have used the model to

demonstrate induced thrombosis with vascular targeting [33, 35].

Swine and rat models are highly suitable to study the effects and efficacy of

radiosurgery. The swine model is resource intensive and suffers from the fact
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that the ‘nidus’ (rete mirabile) is purely arterial. The rat model is more practical
and consists of arterialised veins that more closely resemble the molecular

characteristics of human AVMs.

Genetic Studies
There is a growing interest in gene therapy to treat large AVMs and those located

in regions such as the thalamus, basal ganglia and brainstem that cannot be
treated by surgery [55-58]. For this to be successful, a family of molecules or a
particular gene responsible for a certain characteristic feature such as narrowing
of the arteries needs to be identified [58, 59]. Once identified, that particular
family of molecules or the gene may be overexpressed to remove the AVM
successfully [58]. AVMs are typically sporadic [60]. However, 2% of AVMs are
familial, including patients with hereditary haemorrhagic telangiectasia (HHT)
or Rendu-Osler Weber syndrome [60-62]. In HHT, abnormal malformations in
different organs such as the lung, liver, brain and spine occur as a result of
mutations in the endoglin and ACVRL1 genes [63, 64]. The causal factors for this
genetic disorder are unknown [65]. This poses the need for HHT animal models
to better understand the pathophysiology of HHT and also to develop new
therapeutic modalities. Animal model studies have successfully been able to
identify certain genetic mutations and risk factors [2, 66]. The TGF-3 genes are a
good example of those associated with non-sporadic AVMs. The TGF-f3 genes go
through a loss of function mutation in endoglin and activin like kinase giving rise

to the HHT (1 and 2) mutation resulting in AVM formation [65, 67, 68].

In the first transgenic mouse model study by Satomi et al, ten endoglin
heterozygous mice (Eng*/-) were compared with 15 controls (Eng*/*) mice.
AVMs are believed to develop in the mice that are heterozygous at the endoglin
locus [69]. Only 30% showed abnormalities that closely resemble those present
in human AVMs. However, no abnormalities were observed in any of the control
animals. Changes such as decreased arteriole constriction and increased relative
dilatation were also observed. More research is required to determine if these
changes actually contribute to the formation of AVMs in HHT patients [70]. In
another mouse model that was stimulated with VEGF, 89% of the Eng*/- mice

showed vascular abnormalities and none were observed in the controls [71]. The
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lung, liver and intestine showed dilation in some vessels with no external signs
in one particular animal [70]. Another animal that had an ear telangiectasis
showed an AVM nidus that resembled those in human and canine brain [70].
Despite the fact that Eng*/- and Acvrl1+/- mice are the best available HHT models
at present, past studies do not show the HHT features at high frequency [69, 72,
73]. Although the two studies could be criticised as not being true AVM models
and for their small sample size, they may contribute to research on the abnormal

phenotype of AVMs in humans [66].

A transgenic arteriovenous fistula between the common carotid artery and
external jugular vein with TAo from a donor mouse was created in 112 rats to
investigate a possible gene therapy for AVMs. Grafting however would impose
the challenge of not being able to investigate certain genetic changes in the
fistula [58]. Limitations such as low lesion frequency in Eng*/~- mice and lack of
the human AVM phenotype in currently existing models call for more work to be
carried out in this area of study. Two HHT 1 animal models were created to
study the developmental and adult onset of cerebral
AVMs [74]. Eng conditional knockout mouse lines were obtained by crossing
Eng?i/2fl with R26CreER, SM22a-Cre and LysM-Cre. The Eng2i/2lwere crossbred
with SM22aCre to study the effects of embryonic Eng deletion on the post-natal
development of AVMs [74]. Almost 90% from the group Eng?9/2f; SM22a-Cre
showed the AVM phenotype. No lethality was observed until the fifth week [74].
In previous similar models involving a conditional knockout of the Alkl gene,
intracranial haemorrhage led to lethality by even post-natal day 5 and two weeks
limiting the use of such models in studies related to new therapies [75, 76]. The
Eng?f/2f, R26CreER were given a dose of tamoxifen for three consecutive days to
induce Eng deletion. Those mice that were additionally injected with adeno-
associated viral vector expressing VEGF showed AVM phenotype in the form of
lesions eight weeks after Eng deletion. No lethality was observed in the Eng?f/2f,;

R26CreER group upto two months post-tamoxifen treatment [74].
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Transgenic animal studies are useful for investigation of gene changes. Any
potential gene therapy would need to be trialled on such models. The major

drawback with these models is in identifying AVMs in individual animals.

Conclusions
Animal models have been developed because naturally occurring AVMs in

animals are quite rare. There is no animal model that is perfect with all the
necessary characteristics. The choice of model will depend on the purpose of the
research. The rete mirabile is suitable for angiographic studies, but the lack of
arterialised veins makes the model unsuitable for studies of AVM biology. Models
with an arteriovenous shunt are useful for studying the biology of arterialised
veins and for investigating the effects of cerebral hypoperfusion. Investigations
using radiosurgery should use a model with arterialised veins and an identifiable
model nidus. Transgenic models are appropriate for research related to HHT and

for genetic studies.
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Abstract
Background: Cerebral arteriovenous malformations (AVMs) are the most

common cause of brain haemorrhage in children and young adults. Over one
third of AVMs cannot be treated using current methods. There is a need for new
treatments. The overall goal is to use radiation to induce molecular changes in
endothelial cells lining the AVM vessels that could be used as candidates for

vascular targeting to create selected thrombosis.

Methods: In a rat AVM model, 30 rats had an end-to-side anastomosis between
the external jugular vein and the common carotid artery. Half the rats received a
20 Gy dose of radiation by GammakKnife and half were sham-irradiated. AVM
tissues were extracted on days 1, 3, 5, 7, 21 and 42 post-irradiation and
immunohistochemical analysis on frozen sections was performed to study the

localisation and expression of CD51, CD109 and BMP3 after irradiation.
Results: CD51 was present in both irradiated and control AVM tissues. CD109

was not present in either irradiated or control AVM tissues. BMP3 was present in

the day 21 irradiated AVM tissues.
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Introduction
Brain arteriovenous malformations (AVMs) cause intracranial haemorrhage in

children and young adults as a result of high-pressure blood flowing through the
fragile cerebral veins [1-4]. Haemorrhage leads to morbidity or mortality [5].
Surgical resection is the most effective way of treating AVMs to prevent
haemorrhage, but is associated with high risks when treating large and deep
lesions [6-8]. Another mode of treating AVMs is radiosurgery, which gradually
occludes the vessels over a period of 2 - 3 years, although there is no guarantee
of fully obliterating them [9-12]. Over one-third of AVMs cannot be treated with
currently existing treatment options [13-17]. There is therefore an urgent need

to find new treatments for such AVMs.

The technique of vascular targeting, which is used in cancer treatments, is
attractive as a method of occluding AVM vessels [13, 18, 19]. Vascular targeting
requires a target molecule. Such a molecule has not been identified on the AVM
endothelium. Therefore radiosurgery has been proposed as a method of priming
the AVM endothelium to create a molecular target. [20-22]. In ligand-based
vascular targeting, an effector molecule that is bound to a ligand could target
such differentially expressed protein molecules on the endothelial cell surface to

induce thrombosis, thus obliterating the AVM [13].

It has been established that radiation impacts the expression of certain
coagulation and thrombosis related protein molecules [23-26]. In studies on the
molecular biology of AVMs, certain molecules have been found to be increased in
expression in the AVM endothelium, although none of them are sufficiently
discriminating from the normal endothelium [27-31]. The difference in the
protein complement of the two endothelia is crucial to successfully target and
enhance thrombosis in the AVM vessels. The expressions of integrin V alpha
(CD51), TGF-beta-1-binding protein (CD109) and bone morphogenetic protein 3
(BMP3) have been found to be increased in expression in an earlier in vitro study
on brain endothelial cells post-irradiation [32]. It is not clear if the changes in the
expression of the targets identified in the in vitro study also apply to in vivo

samples. Their expression on AVM endothelial cells needs to be explored to
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further validate these molecules as potential vascular targets. CD51 was a
successful marker in capturing endothelial microparticles using flow cytometry
(Chapter 3) and hence was selected for this study. CD109 and BMP3, which play
a pivotal role in the TGF- pathway were detected in previous in vitro proteomic

studies and hence selected for the following study.

The aim of this study was to investigate the expressions of CD51, CD109 and
BMP3 in an animal model of AVM. This model mimics the haemodynamics of the
blood flow in a human AVM and will be used to study radiation-induced protein
expressions. The significance of the expression levels in the AVM ‘nidus’ and the

surrounding vessels will also be explored.
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Methodology

Animal model
All animal experiments were carried out with approval from the Animal Care and

Ethics Committee, Macquarie University, Sydney, Australia. An end-to-side
anastomosis was performed between the external jugular vein (EJV) and
common carotid artery (CCA) as described previously (Fig. 2.1) [33, 34].
Surgeries were conducted in Sprague Dawley male rats that were seven weeks

old and weighed 284+32g.

Radiosurgery
Rats that had had surgery were irradiated at six weeks (n=3). The animals were

irradiated at the Gamma Knife facility at Genesis Care, Macquarie University
Hospital, Macquarie University, Sydney, Australia. This has been described in
detail previously [33]. AVMs were localised by axial full body CT scan prior to
irradiation. Rats in the control sample underwent similar surgery to those in the

treatment group, but were not subjected to radiation (n=3).

External
jugular vein

Common
carotid artery

¥ Common
i carotd arery
|

Figure 2.1: Animal model of AVM
An end-to-side anastomosis between the EJV and CCA was performed. (Figure -
Courtesy of Prof. Stoodley and Dr. Raoufi-Rad)

Tissue extraction
Atdays 1, 3, 7, 21 and 42 post-irradiation, animals were perfused with 500 mL of

phosphate buffer saline (pH 7.4). Each time point had a total of six rats, where

three rats were irradiated and the other three were sham control rats. The AVM
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vessels and CCA were extracted and placed in cryomolds with optimal cutting
temperature compound. The cryomolds were then snap frozen in liquid nitrogen

and stored at -80° C for immunohistochemical analysis.

Immunohistochemistry
Immunohistochemical analysis was performed on 10 um sections of the AVM

vessels and CCA. The sections were fixed with 2% paraformaldehyde for 10 min
and blocked with foetal bovine serum (Sigma Aldrich, Catalogue #12007C) for
1 hour at room temperature. Protein localisation was investigated for CD51 (BD
Biosciences, Catalogue #611013), CD109 (Santa Cruz Biotechnology, Catalogue
#sc-98793) and BMP3 (Santa Cruz Biotechnology, Catalogue #sc-9031). The
sections were incubated at 4° C overnight with antibodies against the three
proteins. To help in the localisation of the endothelium, the sections were co-
stained with PECAM (CD31) (BD Biosciences Catalogue #555025). Donkey anti-
rabbit AlexaFluor647 secondary antibody (Life Technologies Catalogue
#A31573) was used to visualise CD51, CD109 and BMP3 and donkey anti-mouse
AlexaFluor488 was used for CD31 ((Life Technologies Catalogue #A1202). The
sections were stained with Hoechst (5 pg/mL) for visualising nuclei. Images
were obtained from the Olympus FV-1000 confocal microscope and viewed

using the FluoView software.
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Results

CD51
In the AVM tissues, CD51 showed increased signal intensity in the endothelial

cells on day 1 after irradiation. CD51 can be seen throughout the endothelium.
The level of fluorescence intensity was decreased on day 3 after irradiation. By
day 7 after irradiation, CD51 intensity was more patchy and reduced compared
to day 1. Signal intensity at day 21 was very fragmented on the endothelium,
similar to day 7. No expression was observed in the control tissues of days 1, 3, 7
and 21. By day 42, the irradiated tissues showed no CD51 signal, similar to that

of control tissue samples (Fig. 2.2).

