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Abstract

Background: Brain arteriovenous malformations (AVMs) are a leading cause of intracranial
haemorrhage in children and young adults. Limitations of current treatment approaches leave
one third of AVM patients at risk. The overall goal of this work is to develop a radiation-guided
vascular targeting treatment for AVMs. Externalised phosphatidylserine and alpha-crystallin B
(CRYAB) have been identified as potential biomarkers on the endothelium of irradiated AVM
blood vessels. It was hypothesised that these molecules could be selectively targeted after AVM
radiosurgery with ligand-directed pro-thrombotic vascular targeting agents (VTAS) to achieve
localised thrombosis and rapid occlusion of pathological AVM vessels. Pre-testing of novel

VTAs may be more economically and ethically performed in vitro.

Aim 1: To establish an in vitro parallel-plate flow chamber system using whole blood for VTA

testing.

Aim 2: To develop and test the efficacy of pro-thrombotic VTAs targeting phosphatidylserine

and CRYAB on irradiated endothelial cells under flow.

Methods: Conjugates were prepared by Lys-Lys cross-linking of thrombin with annexin V
targeting phosphatidylserine, or with an anti-CRYAB antibody. Cerebral microvascular
endothelial cells were irradiated (5 Gy, 15 Gy, and 25 Gy) and after 1 or 3 days assembled in
a parallel-plate flow chamber containing whole human blood and conjugate (1.25 pg/mL or

2.5 pg/mL). Confocal microscopy was used to assess thrombus formation after flow via binding

and aggregation of fluorescently-labelled platelets or fibrinogen.

Results and conclusions: Both annexin V-thrombin and anti-CRYAB-thrombin VTAS
induced rapid thrombosis on irradiated endothelial cells under flow. Thrombosis was greatest

at the highest combined doses of radiation and conjugate. Annexin V-thrombin induced



moderate thrombus stimulation even at the lowest radiation dose. These molecules and their
developed VTAs appear suitable for further testing in animal models. The parallel-plate flow
chamber proved to be a simple and cost-effective method to pre-test pro-thrombotic vascular

targeting agents prior to preclinical studies.
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Chapter 1



1. Introduction

1.1 Preface

Brain arteriovenous malformations (AVMSs) are vascular malformations associated with a
major risk of haemorrhage in younger members of the population. Current treatments can be
effective but for various reasons leave one-third of patients at risk. VVascular targeting (VT) was
proposed in this study as a possible approach to AVM treatment with radiation as a priming
mechanism to induce endothelial surface changes, since AVM themselves have no distinct
molecular features for targeting. VT in AVMs requires initial identification of radiation-
induced target proteins on the endothelial surface that discriminate these vessels from normal
vasculature, and the development of VT agents that combine a ligand or antibody to such target
molecules, with pro-thrombotic factors (eg, thrombin, the effector). The overall goal is being

to induce thrombosis selectively in these abnormal vessels to create occlusion and AVM cure.

Having previously identified a series of radiation-stimulated targets, the aim of the current
study was to develop new pro-thrombotic ligand/antibody conjugates specific to identified
targets and to develop and optimise an in vitro parallel-plate flow system that would allow pre-
testing of each agent’s efficacy in endothelial binding and thrombus formation under high flow
conditions in the presence of whole blood. This would allow more economical, ethical, and
efficient assessment of novel conjugates prior to pre-clinical animal studies. Hence, the purpose
of this research is to develop and test the efficacy of pro-thrombotic conjugates in inducing
thrombosis on irradiated brain microvascular endothelial cells using an in vitro parallel-plate
flow chamber. In this chapter, AVMs are introduced as a clinical problem and the literature
reviewed with respect to the development of VT with radiation priming as an approach to AVM

treatment.



1.2 Brain AVMs

1.2.1 Pathology and pathophysiology

AVMs can occur in all parts of the central nervous system but larger ones most frequently occur
in the brain in the area supplied by the middle cerebral artery [1]. AVMs consist of direct
connections between arteries and veins without an intervening capillary network resulting in
tangled collections of abnormal blood vessels called the “nidus” (Figure 1.1), which involve
complex twists connected by one or more fistulae [2]. This causes dynamic changes where
relatively weak-walled veins are unable to resist the high pressure from arterial blood resulting
in progressive venous dilation from arterial pulsation [3]. McCormick described large AVMs
as a “bag of worms”, with markedly thick-walled and dilated venous channels projecting into
the parenchyma [1]. Observation of AVMs shows the thickening of veins with no damage to
the elastic lamina of the arterial intimal layer [4] and other studies have demonstrated
microvessel accumulation, disordered collagen, intimal hyperplasia, and venous enlargement
[5, 6]. Dural feeding arteries can be twisted and enlarged showing fibrous thickening in the
intima and adventitia where artery-like thickening of venous walls occurs due to internal high
pressure of arterial blood flow directly to the veins [7]. Brain AVMs are often described as
complicated or poorly developed blood vessels in which there are also many cases of multiple

brain AVMs with multiple nidi containing either deep or cortical lesions [8].



Figure 1.1: Arteriovenous malformations. Direct connection of arteries and veins without
intervening capillaries forming tangled collections of abnormal vessels. Figure courtesy of
Professor Marcus Stoodley.

Some studies have examined the haemodynamic derangements in AVMSs and theirassociation
with clinical outcomes, in particular the issue of arteriovenous shunting of blood in which the
arterial pulses are mediated directly to the venous side [9]. Various AVM animal models have
been developed to study the blood flow, intracranial hypoperfusion, and the role of venous
hypertension. From a clinical point of view, venous hypertension in AVMs is more likely to be
associated with the occlusion of venous outflow compared to arteriovenous shunting [10-12].
Many recent studies have focused attention on venous drainage, AVM size, feeding arterial
pressure and their significance on the pathophysiology of haemorrhage. Both deep venous
drainage and size are considered as independent predictors of haemorrhage [13-16]. In contrast,
some authors report that haemorrhage is more likely with superficial rather than deep venous
drainage [17, 18]. Though feeding arterial pressure has a weak correlation with the size of a
lesion, higher arterial pressure appears to be associated with a high risk of bleeding compared
to lower arterial pressure [19]. Aneurysms are often associated with AVMs, resulting from the
haemodynamic changes in AVM vessels that weaken the arterial wall [20]. The annual risk of
haemorrhage has been reported to be 8.3% for patients with associated aneurysms and 2.4%

for patients without associated aneurysms [21].



1.2.2 Aetiology

The cause of AVMs remains poorly understood. They are thought to be congenital in origin
with the potential to grow and progress with time, with the vessels maintaining a form of
vascular immaturity. Although AVMs may be present at birth, symptoms usually do not
become evident until the second decade of life [22]. This suggests that either these lesions
actually develop after birth or have not grown sufficiently before birth to be detectable or
induce symptoms [23, 24]. There are cases reported of de novo development of AVMs with no
abnormal vascularity observed on prior MRI [25, 26] and some cases with pre-existing vascular
abnormalities that developed into full AVMs later in life [27, 28]. One interesting case report
revealed the development of a de novo AVM in a 9-year old girl within 4 years of experiencing
mild head injury [29]. These findings indicate that lesions may appear and develop de novo.
AVMs may be present but sometimes remain undetected suggesting that either they are too
small for detection or current diagnostic methods might be too insensitive to detect AVMs

during the early stages of development [24, 30].

Recent studies have reported genetic factors in AVM development that have a role in vascular
remodeling and vasculogenesis [31-33]. Hereditary haemorrhagic telangiectasia (HHT) is an
autosomal dominant genetic disorder with clinical manifestations resulting in formation of
AV Ms that can occur anywhere in the body. The estimated prevalence in the general population
is reported to be one or two cases per 100,000, with a mutation rate of 2 to 3 per million [34-
36]. As described previously, multiple AVMs have been reported in many cases [8, 37-39], but
are most commonly associated with HHT [40-42]. Patients with HHT are at increased risk of
developing brain AVMs, with an incidence of 7.9% brain AVMs noted out of 215 cases of
HHT in one study [43]. Mutations in endoglin (ENG) and activin receptor-like kinase (ALK-
1) genes, that are part of the transforming growth factorp (TGF-B) signaling pathway, cause

HHT type 1 (HHT1) and HHT type 2 (HHT 2), respectively, where TGF-[ plays an important



role in angiogenesis and vasculogenesis [44-47]. HHT with associated juvenile polyposis has
also been associated with mutations in SMAD4, also an important component in TGF-i
signaling [48, 49]. Impairment of these genes also leads to abnormal angiogenesis resulting in
HHT angiodysplasia where factors such as vascular endothelial growth factor (VEGF) and

angiopoietin-2 (Ang-2) play important roles [50].

Studies on AVM phenotypes in non-HHT patients also suggest an aberrant angiogenic-like
phenotype with overexpression of VEGF, a growth factor responsible for vasculogenesis and
angiogenesis [51, 52], consistent with abnormal vessel development or maturation that may be
inherent or instigated by injury and sustained by haemodynamic or hypertensive forces. On
comparing AVM endothelial cells with normal endothelial cells, it was found that they have
active vascular remodeling with a higher Ki-67 proliferative index and endothelial cell turnover
[53]. Proliferation of AVM endothelial cells was greater with over-expressing pro-angiogenic
growth factors compared to normal brain endothelial cells (BECs) with highly activated AVM
endothelium expressing high levels of VEGF-A with overexpressed VEGF receptors 1 and 2.
Further, functional angiogenesis assays using AVM-derived BECs show the development of
shorter, dysfunctional tubules compared to normal BECs [52]. Other immunohistochemical
studies have reported higher levels of AVM endothelial proliferation and angiogenesis with an
increased level of angiogenesis in partially obliterated AVMs, as well as strong expression of
VEGEF in brain AVMs [54]. VEGF is also found to have association with regrowth of AVMs
post radiosurgery [55]. Surgical specimens from 10 AVMs out of 112 patients showed strong
expression of integrin af31 in endothelium and sub-endothelium with moderate expression of
integrin af33 and af35 on analysis by immunohistochemical staining [56]. These integrins are

also commonly associated with angiogenic vessels.

The Notch signaling pathway is a fundamental pathway also with an important role in vascular

development and physiology [57, 58]. To date, four Notch family receptors and five ligands
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have been identified in mammals where specific expression of Notch pathways ligands and
receptors in vascular endothelium confirm its role in vascular development and haemostasis
[59-61]. Upregulation of Notch4 was reported in endothelial cells and smooth muscle cells of
human adult brain AVMs suggesting that this signalling is involved at some stage of the
development of human brain AVMs [62]. This was further confirmed using mouse embryos
with conditional activation of the Notch | gene in endothelial cells which has exhibited

abnormal vascular remodelling resulting in AVMs [63].

Genetic studies in non-HHT patients have identified the influence of single nucleotide
polymorphisms (SNPs) in several genes associated with risk of AVM rupture resulting in
intracranial haemorrhage (ICH) [64-66]. Achrol et al. reported the involvement of SNPs in the
increased risk of ICH after brain AVMs diagnosis [32]. Other studies have associated tumour
necrosis factor- alpha-238G>A (TNF-0-238G>A) and apolipoprotein E2 (ApoE e2) genotypes
with 3.5-fold and 3.2-fold increases in the risk of post-treatment ICH [67]. Many of these SNPs
associate with rupture risk but do not necessarily contribute to our understanding of initial

formation of AVMs [68].

1.2.3 Epidemiology

The incidence of AVMs is reported to be 0.89 — 1.34 cases per 100,000 persons per year with
a prevalence of less than 0.1% of the population [69-71] and a mortality rate ranging from 6%
to 20% [72-74]. The annual rate of bleeding in AVM patients ranges from 2 to 4% with a mean
age of patients dying from AVM-related haemorrhage of 44.4 years [75]. Haemorrhage occurs
most commonly between the ages of 10 and 40 [37]. Life survival analyses in 217 with a mean
follow up of 10.4 years reported a 42% risk of haemorrhage, 29% risk of death, 18% risk of
epilepsy, followed by 27% risk of other neurological deficits by 20 years after diagnosis [72].
Brown and colleagues studied the natural history of a patient population with unruptured

intracranial AVMs and reported that 11% of patients with AVMs



less than 3.4 cm ruptured, compared to 18% and 19% of patients with 3.4 —5 cm and more than
5.5 cm, respectively. They also reported 2.2% mean risk of hemorrhage per year with increase
in recurrent hemorrhage over time [76]. Several studies have reported that patients who initially

present with haemorrhage have a higher risk of subsequent haemorrhage [15,72, 73].

1.3 Clinical presentation

Haemorrhage, headache and seizure are the most common initial presentations of patients with
brain AVMs [77]. Patients with an initial haemorrhage symptom also followed with seizure,
headache and other neurological deficits [78] with the chances of developing residual epilepsy
[79]. Previous studies associated the greater likelihood of patients with small AVMs presenting
with haemorrhage and patients with large lesions presenting with epilepsy [80]. Seizure is a
common symptom which is not included as morbidity, but patients with preoperative seizures
are more likely to have them continue after surgery [81]. The association of AVMs with
headache is not yet understood but occipital AVMs carry a high risk for migraine-like headache
with visual symptoms [82]. The risk of other neurological disorders varies from 8% to 17%
after 10 years which may develop as an immediate neurological handicap resulting from an

initial haemorrhage or a late progressive consequence [80].

1.4 Diagnosis

Brain AVMs can be diagnosed by cerebral angiography, CT (Computed Tomography)
scanning, and MRI (Magnetic Resonance Imaging). Angiography is required for evaluating the
angioarchitectural characteristics of AVMs [2]. The extent of haemorrhage and specific
anatomical position of AVMs are well determined on CT [83]. MRI is useful in assessing the
morphology of specific lesions and demonstrates the relationship of small cerebral AVMs with

the surrounding brain and ventricles (Figure 1.2) [84]. Brain AVMs can be completely



asymptomatic in some patients but are detected incidentally after imaging for other medical

reasons.

Figure 1.2: MRI image of a Grade V AVM. Figure courtesy of Professor Marcus Stoodley.

1.5 Classification of AVMs

To predict the risk of morbidity and mortality of AVM patients undergoing surgery, a grading
system is currently in use called ‘Spetzler-Martin grading system’ [85]. According to the
system, the lesions are classified from Grade | to Grade V based on their size, pattern of venous
drainage and neurological eloquence of the brain regions adjacent to them [85]. Grade I and 11
have low risk and can be handled with microsurgery alone [86-88] whereas Grade 1V and V
are associated with higher morbidity and mortality rates [85, 89, 90]. Lesions of 3 — 6 cm
diameter in eloquent locations have morbidity rates higher than expected for other Grade 1lI
and more likely Grade IV AVMs, while AVMs of <3 cm diameter with deep venous drainage
in eloguent locations have lower morbidity rates than expected for Grade 111 lesions [91, 92].
No treatment was recommended for 75% of the patients with Grade IV and Grade V AVMs

because of the high risk [93].



Some of the other proposed grading scales include Lawton’s modified Spetzler-Martin Grading
Scheme [94], AVM related intracerebral haemorrhage (AVICH) [95], Lesion-to-Eloquence
(LED) [96], and Buffalo score [97]. However, the Spetzler-Martin scheme is most frequently
used to predict outcomes after AVM surgery [85]. Then, to predict the complication and risk
of AVM radiosurgery, Pollock and Flickinger in 2002 proposed Radiosurgery Based AVM
Score (RBAS) to predict the chances of complete AVM obliteration without any risk of
acquiring new deficits which was later modified based on AVM volume, patient age and
location [98, 99]. Some of the other grading scales are Heidelberg score [100], Virginia
Radiosurgery Score (VRAS) [101], and Proton Based Stereotactic Radiosurgery Score (PBAS)
[102]. A comparative study of 5 different grading scores (RBAS, PBAS, VRAS, Heidelberg
Score and Spetzler-Martin) was made with respect to their ability to predict the functional
outcome after SRS without any risk. RBAS and PBAS proved successful in predicting the
radiosurgical outcome by considering possible neurological conditions compared to other

scales [103].

Overall, grading scale has proven to be a simple and accurate approach to predict the risk from

surgical/radiosurgical morbidity and mortality rates before considering the treatment.

1.6 Current treatments for AVMs

Brain AVMs are currently treated with microsurgery, radiosurgery or endovascular
embolisation. The main aim of treatment is to prevent haemorrhage. Choice of treatment is
based on the nidus size, eloquence of adjacent brain and the presence of deep venous drainage

[104].
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1.6.1 Microsurgical resection

Microsurgical resection remains the gold standard technique for small and easily accessible
AVMs by dissecting the nidus along with direct feeders thereby removing the lesions
completely [105]. Surgical resection provides complete protection against further haemorrhage
[77, 106, 107]. Small AVMs can typically be safely operated using surgery with low mortality
and morbidity. Factors that are significant in determining the surgical accessibility of the AVM
lesion include size, pattern of venous drainage, and eloquence of the adjacent brain regions to
the AVM [85]. A study examining 110 patients reported that complete obliteration was
achieved in 99% of patients with small AVMs with 17% moderately disabled [87]. Whereas
with 320 patients, 19% underwent surgery with lesion size less than 3 cm in diameter,
regardless of their location, and 45% of the lesions present in the surgically inaccessible areas
of the brain. Angiographic results revealed complete obliteration in 94% of these patients with

a surgical morbidity of 1.5% with no mortality [88].

1.6.2 Endovascular embolisation

Endovascular embolisation is a treatment to occlude blood flow in AVM vessels using catheters
that deposit occlusive materials into the feeding arteries and nidus. This can be carried out
alone but may typically be used before surgery or radiosurgery as an adjunctive treatment to
shrink the AVM nidus and prevent bleeding [108]. Embolic liquids such as isobutyl-2-
cyanoacrylate (IBCA), N-butyl cyanoacrylate (NBCA) ethylene vinyl alcohol copolymer,
histoacryl, and onyx are commonly used agents [109-112]. A successful embolisation reduces
the size of the lesion, occludes deep feeding vessels, and reduces intraoperative haemorrhage
[113]. Though most AVMs can be embolised, partial embolisation with combined surgery or
radiosurgery has more convincing functional outcomes except for AVMs with small size nidus

[114]. Some post- embolisation results correlate with intra-embolic recanalisation followed
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by melting of the clots trapped with the glue of isobutyl-2-cyanoacrylate (IBCA) [115]. The key
factor in the prevention of nidus recanalisation is the ability of the embolic agent to penetrate

deep into the nidus rather than just occluding its feeders [110].

1.6.3 Stereotactic radiosurgery (SRS)

In general, radiation causes damage to living tissues by changing cellular structure and
damaging DNA thereby leading to prolonged cell injury and death [116]. This procedure is
widely utilised in cancer therapy for causing tumour necrosis [117]. However, it also carries a
high risk of affecting surrounding healthy cells by causing severe injury and inflammation
[118]. Hence, stereotactic radiosurgery gamma unit was first installed with cobalt 60 as an

efficient way to deliver a narrow-focused beam of radiation to a precise target volume [119].

In AVM treatment, SRS is considered as an effective alternative to microsurgery in treating
small AVMs [120]. This technique is characterised by accurate delivery of high doses of
radiation with a sharp dose fall-off outside the target volume using various technologies such
as gamma knife, linear accelerators and proton beam (Figure 1. 3) [121, 122]. AVM obliteration
is achieved by radiosurgery via endothelial cell proliferation, increasing vessel wall thickening,
and eventual luminal closure [123-125]. Vaso-occlusive effects of radiosurgery are believed to
slowly initiate from endothelial proliferation, progressive wall thickening, and luminal closure
[126]. The primary change in AVMs after standard radiation treatment is the endothelial
damage which includes separation of the endothelial lining from the vessel wall which creates
a subendothelial space containing proteinaceous material [125, 127]. Irradiated endothelial
cells have also been observed to contain numerous filopodia, abundant lysosomes and other
cytoplasmic vesicles with a hyalinised basement membrane and smooth muscle cells showing

bundles of proliferating microfilaments [128]. Both proliferative and degenerative
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changes have been observed in irradiated AVM vessels with spindle-shaped cell populations
resembling myofibroblasts following tissue granulation [127]. A rodent model of AVMs was
developed recently to study the morphological changes in AVM vessels after irradiation which
showed increased collagen layering and fibro-hyalinised internal elastic lamina in the model
nidus [129]. These radiation-induced changes resulted in upregulation of cellular pro-coagulant
activity and tissue factor expression following re-endothelialisation, platelet activation, and

fibrin deposition thereby leading to post-irradiation thrombosis [130].

Figure 1. 3: Radiosurgery of AVM vessels: focused beam of radiation from multiple
directions. Figure courtesy of Professor Marcus Stoodley. (Simonian et al, 2004,
MOJ Proteomics & Bioinformatics)

It is possible to achieve complete obliteration using SRS with a latency period of around 2 — 3
years where some studies reported complete obliteration rates of more than 90% in small
AVMs and 30% in large AVMs during the latency period of 1 — 3 years [131, 132]. For
Spetzler-Martin Grade Il — IV AVMs, radiosurgery is considered a treatment option with 43 —
85% of obliteration rates at 4 years after a single treatment [133-136]. Deeply located AVMs
of <4 cm® can be treated safely and effectively using radiosurgery with low morbidity but may

require repeated treatments for complete obliteration [137].
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1.7 Limitations and risks of current AVM treatment

1.7.1 Limitation of microsurgery

Although surgical resection of AVM lesions can be effective, surgery remains challenging for
lesions in eloquent regions [138]. Surgical risk for large and deeply located lesions involves
reoccurrence of arterial bleeding from the nidus even after all major feeders are thought to have

been occluded [33]. Hence not all AVMs can be safely treated by surgery [90].

1.7.2 Limitation of endovascular embolisation

Endovascular therapy carries a risk of causing infarction of normal brain parenchyma distal to
the AVM nidus. The most common cause of complications associated with embolisation is
ischemia due to occlusion of normal vessels [139]. Further, there is possibility of post-
embolised recanalisation with the evidence of 2 to 19% reported where the rate of
recanalisation was related to the type of embolic agents, method of embolisation, and type of
vascular lesion [140-144] In one study of 233 patients treated with endovascular procedures,
14% had neurological deficits with 2% being continuous disabling deficits, while 1% died after
the treatment [145]. It is possible for a patient to have an additional risk when undergoingpre-
operative embolisation where worsening of a pre-existing deficit is evaluated as a new deficit.
The proposed Spetzler-Martin grading scheme has also been applied to assess complication
risk from embolisation. It is also important to note that the risk-to-benefit ratio for pre-operative
embolisation may vary for high grade Spetzler-Martin lesions compared to Grade | lesions
[146]. Hartmann et al. reported 4% out of 116 patients with residual AVMs after the combined
endovascular and surgical treatment where one of the patient experienced haemorrhage within
3 months of surgery resulting in mild neurological deficit [111]. Further, 11% from 201 patients

died or had a permanent neurological deficit as a result of embolisation with a follow-up period
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of 11 years [147]. Overall morbidity and mortality rates for embolisation vary from 6 to 28%

and 1 to 8% respectively [148, 149].

1.7.3 Limitation of stereotactic radiosurgery

Although radiosurgery is a good therapeutic option, it is not effective for AVMs greater than
25 mm in diameter [150]. Another limitation of standard radiosurgery is long latency periods
until complete obliteration is achieved, with some cases reported to have no closure even after
5 — 8 years [151-154]. Friedmann et al. reported a latency period of 2 or 3 years to achieve
complete obliteration [155] and the risk of haemorrhage is not reduced until complete
obliteration is achieved [131]. Therefore, a dose response curve was constructed in a study and
reported 50% obliteration at 15 Gy and 80% at 22 Gy [156]. Still it has been open to question
whether and to what extent the risk is reduced during this period as compared to the risk before
radiosurgery [157-160]. This was clearly demonstrated in a study where 42 of 500 patients had
haemorrhage before radiosurgery, 23 of 458 patients experienced haemorrhage during the

latency period, while 6 of 250 patients experienced haemorrhage after obliteration [133].

Apart from a long latency period, haemorrhagic risk, and low obliteration rates, radiosurgery
also has limitation with respect to the off-target effects. Kihlstrom et al. reported late radiation
effects as abnormalities after AVM radiosurgery [161]. This may be due to the off-target effects
resulting in brain necrosis which depend on target doses and treatment volume [75, 150, 162,
163]. The risk of complications in normal tissues increases with volume radiated [164, 165].
Therefore, it is important to use in-field obliteration as a final predictor for analysing significant
radiobiological result which depend mainly on minimum target dose but does not seem to vary
much with volume or maximum dose [166]. Complications after radiosurgery treatment mainly

depend on the lesion location and dose [167].
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Advances in standard radiosurgical techniques are unlikely to improve accuracy and off-target
effects at high doses. Although treatment with fractionated doses is an option for some larger
AVMs that are untreatable by other methods, rates of occlusion are greater with higher single
doses [75, 150, 166]. However, higher dose carries a high risk of late radiation effects. At the
same time, lowering the prescribed marginal dose is also associated with reduced obliteration
rate [168]. Hence, the marginal dose used clinically is 15 — 25 Gy with no decrease in the
obliteration observed above 25 Gy [169]. In some cases, AVMs stay unresponsive even after 3
years which may be due to various factors such as radiobiological resistance, lesion size,

location, venous drainage, and patient age [151].

1.8 Other potential treatments

Although the cause of AVMs and its progression are still unclear, it is well known that AVMs
are also associated with some angiogenic markers due to venous hypertension as mentioned
earlier. Recently, inhibition of angiogenesis has been used as a therapeutic goal in AVMs since
cellular and molecular mechanisms of angiogenesis stay distinguishable in various tissues, as
in cancer [170, 171]. In one study, 2 methoxyestradiol (2-ME) was used as an anti-angiogenic
treatment for AVMSs using an intracranial venous hypertension rat model and cultured human
umbilical vein endothelial cells under anoxic conditions. They successfully reported the
inhibition of hypoxia/anoxia-induced angiogenesis by 2-ME considering it as a potential choice
as an adjunct therapy for AVMs [172]. Other anti-angiogenic drugs such as Sirolimus, vascular
endothelial growth factor (VEGF) pathway inhibitors, interferon or matrix metalloproteinase
(MMP) inhibitors were shown to prevent the growth of remaining AVM nidus after partial
removal when used before or after treatment [173]. Sirolimus (Rapamycin) was first used in
the treatment of metastatic renal cell carcinoma where it inhibits angiogenesis through altering
the mammalian target of rapamycin (mTOR) intracellular signal pathway [174, 175]. MMPs

play an important role in angiogenesis as they are required to break down extracellular matrix
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to allow vessel growth and expansion, and high levels of MMP activity in AVM vessels results
in progressive AVM growth and bleeding [176]. MMP inhibitor doxycycline was used prior to
AVM resection where it resulted in decrease of MMP-9 in AVM tissues [177]. Bevacizumab
(a VEGF inhibitor) is a humanised monoclonal antibody directed against human VEGF which
has been approved by the Food and Drug Administration (FDA) in the USA and used as the
first anti-angiogenic drug to increase the survivability of cancer patients [178, 179]. VEGF
levels were observed to be increased in resected AVM specimens and Bevacizumab treatment
for AVMs proved to reduce the vessel density and dysplastic vessels by abrogating VEGF
signaling [180]. However, although Bevacizumab has been approved by FDA for cancer
treatment, 3.1% of cancer patients suffered haemorrhage after receiving Bevacizumab, with
three patients dying from severe pulmonary haemorrhage [181]. Although, only bleeding with
no death reported in AVMs, Bevacizumab has been considered for very careful use for the
treatment [182]. Complications associated with bleeding and rupture have also been noted for

other anti-mitogenic agents such as Paclitaxel, Carboplatin and Bevacizumab [183-185].

1.9 Medial management and risk reduction in AVM treatment

There are obviously limitations to the current interventions used for AVM treatment as
reviewed above. There has always been some argument that simple medical management of
AVMs to address symptoms and reduce haemorrhage risk may be a better way, at least in
previously unruptured AVMs, and whether it is possible to prevent the situation becoming more
severe at the early stage by considering and managing various risk predictors. Haemodynamic
aneurysms seem to be an acquired pathology and serve as an indicator for intracranial
haemorrhage from AVM nidus [186]. The natural history of associated aneurysms after AVM
obliteration remains unpredictable, since they may get worse over time, but may also stay
unresponsive, grow or rupture [187-190]. The haemodynamic relationship between AVMs and
aneurysms is considered more important when planning for treatment modalities
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[191]. This is because the pressure decreases after AVM removal make the vessel more difficult
to constrict compared to normal vessels, causing the feeding arteries to remain dilated for a
longer period. Hence it is beneficial for patients to suggest aneurysm exclusion as an initial
step or simultaneously with AVM treatment [192]. Apart from these, many authors insisted on
careful selection of treatments and multimodality options to reduce further risk [182, 193-196],
this is because treatment carries several risks including lack of cure, morbidity, and mortality
depending on the anatomy and treatment modality [197]. Thereafter, controversies exist over
unruptured brain AVMs since the true natural history for brain AVMs may have lower risk of
haemorrhage than for AVMs treated with interventional therapy [198]. This was further
supported by the evidence that unruptured brain AVMs had lower haemorrhagic risk of 1% per
year compared to more than 5% per year for those who had already experienced initial
haemorrhage [199, 200]. This has led to various questions among researchers whether to treat

the unruptured brain AVMs [201-204].

1.10 Randomised trial for unruptured brain AVMs

More recently a randomised trial for unruptured brain arteriovenous malformations (ARUBA)
compared conservative management for unruptured brain AVMs against morbidity associated
with interventional modalities which include microsurgery, radiosurgery, and embolisation
[205, 206]. ARUBA aimed to assess the balance between the natural history and risk of
haemorrhage from unruptured brain AVMs against the complications arising from treatment
modalities [207] with the hypothesis that in terms of medical management, post-treatment risk
dominates the natural history of an unruptured lesion [208]. Trial groups were selected from
adult patients with unruptured brain AVMs and assigned to medical management alone or to
medical management with interventional therapy. Medical management refers to patients
receiving pharmacological therapy for existing clinical presentations or any coexisting vascular

risk factors. These findings reported significant results of 3-fold increase in the risk of stroke
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and death with the initiation of interventional therapy in the ARUBA trial compared to medical
management alone [209]. Other recent studies that show the high risk of stroke and disability
for unruptured AVM patients using interventional has generated more discussion about the
need for using these modalities in this cohort [210-212]. However, the ARUBA findings remain
somewhat controversial given a limitation of these studies was the relatively short study (33
months) with the reported overall risk of spontaneous rupture in patients without interventions
is 2.2% per year [213]. Also, the long-term risk of haemorrhage and associated death or

disability may clearly be an overriding concern [214].