In the CCA, CD51 was observed in both irradiated and control tissues at all time
points. Signal intensity was fragmented in the endothelium, similar to the
irradiated AVM tissues on days 7 and 21. Increased intensity was observed in
irradiated tissues on day 7 where co-localisation was observed right through the
endothelium. Low intensity was observed on day 21 and the irradiated samples
looked the same as the controls. Irradiated tissues on day 42 showed an increase
in fluorescence intensity, similar to the irradiated samples on day 7. However co-
localisation can be observed in the control samples in a disjointed pattern in

both days 7 and 21 (Fig. 2.3).
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Day 3 Day 7 Day 21

Irradiated

Control

Figure 2.2: CD51 signal intensity in irradiated and control AVM tissues
L - lumen, E - endothelium, SM - smooth muscle cells. CD51 present in both control and irradiated tissues.
CD51 - AlexaFluor647; CD31 - AlexaFluor488
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Irradiated

Control

Figure 2.3: CD51 signal intensity in irradiated and control CCA tissues
L - lumen, E - endothelium, SM - smooth muscle cells. CD51 present in both control and irradiated tissues.
CD51 - AlexaFluor647; CD31 - AlexaFluor488
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CD109
In the AVM tissues, co-localisation was observed in one of the three rat tissue

samples on day 1 after irradiation. The other two samples showed no co-
localisation and looked very similar to the control samples. No signal was

observed on days 3, 7, 21 and 42 in both irradiated and control groups (Fig. 2.4).

In the CCA, no signal was observed on days 1, 3, 7, 21 and 42. There was no

difference between the control and irradiated tissues (Fig. 2.5).
There was no signal observed in the endothelium and in the smooth muscle cells

right throughout, other than in the endothelium of the one AVM sample from the
day 1 time point.

76



Day 3 Day 7 Day 21 Day 42

[rradiated

Control

Figure 2.4: CD109 signal intensity in irradiated and control AVM tissues
L - lumen, E - endothelium, SM - smooth muscle cells. CD109 absent in both control and irradiated tissues.
CD109 - AlexaFluor647; CD31 - AlexaFluor488
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Day 21

Irradiated

Control

Figure 2.5: CD109 signal intensity in irradiated and control CCA tissues
L - lumen, E - endothelium, SM - smooth muscle cells. CD109 absent in both control and irradiated tissues.
CD109 - AlexaFluor647; CD31 - AlexaFluor488
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BMP3
In the AVM tissues, no signal was observed through the endothelium on days 1, 3

and 7 in both irradiated and control tissues. The AVM tissues showed increased
intensity in the irradiated tissues on the endothelium on day 21 after irradiation.
Comparatively increased intensity was observed in the smooth muscle cells as
well to a certain extent. No signal was observed again on day 42 after irradiation

in both control and irradiated tissues (Fig. 2.6).

In the CCA, a similar pattern was observed as in the AVM. No signal was observed
on days 1, 3 and 7 in either irradiated or control tissues. Increased fluorescence
intensity of BMP3 was observed in the endothelium on day 21 in the irradiated
tissues. On day 42, no signal was observed in the irradiated tissues as in the

controls (Fig. 2.7).
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Day 7 Day 21

Irradiated

Control

Figure 2.6: BMP3 signal intensity in irradiated and control AVM tissues
L - lumen, E - endothelium, SM - smooth muscle cells. BMP present in day 21 AVM tissues post-irradiation
BMP3 - AlexaFluor647; CD31 - AlexaFluor488
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Day 3

Irradiated

Control

Figure 2.7: BMP3 signal intensity in irradiated and control CCA tissues
L - lumen, E - endothelium, SM - smooth muscle cells. BMP present in day 21 CCA tissues post-irradiation
BMP3 - AlexaFluor647; CD31 - AlexaFluor488
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Discussion
Although previous work had identified a number of potential protein markers

for the targeting of the AVM vasculature, those efforts had relied largely on in
vitro work. For further evaluation of these targets, it is necessary to determine if
their relative abundance within AVM vasculature is altered in animal tissues
after in vivo manipulation. To that end, it was examined if irradiation of
surgically constructed AVM anastomoses in a rat model affected the relative

abundance of CD51, CD109 and BMP3 proteins.

The main findings of the current in vivo work indicate that CD51 and BMP3
proteins were present in the endothelial cells of the irradiated AVM and CCA
tissues, which is in agreement with the in vitro data. CD109 however was absent

in both AVM and CCA tissues.

CD51
Integrins are transmembrane proteins that are involved in a variety of cell

functions such as adhesion, apoptosis, invasion, migration and survival [35, 36].
They have been reported to show increased expression in certain cancer types,
cardiovascular conditions, multiple sclerosis and Crohn’s disease [35, 36].
Integrins are heterodimers consisting of « and 3 subunits[37, 38]. CD51, a target

used in this study consists of integrin av (CD51) chain [38].

The association of integrin proteins with angiogenesis makes them attractive in
the field of cancer biology [39-41]. Increased expressions of CD51 have been
reported in proliferating endothelial cells and tumours associated with the colon,
brain, breast, prostate and pancreas [41-47]. Weak expression is reported in
normal vascular endothelial cells [48, 49]. The expression of CD51 in endothelial
cells, which is exposed to the blood stream, makes it a potential vascular target
in cancer treatment. For instance, in an animal model study by Bieker et al,
thrombosis was successfully caused in the endothelium of solid tumours by

targeting CD51 [50].
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For this reason, CD51 was selected for investigating its possible use in AVM
vascular targeting. Furthermore, analysis of microparticles in the blood of AVM
patients described in Chapter 3 of this thesis indicated that the CD51 antigen was

elevated relative to controls.

The data on the relative abundance of CD51 antigen in irradiated AVMs in the rat
model contrasts with other findings reported in the literature. In a study
conducted on surgically resected tissues from AVMs and cavernous
malformations, CD51 expressions in the former was lower than the latter [51].
Increased expression of CD51 was observed in proliferating endothelial cells
whereas minimal expression was observed in normal, resting blood vessels [47-
49]. The high-pressure blood flow in the AVMs of the non-irradiated rats used in
this study could be the reason for the increased relative abundance of CD51 in
the CCA tissues. This is not consistent with the EJV tissues where there is
decreased relative abundance of CD51 throughout the cohort of non-irradiated

animal tissues.

Increased expression of CD51 was reported in human umbilical vein endothelial
cells, non-small cell lung cancer and Hela cell lines post irradiation [52, 53]. No
study has been reported in vivo on the correlation of CD51 with irradiation
treatments. In this study, increased relative abundance of CD51 was observed in
AVM tissues on days 1 and 3, which diminished by day 42. It is unlikely that this
is caused by the apoptosis of cells that are induced by the radiation, as similar
patterns would be evident in the CCA as well. Fluorescent intensity levels remain
relatively low in the control samples. Interestingly, days 7 and 42 show an
increase in fluorescence intensity levels. Another concern here is the presence of
CD51 in the non-irradiated (control) samples of the CCA, which was not
observed in the AVM samples. This is a concern because the presence of CD51 in
non-irradiated tissues is contradictory to the in vitro data, where increased
relative abundance was observed in radiated samples. Additionally, if CD51 is
present in both irradiated and non-irradiated samples, it may not be an

attractive molecule for AVM vascular targeting.

83



CD109
CD109, also known as transforming growth factor 1 (TGF-1) binding protein is

a membrane glycoprotein that acts as a co-receptor to TGF-1 [54-58]. TGF-B1
belongs to the TGF-B family of cytokines [54, 59]. The TGF-B1 protein is
associated with cellular functions such as growth, migration, adhesion, immunity
and angiogenesis and is involved in the TGF-f3 pathway [60-62]. TGF-f3 signalling
is associated with malignancy, wound healing, fibrosis and autoimmune and
cardiovascular diseases [63-66]. Increased expressions of TGF-$ have been
reported in chronic hepatitis and glomerulosclerosis [63, 67, 68]. This signalling
pathway can be induced by radiation for potential treatment of solid tumours
and has also been reported to be associated with intestinal injury. Studies on

targeting the pathway for cancer treatment are underway [69, 70].

Increased expression of CD109 has been reported in rat liver and in animal
models of lung post-irradiation as a result of injury [66, 71, 72]. In the current
study, an abundance of CD109 in irradiated AVMs was not observed. Other than
the one animal from the day 1 AVM cohort, no signal was observed throughout.
Since the signal intensity of CD109 was observed in only one of the rats, further

investigation is needed to investigate this pattern of expression.

Previous work done in this laboratory had shown that the abundance of the
CD109 antigen is increased in irradiated cultured mouse brain endothelial cells
exposed to irradiation [32]. However, in work described in Chapter 4 of this
thesis, the relative abundance of CD109 was decreased in irradiated biotin-
labelled human cerebral microvascular endothelial cells. This was observed in

both 10 Gy and 20 Gy treatments.

In a flow cytometry assay using human umbilical vein endothelial cells, CD109
labelled events were only at the limit of detection, suggesting it could be a low
abundance protein [73]. This limitation could account for the challenges of
detecting it in tissues from in vivo experiments. A similar observation was

observed by Dong et al. Imnmunohistochemical analysis on tissues resected from
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capillary haemangiomas and lobular capillary haemangiomas showed no

staining of CD109 just as it was observed in control skin tissues [59].

In a study on TGF-f3 signalling in vascular dysfunction, decreased expression of
endoglin (CD105) leading to decreased expression of TGF-B1 was observed in
hereditary haemorrhagic telangiectasia (HHT), which is a genetic AVM
condition [58, 74]. The expression of CD105 has not been investigated here in
the animal model. However, CD105 levels were investigated in plasma samples
(microparticles) from AVM patients in a flow cytometry assay (Chapter 3).
Although statistically not significant, CD105 showed decreased levels in AVM
patients as compared to healthy volunteers. The decreased expressions of
endoglin have downstream effects such as decreased expression of TGF-$1 as
well as CD109. This may explain the observations made in this study regarding

the absence of CD109 signals in all tissues.

BMP3
Like CD109, BMP3, a member of the BMP subfamily is also part of the TGF-f3

protein superfamily [75, 76]. BMPs, although known initially for their critical
role in bone formation are now widely researched in tumours [75]. BMP4 has
been reported for increased expression in colorectal cancer [77]. However,
decreased expression of BMP3 was reported in colorectal cancer suggesting its
potential role in screening tests for early detection of colorectal cancer [76, 78-

80].

BMPs are associated with vascular disorders such as pulmonary arterial
hypertension, HHT and atherosclerosis [81]. Further knowledge on the BMP
pathway and its signalling is hoped to pave ways for new therapeutics for such
conditions [81]. Increased expressions of BMP9 and BMP10 are observed in
endothelial cells of HHT patients [81-83]. To the best of the author’s knowledge,
the correlation of BMP3 to sporadic AVMs has not been reported in the

literature.
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BMP3 was selected for the current study as previous work in this laboratory
identified it as a protein target of radiation treatment of mouse brain endothelial
cells [32]. It is noteworthy that BMP3 was not detected in the in vitro study
carried out in human cerebral microvascular endothelial cells exposed to

irradiation (Chapter 4).