Other studies have reported the benefits of intervention. For example, Javadpour et al.
examined the clinical outcome from microsurgical resection for selected group of patients with
unruptured brain AVMs. Interestingly, no deaths or strokes were observed with low
neurological complications (14.7%, at 6 months follow-up) concluding that ARUBA does not
necessarily apply to all or majority of unruptured AVM patients and may depend on the
treatment modality [215]. Hence surgery is considered as a good option for immediate AVM
cure with both ruptured and unruptured low grade AVMs [216]. This was further supported by
another study which investigated the outcome of stereotactic radiosurgery for 502 ARUBA-
eligible patients with Spetzler- Martin Grade | to 11 (46% of cohort) and Grades 11l to IV (54%
of cohort) and a mean marginal dose of 22 Gy with follow-up period of 46 months. Complete
AVM obliteration was achieved in 75% of the patients with a post-treatment haemorrhagic rate
of 0.9% per year during the latency period. Also, no long-term treatment-related neurological
deficits were observed concluding that the treatment attained a lifelong protection from
haemorrhagic risk. Similarly, no mortalities with major complication rates of 6 out of 35

patients were noted in ARUBA-eligible patients treated with embolisation [197].
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1.11 The future for AVM treatment?

Despite achieving reduced case fatality in recent years using various interventional modalities,
still AVM treatment is associated with the substantial risk of deaths or impairments irrespective
of the treatment chosen. There is currently no biological approach used to achieve complete
AVM cure, Hence, there is an urgent need for a new possible biological treatment that could
save the young patients who suffer from a high risk of sudden death or disability and who

currently have no effective treatment approach.

1.12 Vascular targeting — a possible approach

Vascular targeting (VT) can be generally described as selective delivery of bioactive molecules
to the vascular environment [217]. This is an attractive approach that targets the endothelial
cells of the vascular bed selectively by identifying differentiating markers (targets) on it and
administering treatment-effective drugs that bind the recognised targets (Figure 1. 4). The
interesting part is to exploit potentially inherent differences between normal and pathologically
different endothelium to selectively deliver bioactive molecules to the area of interest. The
concept was initially used to treat solid tumours where the goal is to cause rapid shutdown of
the tumour vessels [218]. It is therefore important to understand the origins of vascular targeting

in tumour vessel destruction before introducing the concept for AVM treatment.
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Figure 1. 4: Schematic representation of vascular targeting of AVMs. A) Upregulation of
surface biomarkers on AVM endothelium in response to radiation. B) Targeted binding of
ligand/antibody specific to the target molecule conjugated to pro-thrombotic molecule (pro-
thrombotic conjugate). C) Selective thrombosis as a result of pro-thrombotic conjugate on
irradiated AVM endothelium. Figure courtesy of Professor Marcus Stoodley.

1.12.1 VT in cancer

One of the major challenges in cancer treatment is selective targeting which involves good
selectivity with high specificity. The previous concept of direct tumour targeting to tumour
cells themselves using immunoconjugates and antibodies proved unsuccessful in achieving
good selectivity and penetration due to various reasons such as physical barriers to
macromolecular transport, densely packed epithelial tumour cells and high absorption rate of
antibodies into perivascular regions [219-222]. Then, the concept of targeting the endothelial
cells lining the tumour vasculature rather than tumour cells themselves was first proposed by

Juliana Denekamp where the author found a 20-fold higher proliferation rate of tumour
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endothelial cells compared to normal endothelial cells [223]. Following this, advantages of
vascular targeting against tumour targeting were reported where vascular therapeutic agents
can directly access endothelial cells without having the difficulties associated with crossing
transport barriers into underlying tissues, and hypothesised that thrombotic agents could be
delivered to the vasculature to cause occlusive vessel thrombosis through rapid shutdown of
tumour nutrients and oxygen supply from the blood leading to eventual starvation and vessel
destruction [218, 224]. Since then, various naturally occurring tumour endothelial cell markers
such as CD105 [225, 226], CD44 [227], vascular cell adhesion molecule-1 (VCAM-1) [228]
have been reported to overexpress in tumour endothelial cells compared to normal
endothelium. In addition, several other markers of angiogenesis such as fibronectin-extra
domain B [229-231], integrins oavP3, integrins av Ps, [232, 233] and VEGF [217] have been
identified and characterised as potential targets for selective delivery of antibodies or peptides
to the tumour vessels [217]. Other studies have used mRNA-based serial analysis of gene
expression and microarrays to identify differentially expressed genes restricted to tumour
endothelium [234]. Overall, there are inherent and significant differences between tumour
endothelium and the normal endothelium that provide a source of valid discriminatorytargets,

which makes vascular targeting a good approach in cancer therapy.

In addition to identification of a good quality target molecule, an appropriate target-binding
ligand with high specificity and affinity towards an antigen or target molecule — that has
favourable pharmacokinetic properties is considered essential for efficient targeting [235].
Vascular targeting agents (VTAS) can be classified into small-molecule VTAs and ligand-
directed VTASs. Small-molecule VTAS do not constrain selectively to tumour vessels but utilise
the pathophysiological differences between tumour and normal endothelium to achieve vessel
occlusion [218]. Ligand-directed VTAS uses a targeting moiety that binds to marker selectively

on expressed tumour endothelium to administer an effector molecule specifically to tumour
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vessels. The targeting moieties can be antibodies, peptides, or ligands [236]. The
chemotherapeutic effect of drug penetration in tumours has been shown to be improved by
vascular targeting where antibody-drug conjugation proved selective delivery of cytotoxic
drugs to tumour vessels. The human antibody F8, against an angiogenic marker (fibronectin-
extracellular domain A) was conjugated with a cytotoxic drug (cemadotin) which showed
improved efficacy of targeting the tumour neovasculature offering strong anti-tumour activity
in mice [237]. Also, vascular targeting was achieved by coupling TNF-a with CNGRC, a
peptide that targets tumour vasculature. This resulted in an 8 — 10-fold increase in the uptake

of chemotherapeutic drugs (doxorubicin and melphalan) with no evidence of toxicity [234].

Vascular targeting agents can also be well functionalised with various effector molecules that
can range from toxins to cytokines or pro-coagulant factors [236]. One effector molecule, IL-
2 (a cytokine) was fused to a human antibody fragment L19 (ScFv), directed against ED-B
domain of fibronectin on tumour endothelium which showed increased anti-tumour activity
due to the improved therapeutic index of this vascular targeting agent [238]. This selective
delivery of antibody-cytokine conjugate to tumour neovasculature showed promising results
with dramatic increase in lymphocyte infiltration and interferon-y (IFN-y) which inhibited the

growth of tumour cells [239].

Apart from cytokines, a thrombotic molecule was also used as an effector molecule where the
aim 1is to cause selective vessel thrombosis in the tumour environment. ‘Coaguloligand’ was
developed by covalently linking an antibody targeting VCAM-1 with tissue factor (TF), a major
initiator of blood coagulation to target selectively to the VCAM-1 expressing tumour
endothelium causing thrombosis that is enough to occlude the blood vessels that feed tumour
cells [228]. Several antibody/ligand-coagulant protein conjugates such as RGD/TF,
ScFv (L19)-TF, and tTF-NGR were developed to induce thrombosis and to achieve tumour cure
[240-242].
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1.12.2 Vascular targeting in AVMs

Achieving selective thrombosis in AVM vessels would be a great approach for complete AVM
cure since AVMs are abnormal pathological vessels that simply cause arteriovenous shunting
of the blood without feeding the brain. Hence, these can be blocked or occluded completely
without causing ischemia in brain tissue. Therefore, the idea of thrombotically occluding

vessels would be perfect for treating AVMs.

Thrombosis in tumour vasculature was achieved by using VTAs that include conjugates that
contain fusion proteins of antibody (or ligand) with procoagulant factors or coagulant proteins
(as an effector) to cause acute shutdown resulting in tumour necrosis [218]. This depends on
constitutive molecular differences between tumour and normal vessels so that the coagulant
protein attached to specific antibody binds selectively to the target protein in the tumour vessel
without affecting normal tissues. Storer et al. reported the first study of thrombotic event using
radiosurgery vascular targeting combination therapy which was a non-ligand based strategy to
induce thrombosis in a rat AVM model using lipopolysaccharide and soluble tissue factor
[243]. The concept of using a similar technique to induce thrombosis selectively in AVM
vessels seems very attractive. However, it is necessary to understand the difference between

AVM and normal vessels to achieve selective vessel thrombosis.

1.13 AVM endothelium

Several studies recognised phenotypic and functional differences between AVM and normal
endothelial cell using primary cell culture [52], animal models, and surgically resected AVM
specimens [244, 245]. In particular, there has been association with a high proliferative and
angiogenic index and strong expression of various integrins with many reports of elevated
VEGF and its receptors [54, 55]. Gene expression studies have found that more than 300 genes

are up-regulated and 560 genes down-regulated with overall 900 genes differentially expressed
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in AVMs where these genes encode cell adhesion, growth factors, extracellular matrix factors
and inflammatory factors [246, 247]. Regulation of genes in transforming growth factor-f3
(TGF-R) pathways are common in non-sporadic AVMs (HHT1, HHT2) due to their mutations
in ENG and ALK1 which have roles in regulating this pathway [248, 249]. Molecular studies
in AVM specimens have shown moderate level expression of inflammatory molecules such as
vascular cell adhesion moelucle-1 (VCAM-1) and intercellular cell adhesion molecule-1
(ICAM-1) in the AVM endothelium [250]. Despite identification of differences in AVM
endothelium in the studies, to date, no molecules have been found on AVM endothelial surface
that have been considered sufficiently discriminatory from normal endothelium for use in

selective targeting in AVMs.

1.14 Radiosurgery as a priming mechanism for molecular changes
in AVMs

Radiosurgery has been used to manage patients with AVMs for more than 3 decades [123]
where it is considered as a promising treatment for patients who are considered inappropriate
for surgical resection [251]. The main aim of standard radiosurgery in AVMs is to achieve
complete obliteration by inducing a type of wound-healing, pro-inflammatory and pro-fibrotic
reaction that leads to vessel wall remodeling and eventual closure. However, utilising both
molecular and cellular responses of AVMs to radiation as potential targets could potentially
improve the treatment in achieving complete obliteration with reduced latency period and dose
limitations [129]. Therefore, radiosurgery has been suggested as a priming tool in combination
with vascular targeting to enhance molecular changes in AVM endothelium [128, 243, 250,

252-256] that would be attractive in discriminating AVM vessels from normal vasculature.

Hence it is important to review the effects that radiation has on cells and tissues, particularly

those of the vasculature.
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1.15 Effect of radiation on the endothelium

Vascular endothelium lines the circulatory system and acts as a barrier between blood and
tissue spaces thereby performing various biological functions. Different organs and vascular
beds appear to have their own peculiar adaptation of endothelial structure to functional
requirements, such as the unique properties exerted by the endothelium that forms the blood-
brain barrier [257]. Endothelial cells are typically ‘quiescent’ in the sense that they are not
actively proliferating but are metabolically active and perform control of cell movement,
vascular permeability and immunity. They also regulate balance between thrombosis and
thrombolysis, perform platelet adherence, and leukocyte interactions with the vessel wall [258,
259]. Endothelial injury or any events can contribute to disruption of endothelial integrity,
permeability, and haemostasis properties thereby leading to endothelial cell damage and
dysfunction. Most commonly free radical-induced reactions causes injury since endothelium is
highly susceptible to oxidative stress that generates free radicals causing endothelial cell

damage or injury [260].

Cell irradiation induces DNA damage through double-stranded breaks or production of reactive
oxygen species via generation of free radicals [261, 262]. These radicals attack structural and
functional molecules causing genetic mutation and cytotoxicity [263, 264]. Among all tissues
in the body, damage to the blood vessel wall has been reported in many studies due to its
sensitivity and prominent changes in response to radiation [265-267]. Irradiation alters
endothelial cell proliferation rate as well as cell survival or can induce cell growth arrest (cell
senescence) [256, 268]. The outcome of radiation exposure depends on the severity of radiation
dose as well as the sensitivity or activity of inherent DNA damage response pathways, which

can vary depending on cell type [269].
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Radiation induced alterations were reported in epithelial, stromal, and vascular lesions.
Necrosis occurs in many epithelial and parenchymal cells during severe radiation injury and
fibrosis is the most common delayed presentation to occur in almost all tissues and organs
depending on the site of injury [270-273]. Vascular lesions are well-known morphologically
and highly significant in the context of pathogenesis of delayed radiation injury [274, 275].
Morphological studies reported the similarity of the irradiated endothelial cells to that of
senescent cells with thickening of basement membrane and microvessel disintegration where
cells with senescent-like phenotype [276]. The biological effects of radiation depend on various
factors where two important things to consider are high dose and low dose over short period of
time producing severe or short-term side-effects. High dose tends to kill the cells whereas low

dose causes damage or alterations in cell phenotype [277, 278].

Radiation causes an early inflammatory response characterised by leukocyte-endothelial cell
rolling, activation, adhesion, and migration [279] stimulated by up-regulation of pro-
inflammatory transcription factors such as NF kappa B (NF«B), cytokines such as TNF-a, and
IL-1 which are known to induce the expression of cell adhesion molecules. E-selectin
expression was reported to be independent of these cytokines but requires the activation of
transcription factor NFkB [280]. The role of cell adhesion molecules was well studied in the
pathogenesis of radiation-induced inflammation where increased expression of E-selectin and

ICAM-1 expression was reported [281].

Apart from an inflammatory response, endothelial cells also regulate thrombotic responses to
radiation. The endothelium normally plays a crucial role in masking the signals that cause
platelet activation, thereby preventing thrombosis [282], as well as producing other molecules
such as thrombomodulin (TM), that convert thrombin to an anticoagulant molecule rather than
pro-coagulant via active protein C [254]. In contrast, endothelial cells can rapidly change from

an anti-coagulant to pro-coagulant state when exposed to stress or injury that causes endothelial
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denudation and exposure to the subendothelium (that is rich in collagen and tissue factor)
resulting in thrombosis via release of tissue factor, or platelet activating factor or plasminogen
activating inhibitor [283]. This was supported by evidence that showed decreased expression
of thrombomodulin, tissue factor pathway inhibitor (TFPI) which in turn increased the cellular
procoagulant activity [283]. Hence, radiation induced endothelial cell necrosis or apoptosis
exposes the raw thrombogenic components of the subendothelium that contain collagen, tissue
factor, microfibrils, von Willebrand Factor (vWF), and fibronectin leading to platelet adhesion

and thrombosis.

Given the significant changes induced by radiation in endothelial cells as described above,
some of these molecular markers that act within these altered inflammatory and thrombotic
pathways may serve as potential candidates for vascular targeting in achieving selective vessel
occlusion. Looking for targets at the cell surface would be appropriate rather thanintracellular
molecules given the need for easy accessibility in reaching targeting moieties with efficient
delivery and rapid accumulation of VTAs in AVM vasculature. Earlier studies reported
possible radiation induced targets such as ICAM-1, VCAM-1 on endothelial cell surface [284].
Recent studies investigated post-irradiation ICAM-1 and VCAM-1 as endothelial targets in
model AVMs however found that high basal expression and lack of significant in vivo induction
in response to radiation precluded them from further investigation as vascular targets [284].
Another radiation induced surface molecule that has been identified is phosphatidylserine

which will be described in greater detail.
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1.16 Phosphatidylserine as a radiation-stimulated endothelial
target

Phosphatidylserine (PS) is a negatively charged phospholipid present in the plasma membrane
of all prokaryotic and eukaryotic cells where it is highly enriched in the inner leaflet. It accounts
for 3 — 15% of phospholipids distributed asymmetrically in the plasma membrane [285, 286].
Though PS is usually present in the inner side of the plasma membrane, certain conditions
cause translocation of PS to the outer leaflet where it plays a role in phagocytosis and activation
of the coagulation system [287-292]. Disruption of lipid asymmetry with the translocation of
PS to the outer membrane leaflet is a hallmark of cells undergoing apoptosis thereby it is
considered as an early apoptotic marker [293, 294]. PS exposure on apoptotic cells is necessary
for macrophage clearance through phagocytosis where PS-dependent phagocytosis of apoptotic
cells not only acts to remove dead cells from tissues but also acts to enhance macrophage
production of anti-inflammatory, pro-fibrotic cytokines such as TGF-R1 and further inhibits the
production of TNF-a and other pro-inflammatory cytokines [295]. PS exposure has also been
found in solid tumour endothelium caused by various factors such as hypoxia, acidity,
inflammatory cytokines, and thrombin which either have role individually or mutually to induce
PS exposure [296, 297]. It has been assumed that cancer cells expose elevated levels of PS due
to their high rate of division and apoptosis but it still remains unclear how and why cancer cells
expose PS to the outer membrane [298]. PS-positive tumour endothelium was reported to be
viable without displaying markers for apoptosis where it remained metabolically active [296].
PS exposure has also been observed in several types of viable cells such as ovarian carcinoma

cell line, viable B cells, and a mouse brain endothelial cell line [299-301].

Radiation-induced PS exposure has been well documented recently to understand the radiation

induced molecular response of brain endothelial cells and its potential to serve as a molecular
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target for vascular targeting in AVMs. PS exposure on brain microvascular endothelial cells
was observed after radiation at 15 Gy and 25 Gy dose by in vitro live cell imaging using a
fluorescently labelled annexin V ligand [256]. Annexin V is a calcium dependent phospholipid
binding protein with high affinity to PS where it has been used in assay for detecting apoptosis
via its binding to apoptotic cells [302, 303]. Another study demonstrated PS translocation after
radiosurgery using an AVM rat model created by end-to-side anastomosis of left external
jugular to the left common carotid artery in six-week-old male Sprague Dawley rats [255]. The
elevated levels of PS exposure over time were observed in irradiated AVM rats at 15 Gy
compared to non-irradiated controls [284]. These initial studies show that PS could potentially

be an ideal target for vascular targeting in AVM treatment.

1.17 Other potential radiation-induced targets

While PS appears a viable radiation-stimulated molecule for targeting in irradiated AVMs,
there may be other markers that may be suitable. Recent studies have used surface protein
biotin-labelling and proteomic analysis to identify radiation induced proteins on the endothelial
surface in a rat model of AVM and in vitro using cultured brain endothelial cells [304].
Investigation of these and other markers may provide highly novel and discriminatory

radiation-stimulated targets and will be discussed later in this thesis.

1.18 Vascular targeting in AVMs

VT combined with radiation priming could be a valid method for AVM treatment. To date,
several radiation-stimulated potential targets have been identified, including PS. The nextstep
is to develop a pro-thrombotic conjugate using these targets by combining ligand or antibody
specific to the target with an effector molecule (coagulant protein) to induce selective vessel
thrombosis. Testing these conjugates using animal models would be expensive and time

consuming. Hence, the aim of this study was to develop an in vitro flow system to test the
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efficacy of these conjugates for endothelial cell binding and thrombosis prior to animal studies.
This will be of ethical benefit in reducing the amount of testing of various combinations of
target moieties, doses, and concentrations using an animal model. The type of system that could
enhance pre-testing of conjugate under pulsatile flow conditions would be the parallel-plate

flow chamber.

1.19 Parallel-plate flow chamber

A parallel-plate flow chamber is an in vitro flow system that maintains a controlled
environment where the cells are exposed to a mechanical force thereby creating a pressure
gradient along the chamber (Figure 1.5) [305]. A recent study demonstrated the design and use
of a parallel-plate flow system to stimulate bone cells and their response to a mechanical
environment [306]. The cells are placed between the parallel-plates in a sealed chamber where
the fluid flows through the chamber at controlled rates enforced by a syringe pump [307, 308].
The design of the flow system can include both open and closed systems. The closed loop
configuration maintains constant pressure throughout the flow in contrast to an open system
where the pressure changes with respect to the flow resistance created through the chamber
during inlet and outlet flow. Open systems can cause leakage due to formation of sudden
pressure gradients across the chamber resulting in cell deformation [306]. A variety of invitro
flow chamber designs have been used recently to assess the shear stress stimulated response of
cells under flow where the response includes changes in cell morphology, number, cell
adhesion and metabolism [308-310]. These changes are usually influenced by haemodynamic
conditions, but there are only limited studies involving effect of pulsatile flow on cell

behaviour, since most of them involve steady-state flow conditions [311-313].
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Figure 1.5: Schematic representation of the parallel-plate flow chamber system. A) Enclosed
circulation system containing inlet, outlet, syringe pump connected to the petri dich containing
irradiated/non-irradiated endothelial cells. B) Formation of thrombosis due to binding of pro-
thrombotic conjugate on irradiated endothelial cells. C) Pulsatile profile of the flow system.
Figure courtesy of Dr Zhenjun Zhao and Professor Georges Grau.

To date, the majority of perfusion chambers have used the parallel-plate concept to investigate
the mechanisms of platelet adhesion and aggregation at different shear conditions using whole
blood [314-316]. Measuring platelet adhesion under flow is more physiological than
assessment in a static cellular system, as flow plays a significant role in platelet binding as well
as subsequent thrombus formation and thrombus stability [317]. A recent study on
cardiovascular disease involved development of an in vitro perfusion chamber model to
understand the shear-mediated role of platelets by using endothelial cells and whole blood
[318]. Van Kruchten et al. demonstrated the practical use of parallel-plate flow chamber with
microscopic imaging techniques to enhance better understanding of in vitro thrombus

formation under flow and its quantification using z stacks of confocal microscopy [319].

Although blood generates high shear stress in human arteries (2 — 20 dynes/cm? varying to 3 —
300 dynes/cm? in arterial branches) compared to the custom-made parallel-plate flow systems

[320], it would be ideal to assess thrombus formation under low pre-defined shear conditions
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since the formed thrombus could be detached or embolised at high shear rate. Moreover,
introducing human whole blood in the flow system helps to monitor clot formation at near-
physiological conditions with complex blood rheology that is essential for thrombus growth
[321]. Hence, a parallel-plate flow chamber with human whole blood could be a good model
to study the effect of pro-thrombotic conjugates in stimulating thrombosis under controlled

shear stress conditions using irradiated endothelial cells.

1.20 Pro-thrombotic effectors and the coagulation cascade

Knowledge of the basic processes involved in stable thrombus formation is important to choose
appropriate pro-thrombotic effectors for VT conjugates and assessing their effectiveness in the
whole blood parallel-plate flow systems, in addition to determining what type of analysis may
be required to assess stages of thrombus formation in the systems. Previously, thrombin and
TF have been investigated as effector molecules in VTAs developed for cancer and in animal
studies on targeting in AVMs [218, 243]. Under normal conditions, the coagulation system is
balanced in favour of blood anticoagulation. The coagulation system triggered in response to
rupture of the endothelium exposes circulating blood platelets to extravascular tissue that
occludes the vascular lesion completely by forming a blood clot [322]. Blood coagulation and
inflammation is considered a significant defence system to maintain health in normal and
pathological conditions. Initiation of the coagulation cascade leads to inflammatory pathways
and vice versa, providing strict control and balance between the systems [323]. In case of injury,
blood starts to form a thrombus or clot immediately, where the approximate time it takes for the
skin to stop bleeding is 2 to 5 minutes if the coagulation system works properly [324]. The
coagulation system consists of various proteins, enzymes, mediators and cofactors to trigger

thrombosis and to control fibrinolysis, the ability to break down a clot [325].
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It is well known that platelets play a key role in thrombosis. Platelet aggregation at a site of
vascular injury is a necessary step for the formation of a primary haemostatic plug thereby
contributing to bleeding arrest [326]. On the endothelium, von Willebrand Factor (VWF)
initiates platelet adhesion during vessel wall injury forming a complex with membrane
glycoprotein GPIba which is initially required for platelet recruitment. Platelet aggregation
requires a second adhesive interaction of VWF-integrin allbb3 [327]. An in vitro flow-based
platelet aggregation assay reported continuous tethering, translocation, and detachment of
platelets from developed thrombus at both arterial and venous shear rates where platelet-vWF
played an important role. Ruggeri et al. proved that platelets tends to aggregate irrespective of
initial platelet activation under physiological flow conditions when the shear rate exceeds 400
dynes/cm? [327]. In this situation, the formed platelet aggregates were not stable and started to
detach from the surface until the shear rate was reduced [328]. Hence platelet aggregation is

considered a necessary step for platelet-platelet contacts and thrombus formation.

Thrombus formation is the final step in the cascade following platelet aggregation that
maintains the integrity of the closed circulatory system after vessel wall damage. Thrombus
formation is determined and quantified based on the amount of fibrin deposited on the surface
[329]. Thrombotic pathways can be activated either by intrinsic or extrinsic stimuli but the
pathways coverage on common elements that finally cause conversion of fibrinogen to fibrin

and fibrin polymerisation to produce a clot [330].

Tissue factor (TF) initiates the extrinsic pathway by participating as a cofactor in the activation
of factor VII to its active form (factor VIla). Factor Vlla-tissue factor complex acts on factor
X and IX in the presence of calcium ions (Ca?*), to produce activated factor Xa and 1Xa
responsible for conversion of pro-thrombin to thrombin. Thrombin is the enzyme which

converts soluble fibrinogen in the blood to insoluble fibrin resulting in thrombosis [325, 331].
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The intrinsic pathway involves exposure of circulating blood platelets to factors such as factor
XI1, and high molecular weight kininogen that leads to initiation of coagulation by converting
factor XII to Xlla where inactivated prothrombin gets converted to activated thrombin [332,
333]. Thrombin can directly activate factor XI to promote fibrin cross-linking and
polymerisation, where platelets provide surface for activation of factor X1 by thrombin under
physiologic conditions [334]. This converts soluble fibrinogen to insoluble fibrin resulting in

thrombosis [323].

The intrinsic pathway is significant for studying in vitro blood clotting mechanism since
platelets provide the surface that enhance activation of factor X1 by thrombin without any
addition of non-physiological cofactors [335]. Baglia et al. studied the physiological
importance of thrombin as an initiator of intrinsic blood coagulation where activated platelets
were compared with dextran sulfate, as a surface for thrombin-induced factor XI activation. As
a result, addition of prothrombin in the presence of CaCl, showed thrombin-stimulated
activation of platelets and factor XI independent of any proteins, factor XII, and high molecular

weight Kininogen [336].

In contrast, TF-mediated coagulation in the extrinsic pathway requires activation of various
cofactors and signaling proteins where exposure of vascular injury with plasma factor Vlla
activates X and IX resulting in generation of a small amount of thrombin [337]. Thrombin, in
turn, primes the intrinsic pathway, resulting in more generation of thrombin which cleaves
fibrinogen to form a fibrin clot. Therefore, thrombin is the key effector enzyme that triggers
blood coagulation more easily with many biologically important functions such as activation
of platelets, conversion of fibrinogen to fibrin, and feedback amplification of coagulation where
accurate and balanced generation of thrombin at the site of injury provides proper blood clot
formation [338, 339]. Thrombin therefore may provide a more suitable and active effector for

vascular targeting studies.
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1.21 Summary

The overall goal of this project is to develop a vascular targeting treatment for brain AVMs.
The hypothesis is that by developing pro-thrombotic conjugates based on previously
identified/validated molecular targets on irradiated AVM endothelium and by linking the
ligand/antibody specific to the target with a pro-thrombotic agent (thrombin) that selective
thrombosis can be induced. The specific project goal was to develop these pro-thrombotic
conjugates and test their efficacy in stimulating thrombosis on irradiated human cerebral
microvascular endothelial cells using an in vitro parallel-plate flow chamber system. The
optimisation of flow system, development of conjugate and testing its effect under flow will be

explained in the following chapters.

1.22 Hypothesis

Overall hypothesis for this body of work: Radiation-induced biomarkers can be selectively

targeted after AVM radiosurgery with a ligand-directed vascular targeting agent to achieve

localised thrombosis and rapid occlusion of pathological AVM vessels.

Specific hypothesis for the current study: Ligand-directed vascular targeting agents can be

rapidly assessed for endothelial binding and pro-thrombotic activity using an in vitro parallel-

plate flow chamber system with circulating human whole blood.

36



1.23 Aims

The overall aim of this project is to develop and test novel pro-thrombotic conjugates targeting
radiation-stimulated endothelial surface molecules using an in vitro parallel-plate flow

chamber. The specific aims addressed in the following chapters are:

Aim 1: To establish and optimise an in vitro parallel-plate flow chamber using irradiated

endothelial cells and human whole blood (chapter 2).

Aim 2. To develop pro-thrombotic conjugates targeting radiation-externalised
phosphatidylserine and assess endothelial binding and thrombosis in the parallel-plate flow

system at various conjugate and radiation doses (chapter 3).

Aim 3: To validate novel radiation-stimulated marker expression in human brain endothelial

cells and develop and test novel conjugates to these targets (chapter 4).
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Chapter 2



2. Development of parallel-plate flow chamber and
optimisation of flow conditions

2.1 Introduction

The main aim of this study is to develop and test the efficacy of novel pro-thrombotic
conjugates in inducing thrombosis on irradiated endothelial cells. In vivo, this can be a highly
time consuming and expensive series of experiments when testing multiple targets and
thrombotic conjugates. The use of in vitro systems that mimic blood flow provides more
efficient way to pre-test the ligand and thrombotic components of conjugates and derive
information on their ability to target and bind endothelial cells after irradiation, and to induce
stable thrombus formation on these cells. Parallel-plate flow chambers have previously been
used to examine thrombosis in vitro using free platelets and whole blood [314, 319, 340]. The
purpose of developing this parallel-plate flow chamber was to simulate the in vivo
haemodynamic conditions and the forces that act upon thrombus formation and stability. This

is not something that can be achieved in static cell culture.