In a study on musculoskeletal tissues from human femoral diaphysis, the
irradiated samples showed decreased expression of BMP2 and BMP7 [84]. To
the best of the author’s knowledge, the expression of BMP3 after irradiation has
not been reported. The increased fluorescent of BMP3 on day 21 after irradiation
is an interesting finding. This is because this study focuses on finding a target
molecule that is localised to irradiated tissues for future applications in vascular
targeting. Expression patterns in both CCA and AVM tissues are consistent in

both irradiated and control groups.

Expression of BMP2 in human aortic vascular smooth muscle cells has been
correlated with vascular injury [85]. Increased expression of BMP2 and BMP4
was observed in vascular smooth muscle cells in an immunohistochemical
analysis on atherosclerotic vessels [86]. Another study reported BMP4
expression being induced by shear stress in vascular smooth muscle cells. There
is no report of BMP3 expression in vascular smooth muscle cells associated with
irradiation [87]. In this study, the AVM tissues from day 21 show increased
fluorescent intensity on the smooth muscle cells in the irradiated tissues.
Endothelial cells that have been irradiated affect the migration and proliferation
of smooth muscle cells. Irradiation triggers the TGF-B1/TGF-B-RII/Smad3
pathway in vascular smooth muscle cells [88]. This could be the reason for the
increased fluorescent intensity of BMP3 in the endothelium, which then

influences its presence in the smooth muscle cells.
The limitation of this study is that it only looks at the localisation of the three

selected molecules on the endothelium after irradiation. The level of expression

has not been quantified. Semi-quantifying the levels of expression using Image ]
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software will not be precise because of the co-localisation and also because of

the smooth muscle cells that are juxtaposed with the endothelium.

In summary, of the three proteins that were investigated in this study (CD51,
CD109 and BMP3), the altered abundance of CD51 and BMP3 antigens after
radiation treatment indicates that they may be useful for the targeting of AVMs.
These data provide a platform for further detailed investigations of their

potential in vascular targeting.
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Preface to Chapter 3
In Chapter 2, the localisation of CD51, CD109 and BMP3 in the endothelium was

investigated in an animal model of AVM post-irradiation and compared to the
endothelium of non-irradiated control AVM tissues. In the following chapter,
endothelial molecular changes will be explored in humans with AVMs. It is not
possible for AVMs to be resected after radiation in humans to study the
molecular changes in the endothelium. Therefore, plasma samples from AVM
patients will be investigated for the relative abundance of CD51 and CD105 in

endothelial microparticles.
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Abstract
Object. The development of targeted biological treatments for brain

arteriovenous malformations (AVMs) requires a better understanding of their
endothelial molecular biology, but this is difficult to study in human patients.
Endothelial microparticles (EMPs) are a heterogeneous population of circulating
particles that are released during endothelial activation or apoptosis. EMPs are
known to be markers of vascular injury and endothelial cell disturbance and
could potentially be used as indicators of AVM endothelial molecular
characteristics. In this study, EMP levels were evaluated in AVM patients and

healthy volunteers.

Methods. Blood samples were taken from 9 AVM patients and 14 healthy
volunteers. Integrin V-alpha (CD51) and endoglin (CD105) were used as

endothelial markers for flow cytometric analysis of the samples.

Results. CD51-labeled and CD105-labeled EMP counts were not significantly

different in AVM patients and controls.
Conclusions. Although the EMP counts were not elevated in AVM patients, there

remains a potential for their use as indicators of in vivo endothelial molecular

characteristics.
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Introduction
Arteriovenous malformations (AVMs) are the most common cause of brain

hemorrhage in children and young adults [1,2]. Currently, AVMs can be treated
by surgery, radiosurgery or embolisation. Surgery gives immediate protection
from brain haemorrhage but may carry a high perioperative risk of death or
disability, especially for large and deep AVMs [3]. Radiosurgery takes 2 - 3 years
to obliterate an AVM, during which a haemorrhage can still occur. It can also
treat only small AVMs effectively and even in lesions less than 3 cm diameter, the
occlusion rate is less than 80% [3-5]. Endovascular embolisation that is intended
to reduce the size of an AVM nidus is usually administered in combination with
surgery or radiosurgery [6]. A large subset of AVMs remains untreatable with
currently available techniques [7]. There is, therefore, a need to find new

treatment approaches for AVMs.

Vascular targeting where ligands are developed for effective targeted drug
delivery is considered to be a potential molecular treatment for large AVMs [8].
The molecular biology of AVMs is being studied for the development of such new
molecular based treatments. These studies are hampered by the difficulty of
studying in vivo endothelial characteristics in AVM patients. There is a potential
to obtain an insight into in vivo molecular changes by studying the anucleoid
vesicles, called endothelial microparticles (EMPs) that are shed from endothelial

cells into the circulation.

EMPs are submicroscopic membranous vesicles that are less than 1 pum in
diameter and are very similar to circulating microparticles shed from other cells
such as platelets, leukocytes and erythrocytes [9,10]. When stimulated by an
activating agent or during apoptosis, the endothelial cell membrane forms a bleb
that pinches off into the plasma as a free EMP carrying proteins and
phospholipids from the parent cell [11-13]. EMPs are therefore a potential

window into the molecular characteristics of the parent cells.

There has been a growing interest in EMP analysis with respect to various

clinical conditions in the last decade [11]. EMP levels have been reported as
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being elevated in coronary artery disease, postprandial hyperlipidaemia,
thrombotic thrombocytopenic purpura, preeclampsia, diabetes mellitus,
hypertension, multiple sclerosis, sickle cell disease, paroxysmal nocturnal
hemoglobinuria, psoriasis, antiphospholipid antibody syndrome, cerebral
malaria and traumatic brain injury [10,11,14-31]. In addition to the potential use
of EMPs for studying in vivo endothelial molecular characteristics, we
hypothesize that the high flow through AVMs causes increased shear stress on
the AVM endothelium and an increase in EMP numbers. It is our hypothesis that

EMPs can be used as a potential screening tool for the diagnosis of AVMs.

There has been no published work on AVMs with respect to EMPs. The aim of
this preliminary study was to determine whether the EMP counts of AVM
patients and healthy volunteers differed. Future studies will investigate the
feasibility of analysing the molecular characteristics of EMPs as an indicator of

the characteristics of the parent endothelial cells.
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Materials and methods

Study population
The study was approved by the Macquarie University Human Ethics Committee.

Following written informed consent, AVM patients and healthy volunteers were
recruited for the study. The participants were 23 - 62 years of age. Healthy
volunteers were matched by age and gender to AVM patients. An exclusion

criterion was AVM-related hemorrhage within 30 days of presentation.

Preparation of microparticle enriched plasma fractions
Blood samples were taken prior to surgery from AVM patients and at a similar

time of the day from healthy volunteers. Blood samples were collected (13 ml)
using a 21 G needle. The first 3 ml was discarded to avoid contamination from
EMPs due to vascular injury. The tourniquet was left no longer than a minute to
avoid frank endothelial damage and activation of EMPs. Acid citrate dextrose
(ACD) tubes were used for the collection of blood samples, which were
processed within 30 min of collection. The samples were centrifuged at 1550 g
for 20 min at room temperature. The upper part of the plasma was removed
without disturbing the white buffy coat layer. The resulting platelet poor plasma
was centrifuged at 15000 g for 5 min at room temperature. The upper part of the
plasma was removed and the resulting platelet free plasma was centrifuged
again at 15000 g for 5 min at room temperature. Flow cytometric analysis of the

samples was carried out on the same day of collection.

The protocol used in this study was followed to allow for subsequent proteomic
studies of the EMP fractions. ACD tubes were used for blood collection because
EMP preparation protocols involving heparin and standard citrate were not

considered good anti-coagulants for preparing samples for proteomic studies.

Detection of endothelial microparticles
A volume of 20 pL of the sample was singly labelled with annexin V-FITC, CD51-

FITC and CD105-PE and incubated for 30 min at room temperature in darkness.
Each staining was performed in triplicate. The samples were diluted with 200 pL
of binding buffer (Annexin V-FITC) and 200 pL of PBS (CD51 and CD105)

immediately before flow cytometry.
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EMPs were detected using the Cytomics FC500 flow cytometer (Beckman
Coulter). The forward scatter (FS) and side scatter (SS) were set in logarithmic
scale and the threshold set at the side scatter parameter. Size calibration flow
count beads (10 um) were used to calculate the flow rate and the samples were
analysed over 60 seconds at a flow rate of 55 pL/min. Microparticles were
defined as events that were <1 um using calibrated fluorescent beads. Specific
labelling with either Annexin-V or antibodies against CD 51-FITC and CD 105-PE
were used to further discriminate the total microparticle count and EMP count,

respectively (Figures 3.1 - 3.3).

Event counts were used in Mann-Whitney test to determine statistical

significance between the two groups.
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Figure 3.1: Example of a flow cytometry profile of microparticle
preparation from healthy volunteers and AVM patients

The box shows the gate used to delineate the microparticle population used for
subsequent analysis. The sample was stained with annexin V because it is a
natural ligand for phosphotidylserine, which is usually present in the external
surface of microparticles.
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Figure 3.2: Plasma CD51 EMP counts
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Figure 3.3: Plasma CD105 EMP counts
Axis indicating fluorescent and scatter boundaries where events in the J2
quadrant represent EMPs present in the samples.
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Results
Nine AVM patients and 14 healthy volunteers participated in the study. The

median age of the participants was 38. The average of EMP total events is shown
in Figure 3.4. These differences in CD51 and CD105 counts were not statistically
significantly different between AVM patients and controls (CD51: p value =
0.2077, CD105: p value = 0.4122). The large standard error bar seen in the
CD105 labeled EMP events could be attributed to one outlier (Figure 3.4).

Because EMP counts were not normally distributed, comparisons were
performed using the Mann-Whitney U test. In CD51+ events, the values were
p > 0.05 (Obtained U value = 63.5, Critical U value = 31) and in CD105+ events,
p > 0.05 (Obtained U value =55, Critical U value = 31).
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Figure 3.4: EMP counts in blood samples of healthy volunteers and AVM

patients
The differences are not statistically significant (CD51: p value = 0.2077, CD105:
p value = 0.4122).

Surgery was the recommended mode of treatment for all the AVM patients who

participated in this study. The size of the AVM in those patients ranged from
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3 mm to 47 mm (median = 19 mm). The EMP levels in the AVM patients related
to AVM size are shown in Figure 3.5. There was a correlation between AVM size
and EMP count for the CD51 marker (R? = 0.5) and no correlation between AVM
size and EMP count (CD105: R? = 0.1 and Annexin V: R2=0.02).
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Figure 3.5: Scatter plot of EMP counts and AVM size
(CD51: R2=0.5; CD105: R2=0.05; Annexin V: R2=0.08)
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Discussion
AVMs cause intracranial hemorrhage, which may lead to morbidity and

mortality [32]. Surgery, embolisation and radiosurgery, which are the current
treatment options, are unsuitable for 90% of high grade (IV-V) AVMs [1,33,34].

There is an urgent need of a new treatment for such AVMs.

We are currently investigating a novel treatment where an effector molecule is
attached to a ligand and injected systemically [8,35]. Intravascular thrombosis is
induced if the ligand predominantly attaches to the AVM vessel. This is being

used in cancer therapy for its ability to create tissue necrosis [35].

A successful vascular target must discriminate AVM vessels from normal vessels.
We propose radiosurgery as a ‘priming’ technique where AVM endothelial cells
will be selectively altered without any effect on the surrounding tissues [36-38].
Our interest is therefore in determining the endothelial molecular changes that

occur after radiation.

The endothelial cell phenotype is typically studied by resection of tissue from
patients or animal models. Endothelial microparticles are of particular interest
because they offer a potential window into in vivo endothelial characteristics
without requiring tissue resection or other invasive techniques. Microparticles
pinch off from their parent cell during activation or apoptosis and are released
into the plasma carrying information about the status of their parent cell [39,40].
Microparticles are currently being exploited for diagnosis and investigation in
various clinical conditions [40]. There have been no in vivo studies of
microparticles in AVMs. This study was aimed at determining the feasibility of
EMP detection from humans with AVMs. Before studying if the EMP population
was highly altered post radiosurgery, it was important to investigate the levels of
EMPs in AVM patients and healthy volunteers to see if there was a specific

population of EMPs being released in AVM patients.

The analysis of EMP levels based on the size of the AVM was done to see if an

endothelial injury was increased in larger AVMs, which could possibly result in
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increased levels of EMP release. We did not find an association between AVM

size and EMP count (Figure 3.5).

EMPs are heterogeneous [41]. They carry on their surface phosphatidylserine
and several proteins from their parent cells [40]. We have presented the total
EMP count based on the two markers, CD51 (integrin V alpha) and CD105
(endoglin). This may not have detected the total population of EMPs present in
the sample analysed [41,42]. The sample was put through repeated
centrifugation to reduce platelet contamination for subsequent proteomic
analysis. The repeated centrifugation may have affected the microparticle count
[43][44]. Because the total number of EMPs detected depends on the marker
used, there is a possibility that these two proteins were less in concentration
when compared to other proteins. CD105 was selected as one of the markers
because increased levels of endoglin have been reported in

immunohistochemical studies carried out on AVM tissues [45,46].

The association between EMPs and inflammation has been raised in the past by
researchers [14,22,23,47]. It will be interesting to study the inflammatory effect
of EMPs on endothelial cells in AVM patients. EMP count is reported to be
elevated in vascular conditions such as lupus anticoagulant (2 fold) [47],
thrombotic thrombocytopenic purpura, acute coronary syndrome (2.5 fold) and
traumatic brain injury [23]. The markers used in those studies include
CD31*/CD42-, CD62 and CD51 [23,47]. We used CD31+/CD42-, CD144 and CD62
in our pilot studies before selecting CD51 and CD105, which were the most
effective in capturing EMPs. However, all the pathologic conditions where
elevated levels of EMP have been described and correlated with the severity of
the disease were systemic diseases where the activation of the endothelium was
likely to be extended, while in AVM patients there is a very localised lesion that is
extremely small compared to the total vasculature. It is possible that EMPs
released by the endothelial cells of the AVM were diluted in the pool of EMPs
shed by all the normal cells and could not be differentiated.
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Despite our exclusion criteria and our efforts in maintaining the same
experimental conditions across the samples, there are some factors that have an
effect on the level of circulating microparticles over which we have no control. A
high fat meal, reduced physical activity or disturbed sleep contribute to
increased levels of EMPs [48-50]. These are parameters that were not possible to
control in this study. This may also be the reason for the large standard errors.
The large standard error in the CD105 labeled EMP events in healthy volunteers
was caused due to an outlier in that data set. At this stage we do not have any

reason to exclude it from our analysis (Figure 3.4).

Our goal in this study is to detect a potential molecular target for AVM treatment.
As a first step, we analysed the EMP levels in AVM patients and healthy
volunteers to see if there was a specific EMP population released in AVM
patients. From the obtained results, even though we can conclude that EMPs
studied in the present paper are not markers for the presence of an AVM, the
discovery of a potential vascular target may still be possible. This can be carried
out by proteomic analysis of the EMP samples. The proteomic signature of the
microparticles in an AVM patient may be different to that of a non-AVM subject.
If a specific proteomic profile is found in the AVM patients, that could indicate a

potential vascular target for the treatment of AVMs.

Conclusion
The primary objective of this study was to compare the EMP levels between AVM

and non-AVM subjects. The levels of EMP are similar in both AVM and non-AVM
subjects. Proteomic study of the microparticles between the two groups may
give us an insight into the proteome of the AVM patients with a specific profile,
which gives us the hope of finding a potential vascular target for the effective

treatment of large AVMs.
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Addendum
The protein targets that were evaluated in the animal study in Chapter 2 was

based on an earlier in vitro study of irradiated mouse brain endothelial cells. To
obtain a clearer idea of proteins that may be elevated in AVM patients, it was
decided to study the EMP proteomic signature of AVM patient plasma samples.
Of all the microparticles, those that are of endothelial origin are the least
abundant. This made it very challenging to sort endothelial microparticles
through flow cytometry assays for further proteomic assays. Instead, mass
spectrometric analysis was attempted on microparticle preparations obtained
from the plasma of AVM patients and healthy volunteers. A microparticle pellet
was prepared through repeated centrifugations at high speed. The pellet was
digested with trypsin and subsequently analysed by iTRAQ to explore the
proteomic signatures of the AVM and control samples. Unfortunately, only
plasma proteins such as actin, lipopolysaccharide binding protein and heparin
cofactor 2 were identified. None of the proteins detected were of endothelial cell
origin. Decreasing the centrifugation speeds resulted in increased platelet
contamination and increasing the centrifugation resulted in increased plasma
proteins to be detected. After several attempts to resolve technical difficulties, it
was decided to not proceed with this study. A similar study was planned in rats
with AVM anastomosis. The animals were irradiated and blood samples were
collected at different time points to investigate the EMP levels and proteomic
signatures from plasma samples collected post-irradiation. Due to similar
difficulties as with human samples, the microparticle proteomic study in rats

was terminated.

Extensive consultation with experts in the field indicated that the best approach
to overcome the limitations experienced in this study can only be overcome with
larger sample sizes. This is currently underway and a large cohort of samples has

been collected from AVM patients in India. This is an ongoing project.
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Chapter 4

Identification of radiation—
induced membrane proteins
in human cerebral
microvascular endothelial
cells for the treatment of
brain arteriovenous

malformations
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Preface to Chapter 4

In Chapter 3, after detection of endothelial microparticles in plasma samples
from AVM patients, proteomic analysis in microparticles was attempted in
plasma samples from animal models and human AVM patients to obtain a clearer
picture of the proteomic signature in AVM patients and also to investigate the
proteomic signature post-irradiation. The project was discontinued due to
technical issues. In the following chapter, the radiation-induced proteomic
signature will be investigated in human brain microvascular endothelial cells

(D3 cell line).
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Abstract
Background: Intracerebral arteriovenous malformations (AVMs) cause brain

haemorrhage, often leading to death or permanent disability. Over one third of
AVMs that are large or located in critical regions of the brain cannot be cured
with existing treatment options. There is a need for a novel molecular based
treatment to treat such AVMs. The aim of this study is to find a potential vascular
target. Priming the endothelium with radiation induces molecular changes,
which can then be targeted by ligands attached to effector molecules.

It is hypothesised that radiosurgery induces sufficient molecular changes in

endothelial cells to differentiate them from non-irradiated cells.

Methods: Human cerebral microvascular endothelial cells were irradiated with
10 Gy and 20 Gy treatments. Two days post-irradiation, the cells were biotin

labeled and analysed by LC/MS/MS.

Results: A total of 168 proteins were detected, 27 of which were significantly
more abundant in the 10 Gy treatments, 17 were significantly more abundant in
the 20 Gy treatments and 9 were common to both groups. Four proteins were
selected for further validation by immunofluorescence and western blot
analyses.

In the immunofluorescence assay, talin and myoferlin showed significantly
increased fluorescent intensity in 20 Gy compared to controls. HADHA and
elongation factor 2 showed no significant difference between the irradiated and
control groups.

In the western blot analysis, talin showed increased band intensity in 20 Gy
treatments. There was no significant difference observed in myoferlin, HADHA
and elongation factor 2. Knowledge about the altered endothelial cell phenotype
post-irradiation will contribute to the search for a potential vascular target for

the treatment of AVMs.
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Introduction
Brain arteriovenous malformations (AVMs) are congenital lesions where the

arteries and veins form a tangled web-like connection called a ‘nidus’ [1-3].
These short circuit connections cause high-pressure blood to flow through the
fragile cerebral veins that leads to haemorrhage [2, 4]. Children and young adults
are the most commonly affected population [5]. Patients who survive a

haemorrhage often live with permanent neurological deficits [6, 7].

Surgical resection is the favoured approach to treating AVMs but is not possible
for all lesions depending on size and location of the lesion [8-13]. Stereotactic
radiosurgery (SRS) is an attractive alternative, as it is non-invasive and precisely
targets lesions with a single, high dose of radiation, without having any effects on
the surrounding tissues [14]. There are limitations to the effectiveness of SRS. It
takes approximately 2 - 3 years to successfully cause thrombosis in the AVM
vessels. Until thrombosis occurs, the patient is still at risk of haemorrhage [14-
17]. Lastly, there is no guarantee of successful obliteration after SRS
treatment [18]. There is therefore a need for a new treatment for those AVMs

that cannot be cured with currently existing treatment options.

In response to this need for a new treatment, it has been proposed that a
molecular based treatment for AVMs in combination with radiosurgery could be
useful. It has been established that the AVM endothelium is phenotypically
different to the endothelium of normal vasculature but is not sufficiently
different to enable precise molecular targeting [5, 7, 9, 16-19]. Since radiation
causes DNA damage, cell apoptosis, inflammation and endothelial modification, it
has been proposed SRS may be employed as a means of altering the protein
signatures of those tissues so that the AVM endothelium may be differentiated
from the normal endothelium [20-22]. Hence, the overall goal of this project is to
identify radiation-induced protein markers that differentiate the AVM
vasculature and target those markers with ligands coupled to effectors that

promote intravascular thrombosis.
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The aim of this study was to explore radiation-induced changes in the expression

of proteins in human cerebral microvascular endothelial cells (HCMEC).
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Methodology

Cell culture
HCMEC (D3 cell line) were cultured in T75 flasks, 6-well plates and 8-well

chamber slides. All culture vessels were coated with rat-tail collagen. The
endothelial cells acquired from the D3 cell line were cultured in EBM growth

medium (Bioscience, catalogue #CC3156) and were incubated at 37° C in 5%

CO2.

Irradiation
When the cultures were 30% confluent, the cells were irradiated using a 6 MV

linear accelerator (LINAC, Elekta Synergy, Crawley, UK) at Macquarie University
Hospital, Sydney, Australia. The cells received a dosage of 10 Gy or 20 Gy. Cells in

the control samples were not irradiated.