Before progressing to testing under flow, it is necessary to develop an in vitro flow system and
optimise various parameters to achieve stable conditions for cell survivability and response.
Hence, the specific aim of this work was to develop a parallel-plate flow chamber using human
cerebral microvascular endothelial cells and fresh human whole blood by optimising various
conditions. This chapter outlines the various steps in developing the parallel-plate flow
chamber system to enable efficient and economical testing of various pro-thrombotic

conjugates under in vitro flow conditions.
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2.2 Standard methods

2.2.1 Tissue culture experiments

2.2.1.1 Cell culture

An immortalised human cerebral microvascular endothelial cell line, \CMEC/D3 (CELLutions
Biosystems Inc) was cultured in Endothelial Basal Medium-2 (EBM-2) (Lonza) supplemented
with 5% fetal bovine serum, 1% penicillin/streptomycin, 10 mM HEPES (Life Technologies),
and 1 ng/mL human basic fibroblast growth factor (Sigma-Aldrich) at 37°C in 5% carbon
dioxide, controlled oxygen level between 1% to 20% and passaged at 90% confluence with
trypsin-EDTA (Life Technologies). Cells were seeded at 1 x 10* cells/mL onto collagen coated
35 mm glass bottom petri dishes (MatTek Corporation) containing 1.5 mL EBM-2 medium and
allowed to grow for 2 days to achieve 100% confluency. The hCMEC/D3 cells were kindly
provided by Professor Georges Grau (The university of Sydney) and tested free of any infection
by HIV-1, -2, HTLV-1, HBV, HVC and controlled free from mycoplasma contamination by

the commercial Mycoplasma Detection Assay MycoAlert, (Lonza, #LT07-118).

2.2.1.2 Collagen coating
All culture vessels were pre-coated with 100 pg/mL rat tail collagen (In Vitro Technologies)
and incubated at 37°C in 5% carbon dioxide for at least 1 hour to set. This was followed by

washing three times with phosphate buffered saline (PBS) to be ready for the cell culture.

2.2.1.3 Cell irradiation
Cells were irradiated by a linear accelerator (LINAC) (Elekta Synergy, Crawley, UK) at
Macquarie University Hospital (MUH). The cells were irradiated at three different doses (5, 15

or 25 Gy) when they reached 100% confluence.

Each petri dish containing cells was refreshed with 1.5 mL EBM-2 growth medium prior to
radiation. Then, the dishes were transported to MUH at room temperature and placed on a solid

water phantom on the treatment couch and set at the isocenter for dose delivery. All the cell
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irradiation work was performed by Genesis Care radiation physicists (Mr. Vaughan Moutrie
and Mr. Estavam Daniel Santos). The non-irradiated cells (sham controls) were kept at room
temperature for an equal length of time without exposing them to the radiation field. All cells
were returned to the 37°C incubators after sham or radiation treatment and harvested for the

flow system at defined time points post-irradiation.

2.2.2 Whole blood experiments in the flow system

2.2.2.1 Human ethics

All experimental procedures using human blood were approved by the Macquarie University
Human Ethics Committee (approval number HREC: 5201300883) and were carried out
following the Australian Code of Practice for the Care and use of Human Tissues for Scientific

Purposes (Version 4) with consent.

2.2.2.2 Collecting anticoagulated blood and recalcification

A volume of 20 mL of human whole blood was collected at each sitting from 83 healthy
volunteers age 25 — 55 free from medication known to affect platelet function. The blood was
drawn using standard venepuncture protocols into 4.5 mL anti-coagulation tubes containing
3.2% buffered sodium citrate solution (BD Bioscience). The first 3 —5 mL of collected blood
was discarded to prevent activation of platelets. The tubes were then kept at room temperature
until use. The protocol for recalcification of citrated blood was optimised by testing different
concentrations of calcium chloride/magnesium chloride (CaCl2/MgCl2) (75 mM/37.5 mM, 20
mM/10 mM, 5 mM/10 mM) with a final volume of 1:10 dilution to the blood and checking the
effect at each concentration using blood under flow conditions. 75 mM/37.5 mM was initially
used that caused rapid activation of blood coagulation causing systemic thrombosis within 3
mins after introducing it into the flow system. Using another concentration of 20 mM/10 mM
CaCl2/MgCl; caused blood clot in the system within 10 mins while 5 mM/10 mM CaCl,/MgCl;
caused no activation of blood coagulation. Therefore, the final recalcification concentration of
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5 mM/10 mM CaCl,/MgClz in the whole blood was used in the flow system in all the

experiments.

2.3 Results

2.3.1 Parallel-plate flow chamber assembly and setting

The flow apparatus used here is the parallel-plate flow chamber (Harvard Pulsatile blood pump
model 1407) with an enclosed microcirculation system consisting of: - 1) flow deck with inlet
and outlet tubes connected to syringe pump; 2) silicone rubber gasket (Glycotech) with a flow
width of 1 cm and a thickness of 0.010 cm fitted beneath the deck; 3) a 35-mm glass petri dish
in which cells are cultured (Figure 2.1). The pump used in this study is pulsatile in nature and
maintained physiological flow conditions throughout. This allowed a controlled environment
to study the cell adhesion and behaviour under well-defined shear conditions where it delivered

uniform pulsatile shear conditions to an adherent cell population [305, 307].

All system parts were thoroughly cleaned with milliQ water before assembly and before using
in the flow experiments. For initial optimisation experiments, the flow system was run with
circulating EBM-2 medium assembled with the petri dish containing 100% confluent

hCMEC/D3 cells.
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Figure 2.1: Schematic representation of in vitro parallel-plate flow chamber system. 1)
Initiation of flow by pulsatile syringe pump across the inlet and outlet tubing by forward and
reverse pulsing. 2) Petri dish with endothelial monolayer below the chamber with inlet and
outlet tube forming enclosed circulation loop. 3) Flow field for endothelial cells to contact with
human whole blood/EBM-2 medium. Figure courtesy of Dr Zhenjun Zhao and Professor

Georges Grau.

Figure 2.2: The assembly of the parallel-plate flow chamber device with petri dish connected

to inlet, outlet and vacuum port. Original Image.
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Figure 2.3: The assembly of flow deck with a silicon rubber gasket. A) flow field in which
cells contact with the whole blood/EBM-2 medium. Original image.

2.3.2 Optimisation of flow conditions

In this study, the parallel-plate apparatus was designed in such as a way to minimise the entry
length and pressure variations across the width of the flow field (Figure 2.1). This was achieved
by reducing the tubing size (inner diameter of 1.5 mm) and adjusting strokes/min, stroke volume
and flow time. The volume of EBM-2 used in the system was approximately 12 mL. Flow
conditions were optimised to ensure proper cell adherence to the collagen-coated monolayer
without uplifting till the end of the experiment. Figure 2.5 shows the effect of changes on
strokes/min, stroke volume and flow time observed on cell confluency in this flow system. It was
established that to maintain cell confluence throughout each flow run, that the stroke rate was
optimised at 38 strokes/min and the flow volume and flow time were analysed to be optimal at
2.4 mL/min and 15 min respectively (Figure 2.5). Increasing any of these parameters led to
decreased cell confluency. The shear stress profile further confirmed the pulsatile flow of the

system simulating the in vivo environment (Section 2.3.3).
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Figure 2.4: Endothelial cells under brightfield microscopy after the flow with EBM-2

medium at varying conditions. Cells A) without flow B) at 28 strokes/min at 15 mins C) at 28
strokes/min at 20 mins.
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Figure 2.5: Optimisation of flow conditions using the parallel-plate flow chamber. Cell
confluency was observed after the flow by optimising flow time at 38 strokes/min, 2.4 mL/min
(A); strokes/min at 15 min flow time, 2.4 mL/min (B); stroke volume/min at 15 min flow time,
38 strokes/min (C). Data are shown as mean £ SD using 3 independent experiments.
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Figure 2.6: The measurement of shear stress using pulsatile flow pattern.

2.3.3 Shear stress measurement

Vascular endothelial cells lining the inner surface of blood vessels are constantly exposed to
both biochemical and biomechanical forces during physiological blood flow conditions. Shear
stress is the biomechanical forces created by the flowing blood along the vessel wall [341]. It
is generally determined by blood flow, vessel geometry and blood viscosity. Pressure acts
perpendicular to the vessel wall and shear stress acts parallel to the wall creating a frictional

shear force on the surface of the endothelium [342, 343].

Shear stress is usually measured using the formula T = v.dv/dx, where v is the fluid viscosity,
dv is shearing velocity, and dx is the distance between the wall and initial shearing velocity
point [344]. In a previous study, in vitro measurement of wall shear stress (WSS) in an
anastomotic graft design model was demonstrated by Kabinejadian and co-workers using
particle image velocimetry under pulsatile flow where hollow glass spheres with mean diameter

of 10 um and density of 1.1 g/cm®were used as tracer particles in working fluid.
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WSS was calculated based on the movement of these particles by using the formula WSS = p.dv/dn,
where  is the fluid viscosity, dv is the velocity of tracer particles and dn is the distance moved

by tracer particles in the direction perpendicular to the wall [345].

In this study, the average wall shear stress within the flow chamber was determined by
introducing 6 pm fluorescent beads (FluoroSpheres sulphate microspheres, Molecular Probes,
Ore, USA) in a non-cellularised circulatory system at a volume of 20 pL (500x dilution) and
images were captured at 100 ms frame intervals with 10 ms exposure time where the peak
speed of the beads in the centrer line of the flow chamber was determined over the duration of
the pump cycle. The wall shear stress (WSS, in dynes/cm?) can be related to the peak (centre
line) velocity (Vpeak in m/s) by: WSS = 10 x (4uVpeak/t), Where W is viscosity of water (8.90 x
10 in Pascal seconds (Pa.s) which is 10 times less compared to blood viscosity, and t is the

chamber thickness in metres. The WSS was determined to be 3.1 dynes/cm?.

2.3.4 Cell adherence post-irradiation in the flow system and determination
of assay time points

After optimisation of the flow conditions in the parallel-plate flow system, the best time points
post-irradiation to assay thrombus formation were established. This was considered as time
points where cells continued to maintain a confluent layer without uplifting, that did not expose
the collagen base that may itself promote platelet adhesion and potentially thrombus formation.
The irradiated cells (5, 15 or 25 Gy) were assembled in the system either 1, 3, or 5 days after
radiation and operated initially with EBM-2 medium, not blood, using the flow system under
optimised flow conditions. Sham irradiated cells were used as controls. The cells were washed
two times with PBS after flow and fixed with 50% ethanol for 15 mins at room temperature.
The cells were then stained with 100 pg/mL Hoechst 33342 solution (Thermo Fisher
Scientific), washed, and mounted for confocal microscopic analysis. The cell confluency was

analysed after each radiation dose and at each time point.
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No significant changes in cell confluency was observed at day 1 or day 3 compared to the sham
controls with all radiation doses (Figure 2.7). At day 5, decreases in population numbers and
cellular hypertrophy were noticed. Differences in cell morphology were observed compared to
sham controls with cell enlargement consistent with induction of a radiation-stimulated
senescent phenotype [268]. While cell numbers were reduced, the enlarged, senescent-like cells
spread to cover the collagen-coated dish, but still some reduction in confluence was observed at

day 5.

A quantitative study of radiation effects on cell numbers was performed using an automated
cell counter (Countess Il, Thermo Fisher Scientific) to measure the number of live cells after
each radiation dosage (5, 15, or 25 Gy) and at the designated time points (dayl, day 3 and day
5). Cells on collagen-coated 6 well plates were irradiated at the above-mentioned dosages as
per the previous procedure with sham-irradiated cells used as control. Cells were washed,
trypsinised, and resuspended in equal volumes of PBS before addition of Trypan blue to the
cells in a 1:1 dilution. After a few minutes uptake, the number of live cells (unstained, white)
per mL were counted. Radiation at all doses appeared to inhibit proliferation relative to the
sham controls. Figure 2.8 showed no progression in cell growth at day 5 after radiation at all
doses compared to sham control. In relation with previous findings to cell adherence under
flow, in further experiments, flow analysis was performed and optimised at day 1 and day 3,

not day 5, to ensure a consistent monolayer was always present.
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Figure 2.7: Cell confluency after radiation using the parallel-plate flow chamber. Cells were
exposed to optimised flow conditions at 1, 3 or 5 days after irradiation and analysed by
qualitatively observing cell confluency. Representative brightfield images show hCMEC/D3
cells on the parallel-plate flow system after 15 min of flow. Cell nuclei were stained with
Hoechst 3342 (blue) and viewed under 200x magnification. Scale bar = 50 um.
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Figure 2.8: Live cell number after irradiation at all doses (5, 15 or 25 Gy) and time-points (day
1, 3 or 5). Data are shown as mean + SD (3 independent experiments) and were analysed using
two-way ANOVA with Tukey’s post-hoc analysis. ****p<0.0001 comparison relative to
sham-irradiated control.

2.3.5 Introduction of whole blood into the flow system

To assess pro-thrombotic activity of conjugates, it is necessary to use whole blood in the flow
system. Whole blood was used in this flow system with endothelial cells to simulate an in vivo
vascular environment. Previous studies have used whole blood to study thrombosis of heart
attack, stroke, and vascular injury [314, 346]. The use of whole blood in these systems can be
difficult because of the high viscosity of blood. Thepulsatile syringe in the pump was initially
checked to start with pushing mode (forward pulse) instead of pulling mode to avoid backward
negative pressure and air bubbles. Air bubbles in the in vitro flow system was common
especially when using whole blood due to its high viscosity which was further prevented by

maintaining constant flow rate with controlled pressure limit.
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The anti-coagulated blood was recalcified before introducing it into the flow system by adding 5

mM CaCl,/10 mM MgCl2 (10x dilution) into whole blood as described. The anticoagulant works

by chelating the calcium present in the blood to prevent coagulation, whereas 5 mM/10 mM
CaCl2/MgCl: achieved proper restoration of calcium in the blood to restore its ability to

coagulate.

2.3.6 Labelling platelets in whole blood

To allow the downstream analysis of platelet binding, it was desirable to label platelets
fluorescently before addition to the system. A series of preliminary studies assessed optimal
conditions for platelet labelling. Blood was collected from a healthy volunteer and different
concentrations (1 pg/mL, 3 pg/mL, or 10 pg/mL) of rhodamine 6 G (R6G) (Sigma-Aldrich)
were tested by adding it to the blood followed by 5 min incubation at room temperature. R6G
binds platelet mitochondria and exhibits fluorescent spectra of wavelength 480 nm /524 nm
(em/ex). The stained blood smears were spread onto glass slides for microscopic analysis.
Figure 2.9 shows the fluorescently labelled platelets (red) in whole blood, where 3 pg/mL
showed the clearest image of platelets compared to the other concentrations prepared. This

concentration was used in all further flow experiments.
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Figure 2.9: Representative fluorescent images of platelets in blood smear. Different
concentrations of R6G were added to whole blood to stain platelets (red); A) 1 pg/mL B)
10 pg/mL C) 3ug/mL with red blood cells D) 3ug/mL without red blood cells.