Biotin Labelling
At 48 hours post irradiation, the cells in T75 flasks (n = 12) were washed in four

changes of ice-cold PBS. After the final wash, freshly prepared biotin labelling
solution (120 pM) (ThermoFisher, catalogue #21335) was added to each of the
flasks. The flasks were incubated at room temperature in a rocker for 5 min. The
biotin labelling reaction was terminated with the addition of Tris - HCI (pH 7.4;
2 mM final concentration; 5 min). After this, the cells were washed again in four
changes of ice-cold PBS. Subsequently, 0.5 mL of cold lysis buffer (NP40 10%,
SDS 20%, protease mix 100X (GE healthcare, catalogue #80650123), EDTA 0.5M,
PBS 10X, Milli water) was added to each of the flasks. The cells were scraped
using a cell scraper, collected into centrifuge tubes and stored at -80° C

overnight.

The samples were thawed on ice and sonicated thrice for 15 sec at 40% power,
with a 30 - 60 sec interval between each sonication. The cell samples were
centrifuged at full speed for 10 min at 4° C to clarify. The supernatant was then
collected in fresh centrifuge tubes. Part of the supernatant was used for
bicinchoninic acid assay (Pierce Biotechnology Inc.) to determine total protein
concentration and the remainder was stored at -80°C for streptavidin

enrichment and proteomic analysis.
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Streptavidin enrichment and trypsin digestion
The samples were thawed on ice and buffers A (1% NP40, 0.1% SDS, 1X PBS), B

(IM NaCl, 0.1% NP40, 1X PBS) and C (digestion buffer 50mM ammonium
hydrogen carbonate, 0.5% sodium deoxycholate) were prepared. Streptavidin-
sepharose high performance beads (GE healthcare, catalogue #17511301) were
washed thrice in buffer A to remove ethanol and impurities. After every wash,
the resin was centrifuged at 2000 rpm, resuspended in 400 pL of buffer A and
agitated for 30 sec. The wash buffer was removed and the desired amount of
protein was added to the resin (1 mg protein to 200 pL resin). The samples were
rotated at room temperature for two hours, centrifuged at high speed and
supernatant removed. The resin containing biotin-labelled proteins were then
washed thrice in buffer A (400 pL), twice in buffer B (400 pL) and eight times in
buffer C (400 pL). The resin was resuspended in buffer C (400 pL) and the
samples were kept on ice until trypsin digestion. ladoacetamide was added to
alkylate the samples. Trypsin (2 pg) was added to the protein samples and they
were left to incubate overnight at 37° C under constant agitation. The samples
were centrifuged thrice at 10000 g for 10 min each spin to remove sodium
deoxycholate. After removal of the supernatant, the samples were concentrated
by lyophilisation (SpeediVac) and then resuspended in 2% acetonitrile for
LC/MS/MS analysis.

LC/MS/MS analysis
A TripleTOF 5600 mass spectrometer (AB SCIEX) fit with a NanoLC™ ultra liquid

chromatography syste (Eksigent) and a cHiPLC unit (Eksigent) was used for
LC/MS/MS analysis. A 200 pum x 0.5 mm nano cHiPLC trap column at a flow rate
of 10 ul/minute for 5 min and a 150 mm x 200 pm nano cHiPLC column at a flow
rate of 600 nL/minute over 80 min operating a linear gradient from 5% to 45%

were used for reverse phase separations.

The protein samples were put through positive ion nano flow analysis utilising
ion spray voltage, heater interface temperature, curtain gas flow of 2.5 kV,
150° C, 25 and 16 respectively. A ‘top 20’ approach that utilises a full MS survey
scan was carried out for data dependent acquisition experiments. This was

followed by 20 MS/MS product ion scans (100 - 1500 amu, 100 ms each), which
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were then collected for ions with a 2+ to 4+ charge-state and an ion intensity
threshold of 150 counts per second. LC/MS/MS data files were converted to
MASCOT generic files and searched using MASCOT (Matrix Science, UK) against
all human entries in the Swissprot database (SwissProt_2016_02, Feb-17, 2016).
Search parameters included the use of trypsin as enzyme, a maximum number of
missed cleavages of 1, carbidomethyl modification of cysteine and oxidation of
methionine, a peptide mass tolerance of 50 ppm and fragment ion tolerance of
0.1 Da and an ion score cut-off of 31. Protein quantitation was performed by
uploading MASCOT (.dat) files for each replicate (triplicates for each group,
controls, 10 Gy and 20 Gy) into Scaffold (V_4.4.3, Proteome Software Inc,
Portland, OR) and using the Normalised Spectral Abundance Factor (NSAF)
approach. All treatment replicates were assessed against control samples for fold
change (>2 or <0.5) and t-test (p < 0.05). Differentially expressed proteins and
proteins detected only in all three replicates of treated samples were uploaded
to Ingenuity Pathway Analysis software (IPA, QIAGEN, Redwood City) and the
relationships between proteins in a given network assessed. Proteins in a
network are represented as nodes and biological relationships as lines. Red
nodes represent up regulated proteins and down regulated proteins are

represented as green nodes.

Western blotting
At 48 hours post irradiation, total proteins were extracted from cells cultured in

6-well plates using radioimmunoprecipitation assay (RIPA) lysis buffer. The
buffer consisted of 150 mM NacCl, 50 mM Tris-HCI (pH 7.5), 1% deoxycholate,
0.1% SDS, 1% Triton-X-100, 0.5 M EDTA (pH 8) and protease inhibitor mix. The
samples were then sonicated, centrifuged and the supernatant was collected to

determine the total protein concentrations using the BCA assay.

Fifteen micrograms of each protein sample were loaded onto pre-cast SDS-PAGE
gels (Life Technologies, catalogue #NP0O30BOX) and run at 200 V for an hour.
The proteins were transferred to nitrocellulose membranes (Bio-Rad) and the

membranes were blocked with skim milk for an hour at room temperature.
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The membranes were probed with the following primary antibodies: talin
(Abcam, catalogue #78921) at a 1:500 dilution, myoferlin at a 1:500 dilution
(Abcam, catalogue #76746) trifunctional enzyme sub-unit alpha/ HADHA
(ThermoFisher, catalogue #PA5-27348) at a 1:500 dilution and elongation
factor 2 (Abcam, catalogue #75748) ata 1:3000 dilution and incubated overnight
at 4° C. Peroxidase conjugated rabbit anti-mouse antibodies (Abcam, catalogue
#6728) were added for talin and myoferlin and goat anti-rabbit antibodies
(Abcam, catalogue #6721) were added for HADHA and EF2 at a dilution of
1:2000 and incubated for an hour at room temperature. The membranes were
developed using an ECI kit (Bio-rad, catalogue #1705061) according to
manufacturer’s instructions and visualised using the Bio-Rad GelDoc. GAPDH
(Abcam, catalogue #181602) was used to normalise the expression of the target

proteins.

Protein bands from western blots were quantified using Image Lab software. The
intensity of the GAPDH bands on the membranes was used to normalise the
intensities of the other target protein bands. The relative intensity was
calculated using the formula, normalised protein expression = adjusted volume

of the protein of interest/ relative quantification of GAPDH.

Immunofluorescence
At 48 hours post-irradiation, the cells cultured in 8-well chamber slides were

fixed with 4% paraformaldehyde and permeabilised with 0.2% Triton-X100. The
cells were blocked with foetal bovine serum for an hour at room temperature
and incubated overnight with the respective primary antibodies at 4° C.
Antibodies to talin, myoferlin, trifunctional enzyme sub-unit alpha/ HADHA and
elongation factor 2 were added at a 1:100 dilution. Secondary antibodies
attached to fluorophores were added at a dilution of 1:400 and incubated for an
hour at room temperature. Donkey anti-mouse Alexa Fluor 647 (Thermo Fisher,
catalogue #A-31571) was added for talin and myoferlin and donkey anti-rabbit
Alexa Fluor 647 (Thermo Fisher, catalogue #A-31573) for HADHA and EF2
respectively. The cell nuclei were stained with Hoechst (5 pg/mL). A Zeiss
microscope fitted with an AxioCam HRc camera and Zen 2012 software was used

to acquire images after immunofluorescence. The integrated intensity levels
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were quantified using Image ], using the formula, normalised density = (raw
intensity density - background intensity)/ area. The control and irradiated
groups were compared using the unpaired 2-tailed student’s t-test. GraphPad

Prism 6 was used for statistical analysis.
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Results
Mass spectrometry of biotin-labelled cells detected a total of 168 proteins in the

control vs. 10 Gy and control vs. 20 Gy experiments. The cut-off p-value for
differentially expressed proteins was kept as 0.00030. Out of the 168 proteins,
141 proteins were more abundant and 27 were less abundant in the 10 Gy
treatments and 138 proteins were more abundant and 30 less abundant in the
20 Gy treatments. A total of 23 proteins were significantly (p<0.05) more
abundant and four less abundant in the 10 Gy vs. control data set and 13 proteins
were significantly (p<0.05) more abundant and four less abundant in the 20 Gy
vs. control data set (Table 4.1 & Table 4.2). Out of the nine statistically significant
(p<0.05) proteins that were common to both data sets, seven were more
abundant (Fig. 4.1). In the differentially abundant list of proteins that were
statistically significant (p<0.05), five were membrane proteins, three were
mitochondrial and the remaining 19 were cytoplasmic/cytoskeletal proteins in
the 10 Gy treatments. In the 20 Gy treatments, five were membrane proteins,
three were mitochondrial and 11 were cytoplasmic/cytoskeletal proteins. The
list of proteins was analysed using the Uniprot database for its sub-cellular

locations (http://www.uniprot.org).
Network pathways for more abundant proteins and network function scores

computed by Ingenuity Pathway Analysis software are represented in

Supplementary Figures 4.1 & 4.2 and Supplementary Tables 4.1 & 4.2.
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Table 4.1: Statistically significant proteins in 10 Gy treatments

Uniprot Name Location P-value Fold
Accession (T-test) Change
ITB1_HUMAN Integrin beta-1 OS=Homo sapiens GN=ITGB1 PE=1 SV=2 Cell Membrane 0.0005 0.4
ECHA_ HUMAN Trifunctional enzyme subunit alpha, mitochondrial 0S=Homo sapiens GN=HADHA PE=1 Mitochondria 0.00058 INF
Sv=2
FLNB_HUMAN Filamin-B OS=Homo sapiens GN=FLNB PE=1 SV=2 Cytoplasm 0.002 INF
EF2_HUMAN Elongation factor 2 0S=Homo sapiens GN=EEF2 PE=1 SV=4 Cytoplasm 0.0023 12
XRCC5_HUMAN  X-ray repair cross-complementing protein 5 0S=Homo sapiens GN=XRCC5 PE=1 SV=3 Nucleus 0.0023 INF
CTNA1_HUMAN Catenin alpha-1 OS=Homo sapiens GN=CTNNA1 PE=1 SV=1 Cytoplasm 0.0031 INF
TCPD_HUMAN T-complex protein 1 subunit delta 0S=Homo sapiens GN=CCT4 PE=1 SV=4 Cytoplasm 0.0031 INF
UBR4_HUMAN E3 ubiquitin-protein ligase UBR4 OS=Homo sapiens GN=UBR4 PE=1 SV=1 Cell Membranre 0.0031 INF
MVP_HUMAN Major vault protein OS=Homo sapiens GN=MVP PE=1 SV=4 Cytoplasm 0.0078 INF
TLN1_HUMAN Talin-1 0S=Homo sapiens GN=TLN1 PE=1 SV=3 Cytoplasm 0.0078 INF
RPN2_HUMAN Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 0S=Homo Endoplasmic reticulum, 0.0081 0.3
sapiens GN=RPN2 PE=1 SV=3 Membrane
ANXA1_HUMAN Annexin A1 OS=Homo sapiens GN=ANXA1 PE=1 SV=2 Nucleus, Cytoplasm 0.013 INF
ANXA5 HUMAN Annexin A5 OS=Homo sapiens GN=ANXA5 PE=1 SV=2 Cytoplasm 0.013 INF
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PTBP1_HUMAN Polypyrimidine tract-binding protein 1 OS=Homo sapiens GN=PTBP1 PE=1 SV=1 Nucleus 0.014 3.7
1B40_HUMAN HLA class | histocompatibility antigen, B-40 alpha chain OS=Homo sapiens GN=HLA-B PE=1 SV=1 Membrane 0.018 0.2
LMNA_HUMAN Prelamin-A/C OS=Homo sapiens GN=LMNA PE=1 SV=1 Nucleus 0.018 5.4
RS8 HUMAN 40S ribosomal protein S8 OS=Homo sapiens GN=RPS8 PE=1 SV=2 Cytoplasm 0.021 0.6
ATPB_HUMAN ATP synthase subunit beta, mitochondrial 0S=Homo sapiens GN=ATP5B PE=1 SV=3 Mitochondria 0.026 2.3
SPTN1_HUMAN Spectrin alpha chain, non-erythrocytic 1 0S=Homo sapiens GN=SPTAN1 PE=1 SV=3 Cytoplasm 0.03 INF
FERM2_HUMAN Fermitin family homolog 2 OS=Homo sapiens GN=FERMT2 PE=1 SV=1 Cytoplasm 0.034 INF
EFTU_HUMAN Elongation factor Tu, mitochondrial OS=Homo sapiens GN=TUFM PE=1 SV=2 Mitochondria 0.038 0.1
AHNK_HUMAN Neuroblast differentiation-associated protein AHNAK OS=Homo sapiens GN=AHNAK PE=1 SV=2 Nucleus 0.041 INF
RN213 HUMAN E3 ubiquitin-protein ligase RNF213 OS=Homo sapiens GN=RNF213 PE=1 SV=3 Cytoplasm 0.041 INF
PRKDC_HUMAN DNA-dependent protein kinase catalytic subunit 0S=Homo sapiens GN=PRKDC PE=1 SV=3 Nucleus 0.043 6.5
PLEC_HUMAN Plectin OS=Homo sapiens GN=PLEC PE=1 SV=3 Cytoplasm 0.044 4.7
RL8_HUMAN 60S ribosomal protein L8 OS=Homo sapiens GN=RPL8 PE=1 SV=2 Cytoplasm 0.045 INF
ACLY_HUMAN ATP-citrate synthase OS=Homo sapiens GN=ACLY PE=1 SV=3 Cytoplasm 0.048 INF
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Table 4.2: Statistically significant proteins in 20 Gy treatments

Uniprot Name Location P- Fold
Accession value Change
(T-
test)
ITB1_HUMAN Integrin beta-1 OS=Homo sapiens GN=ITGB1 PE=1 SV=2 Cell membrane 0.0031 0.4
PLAK_HUMAN Junction plakoglobin OS=Homo sapiens GN=JUP PE=1 SV=3 Cytoplasm, 0.0043 INF
membrane
ACLY_HUMAN ATP-citrate synthase OS=Homo sapiens GN=ACLY PE=1 SV=3 Cytoplasm 0.0069 INF
TLN1_HUMAN Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3 Cytoplasm 0.0085 INF
COPG1_HUMAN Coatomer subunit gamma-1 OS=Homo sapiens GN=COPG1 PE=1 SV=1 Cytoplasm 0.013 INF
1B40_HUMAN HLA class | histocompatibility antigen, B-40 alpha chain OS=Homo sapiens GN=HLA-B PE=1 Membrane 0.016 0.3
sv=1
ANXA1 HUMAN Annexin A1 OS=Homo sapiens GN=ANXA1 PE=1 SV=2 Nucleus, Cytoplasm  0.018 INF
FERM2_HUMAN Fermitin family homolog 2 OS=Homo sapiens GN=FERMT2 PE=1 SV=1 Cytoplasm 0.019 INF
MUC18 HUMAN Cell surface glycoprotein MUC18 OS=Homo sapiens GN=MCAM PE=1 SV=2 Membrane 0.02 04
EF2_HUMAN Elongation factor 2 0S=Homo sapiens GN=EEF2 PE=1 SV=4 Cytoplasm, nucleus  0.022 9
MVP_HUMAN Major vault protein OS=Homo sapiens GN=MVP PE=1 SV=4 Cytoplasm 0.029 INF
SAMH1 _HUMAN Deoxynucleoside triphosphate triphosphohydrolase SAMHD1 OS=Homo sapiens Nucleus 0.029 74

GN=SAMHD1 PE=1 SV=2
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FAS_HUMAN Fatty acid synthase OS=Homo sapiens GN=FASN PE=1 SV=3 Cytoplasm 0.034 44
PRDX1_HUMAN Peroxiredoxin-1 OS=Homo sapiens GN=PRDX1 PE=1 SV=1 Cytoplasm 0.036 0.3
ITA5_HUMAN Integrin alpha-5 OS=Homo sapiens GN=ITGAS5 PE=1 SV=2 Membrane 0.043 0.1
ATPB_HUMAN ATP synthase subunit beta, mitochondrial 0S=Homo sapiens GN=ATP5B PE=1 SV=3 Mitochondria 0.047 2.2
SERPH_HUMAN  Serpin H1 OS=Homo sapiens GN=SERPINH1 PE=1 SV=2 Endoplasmic reticulum, Cytoplasm  0.05 3.8
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Figure 4.1: Venn diagram representation of statistically significant
(p<0.05) proteins - Control vs. radiated

Nine common proteins were identified in ‘Control Vs 10 Gy’ and
‘Control Vs 20 Gy'.

Nine proteins were significantly more abundant in all triplicate experiments -
integrin beta 1, elongation factor 2, major vault protein, talin, annexin A1, HLA
class I histocompatibility antigen, ATP synthase subunit beta, fermitin family
homolog 2 and ATP citrate synthase. Out of the nine proteins, we selected talin
and elongation factor 2 that were more abundant in both 10 Gy and 20 Gy
treatment groups, HADHA that was significantly more abundant in the 10 Gy
treatment group and myoferlin for further validation by western blot and
immunofluorescence analyses. Talin, HADHA and elongation factor 2 were
selected because they were all highly abundant and myoferlin, although it was

not statistically significant was selected because it was a membrane protein.

Talin
Increased relative abundance of talin was observed in the radiated samples as

compared to the control samples with a p-value of 0.0078 for the
control vs. 10 Gy treatments (Table 4.1) and a p-value of 0.0085 for the control
vs. 20 Gy treatments (Table 4.2). The differences were dose-dependent. The

differences were statistically significant (p < 0.05) between control and 20 Gy
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radiated samples in western blot analysis. Band intensity levels in 20 Gy samples
were higher than in 10 Gy in the western blot analyses (Fig. 4.2). In the
immunofluorescence analysis, staining was observed in the cytoplasmic region.
The differences between 10 Gy and control samples showed statistical
significance (p<0.05) in immunofluorescence analyses where the results were

semi-quantified using Image ] (Figure 4.3).
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Figure 4.2: Western blot analysis of talin expression from HCMEC

At 48 hours post irradiation, the intensity of the talin bands were normalised
against GAPDH band intensity for control, 10 Gy and 20 Gy samples. Talin band
intensity levels were significantly higher (p<0.05) in 20 Gy than the control and
10 Gy treatments.
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Figure 4.3: Inmunofluorescence analysis of talin expression from HCMEC
At 48 hours post irradiation, cells were fixed with paraformaldehyde and the
fluorescence intensity (normalised integrated density) due to Talin was
determined. Donkey anti-mouse secondary antibodies were attached to Alexa
Fluor 647 fluorophores. Significantly increased normalised integrated density
(p<0.05) was observed in the 10 Gy irradiated samples compared to controls.

Myoferlin
In the LC/MS/MS, myoferlin was not statistically significant in its relative

abundance in control vs. 10 Gy and control vs. 20 Gy treatments. Neither was
there any difference in band intensities in the western blot analysis (p = 0.6)
(Fig. 4.4). In the immunofluorescence analysis, myoferlin staining was
concentrated more towards the perinuclear region and in the cytoplasm.
Increased intensity levels were observed in the radiated samples as compared to
the controls (Fig. 4.5). The differences were statistically significant between the

radiated and control samples when semi-quantified using Image J (p = 0.01).
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Figure 4.4: Western blot analysis of myoferlin expression from HCMEC

At 48 hours post irradiation, the intensity of the myoferlin bands were
normalised against GAPDH band intensity for control, 10 Gy and 20 Gy samples.
No significant difference (p>0.05) was observed between irradiated and control
samples.

133



Control 10 Gy 20 Gy

MYOFERLIN DAPI

P value = 0.01

*

; N i
o T
6
4
1
0- N T
-:P&‘o '\Qe“ qs,e""

Dosage

Normmalised integrated
density

Figure 4.5: Inmunofluorescence analysis of myoferlin expression from
HCMEC

At 48 hours post irradiation, cells were fixed with paraformaldehyde and the
fluorescence intensity (normalised integrated density) due to myoferlin was
determined. Donkey anti-mouse secondary antibodies were attached to Alexa
Fluor 647 fluorophores. Significantly increased normalised integrated density
(p<0.05) was observed in irradiated samples compared to controls.
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HADHA
Increased relative abundance of HADHA was observed in the radiated samples as

compared to the control samples with a p-value of 0.00058 for the control vs.
10 Gy treatments (Table 4.1). No differences were observed between the
radiated and control groups in western blot analysis (p = 0.4) (Fig. 4.6). In the
immunofluorescence analysis, staining was observed through the cytoplasm
(Fig. 4.7). No difference in the intensity levels was observed between the

irradiated and control samples (p = 0.4).
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Figure 4.6: Western analysis of HADHA expression from HCMEC

At 48 hours post irradiation, the intensity of the HADHA bands were normalised
against GAPDH band intensity for control, 10 Gy and 20 Gy samples. No
significant difference (p>0.05) was observed between irradiated and control
samples.
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Figure 4.7: Inmunofluorescence analysis of HADHA expression from
HCMEC

At 48 hours post irradiation, cells were fixed with paraformaldehyde and the
fluorescence intensity (normalised integrated density) due to HADHA was
determined. Donkey anti-rabbit secondary antibodies were attached to Alexa
Fluor 647 fluorophores. No significant differences (p>0.05) were observed
between irradiated and control samples.
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Elongation factor 2
Increased relative abundance of elongation factor 2 was observed in the radiated

samples as compared to the control samples with a p-value of 0.0023 and fold
change of 12 for the control vs. 10 Gy treatments (Table 4.1) and a p-value of
0.022 and fold change of 9 for the control vs. 20 Gy treatments (Table 4.2).
Elongation factor 2 (EF2) was more abundant in both 10 Gy and 20 Gy
treatments in the proteomic data when compared to control. No differences were
observed, however in both western blot (p = 0.2) and immunofluorescence (p =

0.19) analyses (Fig. 4.8 and 4.9).
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Figure 4.8: Western blot analysis of EF2 expression from HCMEC

At 48 hours post irradiation, the intensity of the EF2 bands were normalised
against GAPDH band intensity for control, 10 Gy and 20 Gy samples. No
significant difference (p>0.05) was observed between irradiated and control
samples.