2.3.7 Validation of platelet adhesion by TNF-a activation of endothelial
cells

Initial testing for fluorescently-labelled platelet adhesion to endothelial cells in the flow system
using whole blood was performed using endothelial cells treated with tumour necrosis alpha
(TNF- o). Chronic inflammatory diseases are also associated with thrombotic events and the
release of cytokines such as interleukin-2 (IL-2), TNF-o during inflammatory conditions causes
endothelial cell activation which can increase thrombosis due to increases in pro-coagulant
effects. TNF-a was initially useful to validate the thrombotic system by observing platelet

adhesion and aggregation under flow.

TNF-a (1 ng/mL) or vehicle (PBS) was added to the culture medium of cells in the 35 mm petri
dish and incubated for 6 hours at 37°C in 5% carbon dioxide. The cells were then assembled in

the flow system with whole blood containing fluorescently labelled platelets (3 pg/mL) under
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the previously optimised flow conditions. The cells were fixed and stained with Hoechst
nuclear stain, as per previous methods, for microscopic observation. The platelet aggregation
was observed under confocal microscopy. Images in Figure 2.10 show that TNF-a stimulated
endothelial cells and formed platelets aggregates on their surface under flow compared to the
vehicle control. The platelets were clearly visible and hence able to be recorded and assessed

quantitatively per field of view.

Control

Treated

Figure 2.10: Representative confocal images of platelet aggregation on non-irradiated
endothelial cells in the presence of TNF-o under flow. The platelets (red) were pre-stained with
R6G in human whole blood and cell nuclei (blue) of endothelial cells with Hoechst 33342.
Platelet aggregation in TNF-a treated cells was observed with no aggregation in control.

2.4 Discussion
In this study, a parallel-plate flow chamber was developed successfully using fresh human

whole blood and irradiated endothelial cells under controlled shear flow conditions based on
the cell behavior and adhesion. More recently, parallel-plate flow chamber systems have gained
wide popularity due to their accurate specifications of the applied shear stress and absolute

laminar flow regime between the parallel-plates [305, 306, 309]. This study demonstrated the
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shear-mediated platelet thrombi formation under flow using the optimised flow conditions.
There has been significant progress in assessing whole blood thrombus formation using in vitro
flow systems via platelet binding and accumulation [317, 319, 321, 347]. Methodologically,
thrombus growth has frequently been determined by platelet adhesion and aggregation where
it usually occurs by: 1) initial deposition of platelets to the thrombogenic surface; and 2) rapid
phase of platelet-to-platelet recruitment promoting large thrombosis and occlusion [314, 348].
Though current results demonstrated the aggregation of platelet on blood smear and TNF-
treated cells compared to control, still some non-specific labelling of R6G could be noticed on
the cell surface. However, it was unlikely that leukocytes would be non-specifically labelled
with R6G due to the morphological differences the platelets and leukocytes [438]. This could
be improved further in this study by labelling fibrin for more specific analysis and that will be

discussed in Chapter 3.

Therefore, in this study, platelets were fluorescently labelled in whole blood before
introduction into the flow system where the platelet thrombi on endothelial cells showed the
efficiency of the designed parallel-plate flow chamber in achieving effective thrombus

stimulation.

The flow system experienced uniform shear stress of 3.1 dynes/cm? and thereby maintained a
uniform flow pattern throughout the experiment. In general, the flow of blood generates shear
stress on the luminal vessel wall and endothelial surface where the estimated average shear
stress in major human arteries has previously been determined to range between 2 — 20
dynes/cm?which increases to 30 — 100 dynes/cm? near arterial branches [320]. Further, arterial
thrombus formation is directly associated with the mechanical shear experienced by platelets
within the flow [349]. Shear stress varies from the normal range in many pathophysiological
conditions due to stiffness of the arteries that changes the blood pressure and flow conditions

[344, 350-352]. However, this is not the case in AVMs where there is evidence that the AVM
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vessels alter their inner diameter for long-term changes to blood flow such that a constant level
of shear stress is maintained throughout the wall [353]. This would be an important point to
note in this study as the developed flow system maintains constant shear flow conditions
thereby experiencing near in vivo AVM haemodynamic conditions. Initially, optimization of
flow system was done using EBM medium to adjust the stroke volume, rate and time which
was useful ethically in reducing the blood usage but unlikely to be continued throughout the
experiment due to changes in the viscosity of blood and medium. The experiment was then
continued and validated using whole blood with same parameters to check its effect on cells

under flow where no major differences were noted.

However, this study is limited with respect to achieving a complete physiological condition
which requires high shear flow and strokes/min. Shear stress (3.1 dynes/cm?) and pulse rate (38
strokes/min) comes within or near the normal range of human arteries (2 — 200 dynes/cm?) and
pulse rate (40 — 100 beats/mins). Hence, perfusion of whole blood into the parallel-plate flow
system with endothelial cells was well operated to mimic in vivo physiological conditions with
the pulsatile blood pump. In addition, the flow apparatus maintained an enclosed circulation
loop with a single flow entry where it was quite challenging to use whole blood due to its high

viscosity, formation of air bubbles, and activation of coagulation cascade [319].

Anticoagulant of blood samples is necessary to maintain proper blood rheology without any
biological effects [354]. Use of heparin for this purpose was reported to be associated with
potential systemic anti-coagulation and bleeding disorders whereas trisodium citrate proved
safe to use as an anti-coagulant by chelating ionised calcium in blood [355, 356]. The proper
balance in the blood flow was well maintained in this study by using the trisodium citrate buffer
with a concentration of CaCl2/MgCl> (for recalcification) where no change in blood viscosity

was noticed.

Maintaining a proper vascular environment was well achieved in this study not only by using
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whole blood but also with human cerebral microvascular endothelial cell (\[CMEC/D3). The
cells maintained a heathy cell population with the benefits of media supplements for optimal
growth and function [357]. Further, functional integrity was well maintained as numerous
studies demonstrated the use of hCMEC/D3 in vitro as a blood brain barrier (BBB) model
thereby considered the cell line as a best option to mimic human brain endothelial cells [358-
361]. However, use of primary endothelial cells would be more appropriate though practically
difficult to culture due to more contamination and requirement of unique media to maintain its
survivability and growth. Further, the outcome from primary cells would difer from the current
results. Cellular maintenance under flow in this work was supported by having endothelial cells
growing on a collagen substratum, which is known to improve cell adherence where collagen-
coated dishes sustained cell growth and retention under shear stress for longer periods
compared to cells grown without a collagen coating [362, 363]. This was well proven in this
study where the shear-mediated cells under flow maintained good confluency even after the
flow without loss or uplifting of cells. Apart from acting as an attachment factor, collagen is
normally present in the subendothelial basement membrane as an extracellular matrix
component which gets exposed during tissue injury to platelets causing activation and
aggregation [364, 365]. Endothelial cells over pre-coated collagen in this study therefore
simulated a complete and more physiological brain endothelial cell model where the possibility
for collagen to cause initial platelet adhesion was limited by using 100% confluent cells in the

flow.

The effect of radiation on hCMEC/D3 was also well investigated in this initial study by using
various doses and time-points post irradiation for analysis. Cells of the endothelium are highly
vulnerable to radiation causing vascular injury [268, 366]. Zhao et al reported the changes in
endothelial cell cycle stage after irradiation at different doses where 15 Gy and 25 Gy caused
significant cell cycle arrest with more cells accumulating in the G2 phase [256], while a dose

of 5 Gy caused primarily moderate changes in cell morphology, though not significant
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compared to the non-irradiated control. Radiation-induced cellular arrest in the current study
was also associated with changes in cell shape especially at 15 and 25 Gy with cellular
hypertrophy observed as cell swelling with multinucleated cells compared to non-irradiated
control. This could be due to cell senescence, which is a state of permanent cell cycle arrest
most commonly associated with aging or stress leading to tissue malfunction and inflammation,
and often associated with cellular hypertrophy as a marker [367]. Radiation-induced cell
senescence has been demonstrated in many studies due to cellular stress as a result of radiation-
induced DNA damage [368-371]. McRobb et al recently reported stress-induced senescence
after radiation (20 Gy) in brain microvascular endothelial cells with the evidence of
hypertrophy and other senescence-associated markers such as increased senescence-associated
beta-galactosidase activity [268]. The current results showed changes in irradiated cell

morphology at day 1, day 3 and day 5 with more cells uplifted at day 5 after flow compared to

other doses and sham control. This could be due to the combined effect of both radiation and
shear flow conditions at the later time-point (day 5) since the irradiated cells usually undergo
oxidative stress, DNA damage, inflammation, and potentially cell arrest and apoptosis [270,
271, 372] where the chances that these factors would have contributed to the loss of cell integrity
and population was high. This might not be the case from the clinical aspect to treat AVMs at
day 5 considering the point that in vitro condition would be different from in vivo. Using these
results, analyses of the irradiated cells under flow were limited to day 1 and day 3 and not day
5. Overall, this study has successfully demonstrated the platelet-thrombi formation on irradiated

endothelial cells under optimised flow conditions.

2.4 Summary and Conclusion
The aim of this chapter was to develop a parallel-plate flow chamber that was well established
with proper control of flow conditions using irradiated endothelial cells and fresh human whole

blood. The benefits of a parallel-plate flow device are its reliable way of observing fluid flow,
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simple to use, and more easily reproducible with relatively high throughout and potential cost
benefits for development of targeting agents [308]. This study demonstrated the successful
development of a parallel-plate flow chamber system designed to test the effect of pro-
thrombotic conjugates in achieving thrombosis on irradiated cells under optimised flow
conditions. Preparation and testing of pro-thrombotic conjugate using the flow system will be

continued in Chapter 3.
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Chapter 3



3. Development and testing of a selective
phosphatidylserine- targeting pro-thrombotic conjugate on
irradiated human microvascular endothelial cells under in
vitro pulsatile flow

3.1 Introduction

The overall goal of this project is to develop a vascular targeting treatment for brain
arteriovenous malformations that causes complete AVM vessel occlusion. Radiation causes
upregulation of surface biomarkers on AVM endothelium that makes it different from normal
endothelium serving as a potential target for a vascular targeting approach. The purpose of this
work was to develop a novel pro-thrombotic conjugate using these targets by linking a
ligand/antibody specific to the target protein with effector moiety (coagulant protein), and then
to test its efficacy in stimulating thrombosis on irradiated endothelial cells using the parallel-
plate flow chamber as developed in Chapter 2. Recent studies demonstrated significant
externalisation of endothelial phosphatidylserine upon radiation both in vitro, using brain

microvascular endothelial cells, and in vivo using a rat AVM model [255, 256].

The specific aims of the work were: 1) to develop a pro-thrombotic conjugate using annexin V
(a ligand that targets phosphatidylserine) with thrombin (effector molecule); 2) to test the
efficacy of the conjugate in stimulating thrombosis on irradiated microvascular endothelial
cells under flow; and 3) to test the effect of different combinations of conjugate and radiation

doses in inducing stable thrombosis under flow.
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3.2 Standard methods
3.2.1 Cell culture, collagen coating and irradiation

hCMEC/D3 cells were cultured in a 75 cm? flask or 35 mm glass bottom petri dish pre-coated

with collagen and irradiated at 0, 5, 15 or 25 Gy by using the protocol described in Chapter 2.

3.2.2 Conjugate preparation

Thrombin (Jomar Life Research) was conjugated with annexin V (Jomar Life Research) using
a Lys-Lys protein-protein conjugation kit (Click Chemistry Tools Bioconjugate Technology
Company) according to the manufacturer’s instructions. Briefly, 300 uL thrombin (2 mg/mL)
in BupH buffer (pH 7.5) was labelled using 12-fold molar excess tetrazine (Tz) reagent, and
300 pL annexin V (1 mg/mL) in BupH buffer was labelled using 12-fold molar excess trans-
cyclooctene (TCO) reagent. Annexin-TCO and thrombin-Tz were mixed together (ratio 1:2)
and the conjugation reaction analysed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Figure 3. 1). Image J (Version 1.5, rasband, W.S., Image J,
National Institute of Health, USA) was used to determine efficiency of conjugation as 40%.
Thrombin activity was also measured before and after conjugation using a commercially
available thrombin activity assay kit (Ana Spec, CA, USA). This conjugation involved catalyst-
free ligation in mild buffered media which included long-term stability of TCO and T,

functional groups on modified protein thereby enhancing the efficiency of conjugate.
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Figure 3. 1: SDS analysis for annexin V-thrombin conjugate. Thrombin (37 kDa) was linked
to annexin V (36 kDa) to get annexin V-thrombin conjugate (69 kDa). The two conjugate lanes
were the duplicates.

3.2.3 Fibrinogen-FITC conjugate

Fibrinogen from human plasma (Sigma-Aldrich) was purchased and conjugated to fluorescein
isothiocyanate (FITC) using the FluoroTag™ FITC Conjugation kit (Sigma-Aldrich) according

to the manufacturer’s instructions.

3.2.4 Thrombosis under flow

Approximately 17 — 20 mL of human blood was collected from healthy volunteers (as described
in Chapter 2). Then, 3 pg/mL of rhodamine 6G (Sigma-Aldrich) and 0.13 mg/mL of fibrinogen-
FITC was added to the whole blood. The blood was recalcified and separated into 2 tubes which
was sufficient to run two experiments (treated and control). The parallel-plate flow chamber
was assembled with human whole blood and sham or irradiated endothelial cells as per the
protocol described in Chapter 2. At time zero, different concentrations of conjugate were
injected into the system to achieve final concentrations of 1.25 pg/mL, 2.5 pg/mL or, 5 pg/mL.

The pump was operated under optimised flow conditions as determined in Chapter 2.
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After 15 min of flow, the pump was disassembled followed by cell nuclear staining and
mounting for confocal microscopic analysis (as described in Chapter 2). After each run, the
pump was washed, and control experiments were done using whole blood and non-irradiated
endothelial cells with the same conjugate concentrations (1.25 pg/mL, 2.5 pg/mL or 5 pg/mL).
Experiments were also carried out with saline, free unconjugated 1.5 pug/mL thrombin, and free
unconjugated 0.9 pg/mL annexin V as controls, where percent loss of thrombin activity (5%)
was taken into consideration. An equivalent volume of saline injected into the system was used

as a non-conjugate control.

3.2.5 Microscopy and image analysis

Cells were viewed under bright-field and using ex358nm/em461nm channels for Hoechst.
Platelets and fibrin were viewed at ex550nm/em570nm and ex 495/em519nm, respectively. Z
stacks were taken, and 3D image reconstruction was done using Bitplane (IMARIS software
version 8) for measuring thrombus volume. First, the image was selected by adding its surface
into the analysis toolbar and absolute intensity was applied after selecting the source channel.
Threshold was applied and adjusted manually until the image distribution over the surface was
observed with all deposited fibrin. The volume was obtained by unifying whole fibrin volume
in afield of view. 2D analysis of platelet area was obtained with the same software tool settings.
Five fields of view from each experiment were selected and the average measurements were
considered for analysis. Data analysis was performed using Prism 6.01 (Graphpad software
Inc., La Jolla CA). Values are given as mean = standard deviation (SD) of 3 independent
experiments. Multiple comparisons were performed using two-way ANOVA with Tukey’s

post-hoc analysis and the level of significance was set at p<0.05.
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3.2.6 Analysis of fibrin degradation product (FDP)

As a further measure of thrombotic activity in the flow system, whole blood was analysed after
flow for the presence of fibrin degradation product (FDP). Whole blood was collected after
each flow experiment, centrifuged at 1000 x g for 10 min to separate plasma, which was stored
at -80°C until analysis using a fibrin degradation product (FDP) enzyme-linked immunosorbent

assay (ELISA) kit (Jomar Life Research) according to the manufacturer’s instructions.