137



Contro 10 Gy 20 Gy

F2 DAPI

E
-

P value = 0.19

15 -
o
z
S
@ 10 -
2 T
= 0
T C
L o
(=
® 97
E
(=]
Z i
0- T
N
& b
00& K
Dosage

Figure 4.9: Imnmunofluorescence analysis of EF2 expression of HCMEC

At 48 hours post irradiation, cells were fixed with paraformaldehyde and the
fluorescence intensity (normalised integrated density) due to HADHA was
determined. Donkey anti-rabbit secondary antibodies were attached to Alexa
Fluor 647 fluorophores. No significant differences (p>0.05) were observed
between irradiated and control samples.
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A summary of the results is presented below as Table 4.3.

Table 4.3: Summary of Results

PROTEIN LC-MS-MS IMMUNO WESTERN BLOT

10Gy 20Gy 10Gy  20Gy 10 Gy 20 Gy

b c

Talin N2 2 ANb - - e
Myoferlin = = ANb A\b — =
HADHA A - = . _ _
EF2 e A b b _c K

A- up regulated

_ - no significant change

a - Based on NSAF values, radiated samples relative to control

b - Based on integrated intensity, radiated samples relative to control

¢ - Based on normalised band intensities, radiated samples relative to control
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Discussion
In order to increase the sensitivity of target detection in LC/MS/MS assays, cells

were labelled with the synthetic biotin N-hydroxysuccinimide ester [23-26]. The
subsequent capture of labelled proteins increased the likelihood of identifying
low abundance proteins in biological samples. In addition to membrane proteins,
the LC/MS/MS assays identified several cytoplasmic and a few mitochondrial
proteins. Although our labelling method targeted cell surface proteins, the
identification of intracellular proteins in our samples suggests that radiation-
induced cell lysis has caused these proteins to be bound to the cell surface and be

detected along with membrane proteins.

LC/MS/MS assays were used to identify possible vascular targets for SRS. A
number of the proteins in our data set were further evaluated using western blot

and immunofluorescence microscopy analyses.

Talin
Radiation treatment of HCMEC showed increased relative abundance of talin in

both 10 Gy and 20 Gy when compared to control in the LC/MS/MS analysis.
Increased intensity was observed in both western and immunofluorescence

analyses.

Talin is a cytoskeletal protein, which is ubiquitous in distribution. This 270-kDa
protein has talin-1 and talin-2 isoforms [27, 28]. The former, which is expressed
in hematopoietic and endothelial cells, was investigated in this study. Talin is
reported to be overexpressed in metastatic cells and tissues [29-33]. Its over
expression has been reported in hepatocellular carcinoma, glioblastoma
multiforme, ovarian serous carcinoma and ovarian squamous carcinoma [31, 34,
35]. Bostanci et al reported aberrant levels of talin in blood serum samples from
patients with colon cancer, suggesting its potential to be an effective screening
tool for the early detection of colon cancer [36]. Due to its relevance in cancer

related pathways, talin is being investigated for the treatment of cancer.

Data from other studies showed that the relative abundance of talin is decreased

after radiation treatment. Change in the relative abundance of the talin protein in
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1, 2 and 4 Gy-irradiated human lymphocytes was identified by 2D-PAGE and MS
analyses [37]. In a tissue specific study, which investigated radiation induced
lung injury during thoracic cancer treatments, rats were irradiated at a dose of
28 Gy and the tissues were investigated 6 - 8 weeks post-irradiation. In both of

these studies, talin was found to be down-regulated [38].

To the best of our knowledge, the changes in the relative abundance of talin in
irradiated human brain endothelial cells have not been reported previously.
Talin’s role in the activation of integrin transmembrane proteins is supported in
our study, where both integrin a-5 and integrin 3 -1 have been detected in both
10 Gy and 20 Gy samples [39]. However both integrin -5 and integrin (3-1 are
less abundant when compared to control samples in the LC/MS/MS analyses.
Integrin a-3 shows more abundance in 20 Gy treatments and integrin -3 shows
more abundance in both 10 Gy and 20 Gy treatments. Talin plays a vital role in
cell adhesion and cell migration. It binds to integrin protein complexes and
activates them [39]. The immunofluorescence data do not show talin getting
externalised to the outer surface of the cell. It would be interesting however to
see the localisation and expression levels of integrin  in radiated human brain

microvascular endothelial cells.

Myoferlin
Myoferlin is a 230-kDa membrane protein belonging to the ferlin family of

proteins [40]. Ferlin proteins have long been associated with muscle tissues
since they were first reported in muscle fibres [41-43]. These muscle specific
proteins are expressed in high levels in vascular endothelial cells carrying out
the basic functions of endothelial cells such as cell proliferation and

homeostasis [40].

Myoferlin has been reported to be at varied abundance levels in human and
mouse breast cancer cell lines when compared to control COS-7 cells. Increased
expression levels have been observed in solid mouse and human carcinoma
tissues by western analyses [40]. Increased expression levels have also been
reported in tumour tissues resected from patients with oropharyngeal squamous

cell carcinoma [44].
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To the best of our knowledge, no studies relating to irradiation have been carried
out in myoferlin. Increased levels of myoferlin in muscle fibres are expressed as
means of cell repair in response to stress and remodelling [40]. We would expect
increased levels of myoferlin in irradiated cells due to the stress caused by
radiation. But our western blot results show no difference in the pattern of

expression between the sample groups (Fig. 4.4).

Myoferlin, which is a membrane protein, was not externalised post radiation
(Fig. 4.5). The localisation rather is very perinuclear and cytoplasmic as
observed by Huang et al in their study on vascular endothelial cells and by Leung

et al in their study on cultured mouse Lewis lung carcinoma cells [40, 45].

The correlation of myoferlin expression to vascular endothelial growth factor
(VEGF) has been reported in cancer studies where increased myoferlin
expression levels had an effect on increased secretion of VEGF [46, 47]. In a
study by Bernatchez et al, myoferlin was highly expressed in surface biotinylated
endothelial cells. Silencing of myoferlin resulted in lack of endothelial cell
proliferation in response to VEGF [47]. Elevated levels of VEGF have been
reported in the AVM endothelium [48-50]. Whether myoferlin plays a role in
elevated levels of VEGF in the AVM endothelium cannot be determined here as
this study has a limitation of being conducted in cell lines and not from AVM

primary cultures.

Although this study does not give conclusive findings on myoferlin, it may be
good to validate the molecule in animal models. Fahmy et al, in their study on
pancreatic ductal adenocarcinoma tissues, reported the density of blood vessels
to be increased in myoferlin positive tissues and reduced in myoferlin negative
tissues [46]. Investigating the blood vessels from animal models can shed light
on the expression of myoferlin in the AVM endothelium. In addition to primary
phenotypical variances, the AVM endothelium varies in the molecular level from
normal endothelium due to the stress caused by the high-pressure blood flow

through the cerebral veins. Animal models of AVMs that mimic AVM
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haemodynamics could be investigated for the expression of myoferlin before

eliminating this target molecule from the potential list of vascular targets.

HADHA
Radiation treatment of HCMEC showed increased relative abundance of HADHA

in 10 Gy treatments when compared to control. No significant differences were

observed in intensity levels in both western and immunofluorescence analyses.

HADHA, a mitochondrial 83-kDa protein is a subunit of the mitochondrial
trifunctional protein family [51]. In vitro and in vivo studies have been conducted
on HADHA in the field of cancer treatment. Up-regulated expressions of the
protein have been reported in lung cancer, non-metastatic breast cancer and
metastatic breast cancer and down regulated expressions in hepatocellular

carcinoma and clear cell renal carcinoma [51, 52].

There has been no study on the expression levels of HADHA post-irradiation.
Radiation causes cells to go through senescence or death. DNA damage however
is the primary effect it has on cells, which may lead to mutations and these
mutations could be mitochondrial specific [51]. This could be the reason for
HADHA and other mitochondrial proteins to be detected in our LC/MS/MS
analysis. HADHA however was up-regulated only in the 10 Gy samples, which
could suggest that HADHA expression is dose dependent. But our western blot
and immunofluorescence analyses showed no significant differences between
the radiated and control samples (Fig. 4.6 and Fig. 4.7). In the
immunofluorescence data, other than senescence, which is a phenotypic
alteration caused by radiation in cells, no translocation of the protein was

observed in the radiated samples.

Elongation factor 2
Radiation treatment of HCMEC showed increased relative abundance of

elongation factor 2 (EF2) in both 10 Gy and 20 Gy treatments when compared to
control. No significant differences were observed in intensity levels in both

western and immunofluorescence analyses.
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EF2 plays an essential role in protein synthesis and is being investigated for
possible use in cancer therapeutics [53]. In a proteomic study on aged rat
astrocytes, EF2 was up-regulated 3 hours after irradiation at a dosage of 0.1 Gy
and dropped down at 24 hours post-irradiation. This study, which investigated
the correlation of radiation treatment with ageing, is the only research reported
so far on the expression of EF2 post-irradiation [54]. In our data acquired from
LC/MS/MS analysis, EF2 was significantly up-regulated in both the radiated
groups. Among the list of significant proteins, the maximum fold changes (12 for
10 Gy and 9 for 20 Gy) were observed in EF2 protein when compared against
controls (Table 4.1 and Table 4.2). For this reason, we selected this molecule for
further validation by western blot and immunofluorescence analyses. There was
no difference between the radiated and control groups in both validating

analyses (Fig. 4.8 and Fig. 4.9).

Limitations of the study
The cell extract samples analysed by LC/MS/MS were biotin labelled which

enhanced the capture of low abundance proteins. The cell extract samples used
for the western blot and immunofluorescence analyses however were from
whole cell lysates, which may be the reason the expression patterns in western
blots are not consistent with the LC/MS/MS results for myoferlin, HADHA and
EF2. Future related work could be done on biotin labelled cells to keep the same
conditions for both proteomic and validation analyses. The other limitation of
this study is that it investigates the radiation-induced changes in human cerebral
microvascular endothelial cells from a cell line. A similar study carried out in

AVM primary culture would give more clarity.

In conclusion, our discovery of the increased relative abundance of talin is
promising for its possible role in vascular targeting. Although increased
fluorescent intensity levels have been observed in the immunofluorescence
analysis, the sub-cellular location of talin post-irradiation is unclear because the
cells used in this assay were permeabilised. Once this is confirmed, further work

on the prospective use of talin for vascular targeting could be carried out.
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Supplementary Figures and Tables
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Supplementary Figure 4.1: Network 1 - 10 Gy vs. Control of HCMEC at 48
hours post irradiation

HADHA, which was increased in its relative abundance in the non-spectral
abundance factor analysis, is shown to be increased in its relative abundance in
this pathway when compared between the 10 Gy and control samples. The red
colour represents proteins that are increased in their relative abundance.
Interestingly, the expression of HADHA did not differ between irradiated and
control samples in both western blot and immunofluorescence analyses.
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Supplementary Figure 4.2: Network 3 - 20 Gy vs. Control of HCMEC at 48
hours post irradiation

Talin that was increased in both 10 Gy and 20 Gy samples in the non-spectral
abundance factor analysis is shown in this pathway. Talin shows a link with
different integrin proteins that are decreased in abundance. The red nodes
represent proteins that are increased in relative abundance and the green nodes
represent proteins that are decreased in relative abundance. Talin showed
significant difference between the irradiated and control samples in both
western blot and immunofluorescence analyses. Fermitin, which is linked to talin
in this pathway, can be a potential target for evaluation in further analysis.
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Supplementary Table 4.1: Ingenuity Pathway Analysis of Associated
Network Functions for 10 Gy Treatments

ID Associated Network Functions Score

1 Cancer, cell death and survival, organismal injury and abnormalities 61

2 Cellular assembly organisation, cellular function and maintenance, 46
cell-to-cell signalling interaction

3 DNAreplication, recombination and repair, cellular assembly and 35
organisation, cellular compromise

4  Auditory disease, hereditary disorder, neurological disease 13

5 Carbohydrate metabolism, lipid metabolism, small molecule 11

biochemistry
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Supplementary Table 4.2: Ingenuity Pathway Analysis of Associated
Network Functions for 20 Gy Treatments

ID Associated Network Functions Score

1 Cell cycle, cell morphology, lipid metabolism 39

2 Cancer, organisational injury and abnormalities, amino acid 22
metabolism

3 Tissue development, cell morphology, digestive system development 14
and function
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Chapter 5

Conclusion
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Brain AVMs cause intracerebral haemorrhage in children and young adults often
leading to death or disability [1-3]. Currently, brain AVMs are treated by surgery,
radiosurgery or embolisation [4-7]. A subset of AVMs that are large and located
in critical regions of the brain cannot be treated with existing options [8-10].
There is therefore a need for a novel treatment for those AVMs that remain a

challenge for treatment with existing therapies.

A novel and molecular based treatment called vascular targeting is proposed for
treating AVMs. In this technique, a protein molecule on the AVM vasculature will
be targeted with an antibody. The antibody will be attached to an effector
molecule such as thrombin or tissue factor to promote thrombosis. This
technique has been used in the treatment of cancer and has proved
effective [11]. The endothelium of tumour vasculature is very different to the
normal endothelium, which helps in targeting the tumour vasculature in the
treatment of cancer [12]. This unfortunately is not the case in AVMs; AVM
vasculature does not differ significantly from the normal endothelium [13-17]. In
order to overcome this limitation, radiosurgery is proposed to ‘prime’ the
endothelial cells of the AVM vasculature [15, 16, 18]. Radiosurgery has the
advantage of targeting a particular volume with minimal effect on the
surrounding tissues [19]. The overall aim therefore is to employ radiation to
induce molecular changes in the AVM endothelium and discover a target

molecule that could be used for vascular targeting.

For vascular targeting to work in AVMs, a discriminating target molecule must be
identified. It is not feasible to carry out the process of identifying such a target in
humans. Therefore in vitro and in vivo work is being done. At present there is no
single experimental model that can provide all answers pertaining to the
identification of specific target molecules, therefore identification of a suitable
target will require the use of multiple techniques. The identified target molecule
should have the following characteristics to be used in the treatment of AVMs.
Firstly, it should be localised to the radiated tissue. Secondly, it should be
expressed on the cell surface and thirdly, it should be sufficiently discriminating

from normal vessels, i.e. it should significantly be increased in abundance in the

154



irradiated vessels. The work described in this thesis was performed in pursuit of

suitable targets.

Summary of results
The response of endothelial cells to irradiation was studied both in vitro and in

vivo through proteomic-based techniques in earlier work [20]. Three targets -
CD51, CD109 and BMP3 were selected from the list of protein targets increased
in relative abundance after irradiation for further analysis in this thesis.
Immunohistochemical analysis was carried out in AVM vessels and common
carotid artery (CCA) tissues extracted from animal models to investigate the
location of CD51, CD109 and BMP3 proteins in the endothelial cells. The analysis
revealed the presence of CD51 in AVM vessels from days 1 and 3 after irradiation
and was absent in AVM vessels from days 7, 21 and 42 after irradiation. CD51
was absent in the non-irradiated AVM vessels. However, CD51 was present in
both control and irradiated tissues of the CCA. CD109 was not detected in the
endothelium in any of the experimental groups. BMP3 was present in the
endothelium on day 21 after irradiation of both AVM vessels and CCA tissues.
BMP3 was not present in any of the control tissues. On the basis of these
findings, BMP3 looks to be a very promising molecule for further investigation.
However, it was not apparent if the data obtained in the study of the animal
model (i.e. the relative abundance of CD51, CD109 and BMP3) might be
extrapolated to humans. While the animal model replicates the haemodynamics
of human AVM, it has several limitations [21]. As the immunohistochemical
analyses were carried out in fixed tissues, it was not possible to obtain precise

locations of these proteins on the surface of the endothelial cells in the sections.

In order to further explore the endothelial molecular changes in AVMs, in vitro
and in vivo studies were followed by investigating humans with AVMs. It is not
feasible to extract AVMs from humans early after radiosurgery. There is the
potential to get an insight into the endothelial molecular changes in the blood.
Changes may be detected in the endothelial microparticles (EMPs). EMPs have
been reported to be elevated in various diseased states [22]. There has been no
report in literature on the correlation of EMPs and AVMs. EMPs from plasma

samples were analysed using flow cytometry and compared to samples from
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healthy volunteers. The protein, CD51 was observed to be elevated in the plasma
of AVM patients. The other protein, CD105 which is elevated in HHT gene
mutations, a genetic condition associated with AVMs was observed to be
decreased in AVM patient plasma samples when compared to healthy volunteer
samples. These changes in the relative abundance of the proteins in the EMPs
were not statistically significant. The sample size was a major limitation in this
study. (Additional samples will be analysed using flow cytometry in ongoing
work. It is hoped that the larger sample size will increase the statistical

robustness of the findings.)

To date, the work on AVMs conducted in this laboratory has used cultured
mouse brain endothelial cells, as well as animal models of AVM. To better
understand the response of human brain endothelial cells to irradiation, the final
aim of this project was to determine radiation-induced protein expression in
human brain microvascular endothelial cells. Two potential targets, CD109 and
BMP3 that were detected in earlier proteomic studies of mouse brain endothelial
cells were not detected in the proteomic analysis of human brain endothelial
cells [20]. Integrin proteins were the only membrane proteins in the list of
significantly up-regulated proteins in the irradiated samples. Three proteins
from this list - Talin, HADHA and elongation factor 2 and myoferlin, a membrane
protein (not statistically significant) were selected for further validation by
western blot and immunofluorescence analyses. Talin was the only protein that
showed increased band intensity in the radiated samples in western blot
analysis. Likewise, increased fluorescence intensity was observed in the
irradiated cells during immunofluorescence analysis. However, as the cells were
permeabilised during sample preparation for immunofluorescence microscopy,
the sub-cellular location of the protein could not be precisely determined. All
other three proteins (myoferlin, HADHA and EF2) showed no significant
difference between irradiated and control samples. The reason for the difference
in pattern between the western blot and the proteomic techniques could be
attributed to differences in sample preparation. Samples were biotinylated to
enrich the capturing of membrane proteins for LC/MS/MS analysis whereas

whole cell lysates were used for western blot and immunofluorescence analyses.
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Ideally, it would have added more value if the same molecules were validated in
the animal model for expression. This will be evaluated in future studies. This
study only gives the expression of proteins in human cerebral microvascular
endothelial cells in response to irradiation. This study was carried out on cell line
culture and not primary AVM endothelial culture. This is a major limitation of the
study. Developing primary cultures of human AVM endothelium is part of

ongoing studies.

In summary, out of the seven target molecules, the protein BMP3 shows
localisation in irradiated tissues of day 21 in the animal model. The irradiated
cells show increased expression of talin in LC/MS/MS, western blot and

immunofluorescence analyses.

Future directions
Further work on circulating EMPs by investigating their proteome would add to

the existing knowledge on the molecular biology of AVMs. This could be done in
plasma samples from both AVM patients and the animal model. Plasma samples
could be collected at different time points post-irradiation. If a similar proteome
is observed in plasma samples of both AVM patients and non-irradiated AVM
animal models, it can be expected to observe similar patterns in human AVMs

after irradiation as what is observed in the animal models exposed to irradiation.

The use of plasma for studying biological functions and malfunctions is mainly
because of the insight it gives of the human proteome [23]. High abundance
proteins, which are over 99% of the total proteins, mask the detection of low
abundance proteins in most proteomic analyses [24, 25]. This was a problem in
the current work, where the high abundance proteins such as actin,
lipopolysaccharide binding protein and heparin cofactor 2, masked all other
proteins that may have been of interest for further analysis. It is the low
abundance proteins that give further perception of apoptosis, inflammation, cell
damage, cell signalling and tissue leakage [26, 27]. Enhancing the detection of
low abundance proteins could be done by immunodepletion. Over twenty high
abundance proteins have been able to be depleted by commercially available

columns [26, 27]. If EMP count in AVM patient plasma samples is significantly
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elevated to control samples in future work, immunodepletion could be sought to
better detect those proteins that could not be detected in this study. In this way,
a better understanding of the proteomic signature in AVM patients could be

perceived.

Overall, the work described in this thesis points to talin and BMP3 as being
promising candidates for vascular targeting. However, further validation of the
molecules is needed. This could be done in more human and non-human studies.
If the molecules prove to be successful in producing intravascular thrombosis in
the animal model, it will be required then to demonstrate that radiosurgery in
humans also creates a similar molecular signature. This could be verified using
PET scan and microparticle-related proteomic studies. It will also be required to
create a larger animal model to be sure of the safety of the technique of
producing thrombosis in the brain, which will then finally be followed by clinical

trials.
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Committee (HREC (Medical Sciences)).

I am pleased to advise that ethical and scientific approval has been granted for this project
to be conducted at:

e Macquarie University
This research meets the requirements set out in the National Statement on Ethical Conduct
in Human Research (2007 — Updated May 2015) (the National Statement).
Standard Conditions of Approval:

1. Continuing compliance with the requirements of the National Statement, which is
available at the following website:

http://www.nhmre.gov.au/book/national-statement-ethical-conduct-human-research

2. This approval is valid for five (5) years, subject to the submission of annual reports. Please
submit your reports on the anniversary of the approval for this protocol.

3. All adverse events, including events which might affect the continued ethical and scientific
acceptability of the project, must be reported to the HREC within 72 hours.

4. Proposed changes to the protocol and associated documents must be submitted to the
Committee for approval before implementation.

It is the responsibility of the Chief investigator to retain a copy of all documentation related
to this project and to forward a copy of this approval letter to all personnel listed on the
project.

Should you have any queries regarding your project, please contact the Ethics Secretariat on
9850 4194 or by email ethics.secretariat@mgq.edu.au



http://www.research/
http://www.nhmrc.gov.au/book/national-statement-ethical-conduct-human-research
mailto:ethics.secretariat@mq.edu.au

The HREC (Medical Sciences) Terms of Reference and Standard Operating Procedures are
available from the Research Office website at:

http://www.research.mq.edu.au/for/researchers/how to obtain ethics approval/human
research ethics

The HREC (Medical Sciences) wishes you every success in your research.

Yours sincerely
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Professor Tony Eyers
Chair, Macquarie University Human Research Ethics Committee (Medical Sciences)
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This HREC is constituted and operates in accordance with the National Health and Medical
Research Council's (NHMRC) National Statement on Ethical Conduct in Human Research
(2007) and the CPMP/ICH Note for Guidance on Good Clinical Practice.
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