3.3 Results

3.3.1 Annexin V-thrombin conjugate enhances platelet binding and
aggregation on irradiated endothelial cells under flow

Evidence for thrombus formation was estimated by measuring platelet and fibrin aggregation
and accumulation by confocal microscopy (Figure 3.2). The platelet adhesion andaggregation
were first determined on the endothelial surface, one of the first steps in thrombus formation.
The average size of the platelet aggregates as well as the total area of platelet deposition per
field of view was measured. Overall, increased platelet binding and aggregation was observed
with increasing doses of both conjugate and radiation (Figure 3.2A — D). The average size of
platelet aggregates (Figure 3.2A, B) increased significantly (2.1-fold, p<0.0001) at the higher
doses of 15 and 25 Gy using 2.5 pg/mL conjugate dose at both day 1 and day 3. No major
differences were observed between day 1 and day 3 values. Total platelet area (per field of
view) increased modestly with each radiation dose in the absence of conjugate (up to 1.5 — 2-
fold), though this was not statistically significant (Figure 3.2C, D). However, in the presence
of conjugate, significant increases in total platelet area were observed relative to the non-

irradiated, saline control at all radiation doses (3 — 4-fold; Figure 3.2C, D).
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Figure 3.2: Platelet aggregation and fibrin formation on irradiated endothelial cells.
Representative confocal images of platelet aggregation and fibrin formation on irradiated
endothelial cells in the parallel-plate flow system at day 1 (A), or day 3 (B); post-irradiation or
sham. Platelets were pre-stained in whole blood with R6G (red) and FITC-labelled fibrinogen
(green) prior to circulation. Cell nuclei were stained post-flow with Hoechst 33342 (blue). Bar
=50 um; magnification = 200x. Average size of platelet aggregates (um?) at day 1 (C) and day
3 (D) post-irradiation. Total platelet area per field of view at day 1 (E) and day 3 (F). Data are
shown as mean + SD (3 independent experiments) and were analysed using two-way ANOVA
with Tukey’s post-hoc analysis. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.5 comparisons
relative to saline, non-irradiated control. ####p<0.0001, #p<0.5, comparisons within radiation
dose group.
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3.3.2 Annexin V-thrombin conjugate enhances fibrin deposition on
irradiated endothelial cells under flow

Incorporation of fluorescently labelled fibrinogen was used as a measure of stable thrombus
formation (Figure 3.2 and Figure 3.3A — G). 3D reconstruction using z stacks of confocal
microscopy was used (Figure 3.3A, B, C) to determine the average volume of individual fibrin
thrombi (Figure 3.3D, E) as well as the total fibrin volume per field of view (Figure 3.3F, G)
at day 1 and 3. At both post-irradiated time points, no fibrin deposition was observed on non-
irradiated controls with or without conjugate addition (Figure 3.2 and Figure 3.3D — G). No
fibrin deposition was observed at any radiation dose in the absence of conjugate. A dose of
1.25 pg/mL conjugate showed significant fibrin development at 15 Gy and 25 Gy with minimal
to no fibrin deposition at 5 Gy on both day 1 and day 3 (Figure 3.3D — G). A dose of 2.5 pg/mL
initiated fibrin formation at 5 Gy, followed by formation of a more interlinked fibrin network
at 15 and 25 Gy. At both 15 Gy and 25 Gy using 2.5 pg/mL conjugate, average fibrin volume
increased 32 — 64-fold (P<0.0001) compared to non-irradiated saline control and respective
irradiated saline control (at same radiation dose) (Figure 3.3D, E). No major differences were
noted between day 1 and day 3 except significant differences between the two conjugate doses
were more apparent at day 1 (P<0.0001). Values of total fibrin volume (Figure 3.3F, G) showed

a similar trend to average volume (Figure 3.3D, E).
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Figure 3.3: Fibrin thrombus formation on irradiated endothelial cells. (A) Representative
confocal image of cross-linked fibrin fibers in 2D (green); (B) 3D reconstruction of Z stacks
showing deposited fibrin on the surface. (C) Individual 3D fibrin thrombi (yellow) could be
measured independently to give average fibrin volume (D, E) or summed to give total fibrin
volume (umd) per field of view (F, G) at day 1 (D, F) or day 3 (E, G). Data are shown as mean
+ SD (3 independent experiments) and were analysed using two-way ANOVA with Tukey’s
post-hoc analysis. ***p<0.001, **p<0.01, comparisons relative to non-irradiated control.
####p<0.0001, ##p<0.01, #p<0.5, comparisons with saline control within radiation dose group.
Scale bar = 30 um. Magnification = 200x.
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3.3.3 Free thrombin or annexin V induces low level activation of blood
coagulation

Thrombosis was examined in the presence of free, non-targeted thrombin and free annexin V
at activity levels/doses equivalent to that of the conjugate. Base levels of platelet binding and
aggregation were observed at all radiation doses using saline, free thrombin and free annexin
under flow at both time points (Figure 3.4). Average platelet area was not generally affected
by free thrombin or annexin V at any radiation dose at either time point (Figure 3.4A, B). Total
platelet area increased 2 — 3-fold in response to free thrombin in non-irradiated controls and at
all radiation doses in the range relative to the non-irradiated saline control (Figure 3.4C, D).
Similarly, annexin V increased total platelet area at the higher radiation doses relative to the
non-irradiated saline control, however was not significantly different to the respective saline

control at the equivalent radiation dose.

Average fibrin volume and total fibrin volume increased from 4 — 5-fold in response to
thrombin alone relative to the non-irradiated saline control at both days, however, minimal
significant difference was seen relative to the respective irradiated saline controls (at same
dose) (Figure 3.4E — H). However, when compared to levels of fibrin deposition in response to
conjugate, maximal levels of total fibrin deposited in response to free thrombin and free
annexin V were in the range 0.05 — 0.1 x 10° pm?, while the conjugate resulted in volumes in

the range of 1 — 2 x 10° um?, a 10 — 20-fold increase.
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Figure 3.4: Platelet and fibrin deposition in response to free annexin and free thrombin.
Average platelet area (A, B), total platelet area (C, D), average fibrin volume (E, F), and total
fibrin volume (G, H) in response to saline control, free thrombin and free annexin at each
radiation dosage on both day 1 (A, C, E, G) and day 3 (B, D, F, H). Data are shown as mean+
SD (3 independent experiments) and were analysed using two-way ANOVA with Tukey’s
post-hoc analysis. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.5, Comparisons relative to
sham-irradiated control. ####p<0.0001, ###p<0.001, ##p<0.01, #p<0.5, comparisons relative
to saline control within radiation dose group.
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3.3.4 Plasma FDP level

The FDP concentration was measured in plasma from whole blood after flow in blood treated
with 2.5 pg/mL conjugate at the day 1-time point (Figure 3.5). Significant increases were
observed at both 5 Gy (28-fold, p<0.01) and 25 Gy (68-fold, p<0.0001). FDP levels increased
9-fold in response to 15 Gy however this did not reach statistical significance with the 3

replicate samples.
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Figure 3.5: Plasma FDP concentration after flow. Presence of FDP analysed in plasma treated
with 2.5 pg/mL conjugate at day 1 post-irradiation with controls under flow. Data are shown
as mean + SD (3 independent experiments). Statistical differences were analysed using one-
way ANOVA Tukey’s post-hoc analysis. ****p<0.0001, comparisons relative to sham-
irradiated, saline control.

3.4 Discussion

In this study, annexin V-thrombin conjugate was investigated for its efficacy to bind selectively
to irradiated endothelial cells and induce thrombosis under flow using an in vitro parallel-plate
flow chamber. This demonstrated the successful development and testing of pro-thrombotic
conjugate under flow in stimulating platelet aggregation and fibrin formation. The use of fresh
human whole blood with irradiated endothelial cells to demonstrate in vitro shear-dependent

thrombosis in the presence of a PS-targeting pro-thrombotic conjugate showed the synergistic
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effect of radiation and conjugate in inducing stable thrombosis under optimised shear flow
conditions. The current study demonstrates that durable platelet adherence to HCMEC and
stable fibrin thrombi formation is possible by priming the endothelial cells with radiosurgery

and using the developed pro-thrombotic vascular targeting agent under flow conditions.

Irradiation causes cellular changes that tend to up-regulate various cell adhesion, pro-
inflammatory, and pro-thrombotic molecules on the endothelial surface [250, 253, 373, 374],
and this includes the externalisation of PS [296]. Earlier studies reported the post-irradiation
PS externalisation on microvascular endothelial cells in vitro, using live cell imaging, and in
vivo, using near-infrared fluorescent optical imaging in a rat AVM model [255, 256]. Thus, PS
appears a valid target for a vascular targeting approach to AVM treatment and therefore a PS-
targeting, annexin V-thrombin conjugate was developed in this study for testing its effect under
flow. In agreement with earlier studies, this study successfully demonstrated that this conjugate
can bind effectively on irradiated endothelial cells, and further, that this occurs under high flow
and initiates platelet aggregation and fibrin clots in the presence of whole blood. Not
unexpectedly, higher radiation doses (15 and 25 Gy) caused significantly greater thrombus
formation when compared to the lowest dose (5 Gy) and when in combination with a conjugate

dose of 2.5 pg/mL.

Overall, the data suggest that there was a significant synergistic interaction between the effects
of radiation dose and conjugate dose, and that low radiation dose could still induce endothelial
PS exposure and thrombosis when used in combination with the higher conjugate
concentration. This is considered noteworthy for future applications to AVM treatment in the
clinic. Treatment of large AVMs by stereotactic radiosurgery alone is often limited by the high
dose requirement to achieve complete obliteration (>15 Gy) [375]. Larger AVM volumes
receiving higher doses have greater risk of complications and this is often not achievable in

large lesions without significant off-target and late necrosis effects to the surrounding brain
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[167, 376]. The potential ability to use a lower dose of radiation when combined with a vascular
targeting agent would potentially decrease the latency period associated with current standard

radiosurgery approaches and increase the number of patients considered treatable.

It was important in this study to examine not just thrombus formation but also thrombus
stability in the presence of the developed conjugate. Formation of fibrin polymers occurs later
in the coagulation cascade to attain a mature, stable clot. Fluorescently labelling fibrinogen
with FITC gave evidence of terminal thrombotic events. This technique of labelling thrombus
through fibrinogen has been used previously as an advanced method of studying platelet
activation in whole blood [377, 378]. This is in contrast with the binding and aggregation of
platelets which occurs early in the clotting cascade but does not necessarily indicate that a

stable thrombus will be formed [379].

Confocal microscopy and digital image reconstruction allowed reconstruction of a 3D image
of fibrin deposition to give more detailed information on whole thrombus volume using fibrin
structure. Similar analysis approaches were suggested by other authors previously [319]. It was
possible to observe the initiation of fibrin and branched fibrin network on activated platelets in
response to increases in radiation and conjugate dose. Measuring thrombosis using the
deposited fibrin was far superior to assessing platelet binding and aggregation. However, by
examining both platelet and fibrin deposition in this study, we could see that though free
thrombin caused platelet activation with more platelet aggregates under flow, the level of
activation was still well below the baseline activation of combined conjugate and radiation dose
groups. In addition, there was no significant fibrin formation observed in response to thrombin
alone, in comparison to that induced by conjugate. Radiation alone (in the absence of
conjugate), caused a dose-dependent increase in platelet adhesion and aggregation, however did
not significantly increase fibrin deposition. Similarly, conjugate had a dose-dependent effect

on platelet aggregation but not fibrin deposition in the absence of radiation. Thus, in
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alignment with the literature [130, 253], radiation appears to induce a pro-thrombotic, platelet-
binding surface on the endothelium but does not necessarily induce rapid formation of more
stable thrombi and this clearly explained the differences in platelet activation between controls
(free thrombin, saline, annexin V) and annexin V-thrombin conjugate. Further, these findings
showed that delivery of PS-targeted thrombin to the irradiated cells was far superior to adding
free thrombin in the blood. This suggests that systemic thrombosis would be unlikely to occur
in the presence of conjugate on non-irradiated vessels without the initial pro-thrombotic

radiation stimulus.

In addition, FDP analysis was used in this study using unconditioned (post-flow) plasma to
assess thrombus stability since a fine balance between clot formation and fibrinolysis
determines the thrombus maturity [380-382]. The determination of FDP in plasma or serum
has been used previously and considered as an effective indicator of a patient’s coagulative-
fibrinolytic state in thrombosis, acute myocardial infarction, or sepsis [383-386]. The findings
clearly indicate the presence of increasing levels of FDP in response to radiation at the

2.5 pg/mL conjugate dose which confirmed the fibrin deposition data and formation of highly
stable thrombus under flow conditions. This suggests the possibility of achieving fully

developed thrombosis even at low radiation doses.

The development of this parallel-flow system has significant advantages over prior studies. The
inclusion of 3 different methods for analysis of thrombus formation was important to fully
determine the effects of combined conjugate and radiation doses and for their comparison to
the effects of thrombin alone. The parallel-plate flow system provided a simpler and cost-
effective way to test the conjugate under flow since it is not feasible to test various doses of
radiation and conjugate using more animals. Moreover, achieving this vascular targeting
approach under physiologic flow conditions rather than steady flow added advantage to this

study by simulating the in vivo haemodynamic condition using the pre-defined shear stress with
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pulsatile flow pattern. However, the system is limited with respect to achieving a complete

physiological flow rate and shear stress level of normal human arteries and veins, as described

in the preceding chapter and associated with limited ability of the endothelial cells to adhere to
the artificial collagen substratum. The ability to culture human AVM endothelial cells isolated
from surgically excised human AVMs would also be more physiologically relevant but
considered not necessary in this study since this is the early development and pre-testing of

conjugate once a valid target is identified.

3.5 Summary and Conclusion

The aim of this chapter was to develop a pro-thrombotic conjugate using annexin V that has
high affinity towards the identified target, phosphatidylserine, and thrombin as the effector
molecule, and testing the efficacy of the developed conjugate in stimulating thrombosis using
the parallel-plate flow chamber under optimised flow conditions. Further, various conjugate
concentrations and radiation doses were used to determine the best synergistic dose effect of
radiation and conjugate in enhancing fibrin thrombus formation under flow. Finally, a FDP

assay was used to validate the advanced stage of mature and stable thrombosis.

Hence, the study demonstrated the successful development and testing of this pro-thrombotic
conjugate on irradiated endothelial cells using the established parallel-plate flow chamber. The
parallel-plate flow system proved to be a simple and effective way to develop the vascular
targeting approach. There was good reproducibility between each experimental run considering

the use of different patient samples.
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Chapter 4



4. Validation of new molecular targets on irradiated
endothelial cells: development and testing of an anti-
CRYAB antibody-thrombin conjugate under flow

4.1 Introduction

The main aim of the work in this chapter was to validate other radiation-stimulated targets from
a previous proteomic analysis using immunostaining with irradiated hCMEC/D3 cells and then
to develop and test a pro-thrombotic conjugate based on the identified target in inducing
thrombosis using the established in vitro parallel-plate flow chamber. Although the current
study has reported a thrombotic response using the PS-targeting annexinV-thrombin conjugate
(as described in Chapter 3), it is important to identify and validate various other targets to select
the best target to advance for further animal trials and before progressing to clinical trials for

treating human patients.

Previous studies have reported the radiation-induced molecular changes on the endothelial
surface that could potentially be selectively targeted for vascular targeting therapy [128, 243,
250, 254-256, 284]. Recently, studies using in vivo biotin labelling of surface accessible protein
in an AVM animal model and comparative proteomics identified 56 proteins with increased
levels of expression after irradiation of a rat AVM model [304]. Further, proteomic studies
(unpublished, L. McRobb) extended these findings to radiation-induced markers that were
expressed for periods up to 3 weeks after irradiation. Using these identified proteins, 7
molecular targets were further assessed in this study for validation of expression on irradiated
hCMEC/D3 cells using immunostaining analysis. These proteins were: ectonucleotide
pyrophosphatase/pyrophosphodiesterase (ENPP3); ras-related protein RablA (RAB1A);
protein disulphide-isomerase A6 (PDIAG); clusterin (CLU); activated leukocyte cell adhesion

molecule (ALCAM or CD166); septin 2 (SEPT2); and a-crystallin B chain (CRYAB).
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The purpose of this specific work was to identify from this group a novel protein target on the
endothelial surface that could render the possibility for further investigating their vascular
targeting potential and development and testing of an appropriate pro-thrombotic conjugate to
induce rapid vessel thrombosis using the established parallel-plate flow chamber under

optimised flow conditions.

4.2 Standard methods

4.2.1 Immunostaining

4.2.1.1 Cell culture, collagen coating and irradiation

These procedures were as described in Chapter 2, however for immunostaining the hCMEC/D3
cells were cultured and 1x 10* cells/mL were selected in pre-coated 8 well chamber slides
(Nunc Lab-Tek I1, Sigma) in a final volume per well of 500 pL. The cells were irradiated at
25 Gy with the radiation protocol followed as described in Chapter 2. Non-irradiated cells

underwent the same procedure in separate chamber slides without radiation exposure.

4.2.1.2 Cell fixation and blocking

At 24 h post-irradiation, cells were washed briefly with cold 1X PBS and fixed at room
temperature with either 50% ethanol (in PBS) for 20 min (permeabilised cell fixation protocol)
or 2% phosphate-buffered paraformaldehyde (PFA) for 5 min (non-permeabilised fixation
protocol). Cells were then washed three times for 10 min each in 1X PBS. Then, 200 pL of
blocking buffer (containing 1X PBS, 5% donkey serum (Sigma-Aldrich) and 1% BSA (Sigma-
Aldrich) was added to each chamber and incubated for 1 h at room temperature. Non-irradiated

cells were used as a control.

4.2.1.3 Primary antibody labelling
The primary antibodies were diluted (1:100) with antibody dilution buffer (1% BSA in PBS)

and 150 pL added to each appropriate well. The chambers were left for overnight incubation
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at 4°C. The primary antibodies used were anti-ectonucleotide
pyrophosphatase/pyrophosphodiesterase  (anti-ENPP3,  bs-156-R, rabbit polyclonal,
Bios/Sapphire Biosciences), anti-ras-related protein RablA (anti-RAB1A, ARP56561 P050,
rabbit polyclonal, Sapphire Biosciences), anti-protein disulphide-isomerase A6 (anti-PDIAG,
ARP52102_P050, rabbit polyclonal, Sapphire Biosciences), anti-clusterin (anti-CLU, LS-
c331486, rabbit polyclonal, Sapphire Biosciences), anti-activated leukocyte cell adhesion
molecule (anti-CD166/ALCAM, mouse monoclonal 1gG1, Abcam), anti-septin 2 (anti-SEPT2,
STJ25475, rabbit polyclonal, St James/Sapphire Biosciences), anti-af3-crystallin (anti-
CRYAB, ab 13496, mouse monoclonal 1gG, Abcam). Control primary antibodies included a
mouse 1gG control isotype (ab13496, Abcam) and rabbit IgG control antibody (ab171870,

Abcam) at equivalent concentrations.

4.2.1.4 Secondary antibody labelling

Prior to labelling with secondary antibody, the wells were washed 2 times for 10 min each with
PBS at room temperature. Appropriate secondary antibodies were diluted in antibody dilution
buffer (1:500). The secondary antibodies used were donkey anti-rabbit-lgG conjugated to
Alexa Fluor 647 (A-31373, Thermofisher Scientific) or donkey anti-mouse-IgG conjugated to
Alexa Fluor 647 (A-31571, Thermofisher Scientific). Alexa Fluor 488-tagged wheat germ
agglutinin (WGA, Life Technologies, W11261) was added to the same dilution buffer at a
dilution of 1:1000 and used as a surface marker. The secondary antibody and WGA dilutions
were added at 150 pL per well. The cells were incubated at room temperature in the dark for 1
h. Wells were washed once with PBS before removal of the well formers and cells in the slides
were washed a further two times with PBS for 5 min. Then, the cells were stained with DAPI
(200 pg/mL) to stain nuclei and incubated for 2 min at room temperature followed by PBS

washing and mounting (DAKO aqueous mounting medium) for microscopic observation.
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4.2.2 Parallel-plate flow experiments

4.2.2.1 Cell culture, collagen coating and irradiation
The cells were cultured in a 75 cm? flask or 35 mm glass bottom petri dish pre-coated with

collagen and irradiated at 0, 5, 15 or 25 Gy by using the protocol described in Chapter 2.

4.2.2.2 Conjugate preparation

Thrombin (Jomar Life Research) was conjugated with anti-CRYAB (ab13496, Abcam) using
a Lys-Lys protein-protein conjugation kit (Click Chemistry Tools Bioconjugate Technology
Company) according to the manufacturer’s instructions. Briefly, 130 pL thrombin
(3.31 mg/mL) was labelled using 20-fold molar excess tetrazine (Tz) reagent, and 100 pL anti-
CRYAB (1 mg/mL) in BUPH buffer (pH 7.5) was labelled using 20-fold molar excess trans-
cyclooctene (TCO) reagent. Anti-CRYAB-TCO and thrombin-Tz were mixed together
(ratio 1:3). The conjugation reaction was analysed by SDS-PAGE (Figure 4.1). Image J
(Version 1.5, rasband, W.S., Image J, National Institute of Health, USA) was used to determine
the efficiency of labelling anti-CRY AB-thrombin as 70%. Similarly, IgG-thrombin conjugate
was developed by labelling with the same 20-fold molar excess of TCO and tetrazine and 19G-
thrombin was developed with the same 1:3 ratio of IgG-TCO and thrombin-Tz. Thrombin
activity was also measured before and after conjugation using a commercially available

thrombin activityassay (AnaSpec, CA, USA).
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Figure 4.1: SDS-PAGE analysis of the anti-CRY AB-thrombin conjugate. Thrombin (37 kDa)
was linked to anti-CRYAB (50 kDa heavy chain shown under reducing conditions) to develop
an anti-CRYAB-thrombin conjugate (90 kDa+).

4.2.2.3 Fibrinogen-FITC conjugate

Fibrinogen from human plasma (Sigma-Aldrich) was purchased and conjugated to FITC using
the FluoroTag™ FITC conjugate kit (Sigma-Aldrich) according to the manufacturer’s
instructions. As described in Chapter 2, this was incorporated in whole blood to assess

fibrinogen deposition as a measure of thrombus formation.

4.2.2.4 Thrombus under flow

The blood collection, labelling and flow system using whole blood and irradiated cells was
assembled and operated based on the protocol described in Chapter 3. Different radiation doses
(5, 15, or 25 Gy) and concentration of conjugate (1.25 pg/mL or 2.5 pug/mL) were used in the
flow system under optimised flow conditions (described in Chapter 2) with both sham-radiation
and saline controls. IgG-thrombin conjugate was used in the flow system as a non-targeting

control.
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4.2.2.5 Microscopy and image analysis
Cells were viewed under confocal microscopy and analysed for platelet area and fibrin volume

using z stacks in the IMARIS software tool as described in Chapter 3.

4.2.2.6 Analysis of fibrin degradation product (FDP)

The whole blood was analysed after flow for the presence of fibrin degradation product (FDP)
in plasma as described in Chapter 3.

4.2.3 Fluorescent labelling of anti-CRYAB antibody for immunostaining
under flow

To independently assess antibody binding to the irradiated cells without thrombus formation,
a near infrared fluorophore was conjugated to the same anti-CRYAB antibody used in the

conjugate as well as the control non-specific 1gG, and run in the flow system.

The antibody-dye probe was prepared by conjugating Xenolight CF™ near-infrared CF750
(Caliper Life Sciences, Inc.) to the CRYAB and non-specific 1gG antibodies according to the
manufacturer’s instructions (Figure 4.2). Briefly, 200 pg of each antibody was labelled by
mixing with 0.04 nmol of dye in dimethylsulfoxide for 1 h at room temperature in the dark.
After extensive washing through a Nanosep filter and resuspension in PBS, the absorbance was
measured at A750 nm and A280 nm to determine the final concentration and degree of labelling
(DOL). DOL was calculated as 0.4 for both CRYAB and 1gG antibody-dye probes under these
conditions. The CF750-conjugated mouse IgG and anti-CRYAB at 1 pg/mL were used in the
flow system with EBM-2 medium where the flow was operated as established in Chapters 2
and 3. The cells after flow were washed, fixed, nuclei stained, and mounted for microscopic

observation as described in Chapter 2.
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Figure 4.2: SDS-PAGE analysis of the anti-CRYAB-CF750 and anti-lgG-CF750 conjugates.
(A) Anti-CRYAB (25 and 50 kDa, light and heavy chains shown under reducing conditions)
was conjugated to CF-750 to develop anti-CRY AB-CF750 conjugate (60 kDa band). (B) Anti-

IgG (25 and 50 kDa, light and heavy chains shown) was conjugated to CF750 to develop anti-
IgG-CF750 (60 kDa).

4.3 Results

4.3.1 Molecular expression of novel protein targets on irradiated
endothelial cells

The human microvascular endothelial cells were fixed with either ethanol, to allow
permeabilisation of antibodies, or with PFA for a short period, to fix cells without allowing
substantial membrane permeation. As many of the target proteins are typically intracellular
proteins, the ethanol fixation method which allows antibody penetration was used for
preliminary testing of the antibodies where it was hypothesised that the proteins may be more
highly expressed and there was more chance of obtaining a positive signal. PFA fixation
without a permeabilisation step allows examination of surface-specific expression. The ideal
target would be a protein that is expressed on the surface of the endothelial cells only after
radiation treatment. For these studies, immunostaining was performed at day 1 and day 3 after

irradiation but only on cells irradiated at a dose of 25 Gy.
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Some cell loss and cellular hypertrophy were observed, as described earlier, that was reminiscent

of stress-induced cellular senescence.

In ethanol permeabilised cells (Figure 4.3), a positive signal was observed for all antibodies to
all proteins however with variable patterns of staining in control and irradiated cells. Increased
protein expression was observed for ENPP3 and RAB1A on day 1 compared tonon-irradiated
controls, whereas at day 3, in contrast, non-irradiated cells showed high basal levels of
expression for both ENPP3 and RAB1A. SEPT2, PDIAG and CLU showed high basal levels
of AF647 signal in non-irradiated cells at both day 1 and day 3 with variable levels of
expression in response to radiation. CD166 showed expression at only day 1 in control cells.
Minimal staining was observed for CRYAB. As the purpose of this study with ethanol fixation
was simply to test for protein presence, despite the erratic staining patterns, this was performed
only once, and studies using light PFA fixation without permeabilisation were used to establish

the pattern of surface expression.

In PFA fixed cells (Figure 4.4), the pattern of expression was quite different. These experiments
were repeated three times. No molecular expression was observed for ENPP3, CLU, and
CD166 in both radiated and control cells at both time points. RAB1A showed AF647
fluorescent signal only in sham controls at day 1 followed by protein expression at both control
and 25 Gy on day 3. Increased expression was noted in PDIA6 at 25 Gy compared to control
on day 1, whereas expression was noted at both 25 Gy and control on day 3. CRYAB was the
most consistently expressed, with no expression in non-irradiated controls at both day 1 and

day 3 with increased expression levels after 25 Gy irradiation at both time points.

Hence, CRY AB showed the most promising result of high-level expression at 25 Gy compared
to control (Figure 4.4, 4.5). This protein was therefore taken forward as a target for further study

to develop and test a CRY AB-targeting conjugate under flow.
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Figure 4.3: Immunostaining analysis of protein expression on irradiated endothelial cells fixed
and permeabilised with 50% ethanol. Immunostaining was performed on day 1 and day 3 on
irradiated endothelial cells using the designated primary antibody and secondary antibodies
labelled with AF647 (red). The cell nuclei were stained with DAPI (blue) and the cell surface
with wheat germ agglutinin-AF488 (green). Representative images show the biomarker
expressions on irradiated HCMEC/D3 cells under fluorescent microscopy. Only one
independent experiment was performed with this fixation method. Scale bar = 50 pm;
magnification = 200x.
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Figure 4.4: Immunostaining analysis of protein expression on irradiated endothelial cells fixed
with 2% PFA (non-permeabilised). Immunostaining was performed on day 1 and day 3 on
irradiated endothelial cells using the designated primary antibody and secondary antibodies
labelled with Alexa Fluor 647 (red). The cell nuclei were stained with DAPI (blue) and the cell
surface with wheat germ agglutinin-AF 488 (green) respectively. Three independent experiments
were performed. Representative images show the biomarkers on irradiated hCMEC/D3 cells
under fluorescent microscopy. Scale bar = 50 um; magnification = 200x.
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Figure 4.5: Immunostaining analysis of CRYAB expression on irradiated endothelial cells with
2% PFA. Immunostaining was performed on day 1 and day 3 on irradiated cells using anti-
CRYARB antibody and secondary antibody labelled with Alexa Fluor 647 (red). The cell nuclei
were stained with DAPI (blue) and the cell surface with wheat germ agglutinin-AF 488 (green)
respectively. Three independent experiments were performed. Representative images show
CRYAB on irradiated hCMEC/D3 cells under fluorescent microscopy. Scale bar = 50 um;
magnification = 200x.
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4.3.2 Anti-CRYAB-thrombin conjugate induces platelet aggregation on
irradiated cells under flow

From the immunostaining studies, CRYAB appeared the most promising target with no
expression present in the absence of radiation and significant up-regulation at the surface in
response to radiation at 25 Gy, hence a conjugate was produced between anti-CRY AB antibody
and thrombin for testing in the parallel-plate flow system. This would further validate surface
exposure of CRY AB after radiation and the ability of the CRYAB antibody carrying thrombin
to bind to the upregulated CRY AB under flow, thereby generating significant thrombin levels
for thrombus formation. Evidence for thrombus formation was observed by measuring platelet
aggregation and fibrin deposition by confocal microscopy (Figure 4.6) as described in the

previous Chapter.
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Figure 4.6: Platelet aggregation and fibrin formation on irradiated endothelial cells in the
presence of anti-CRYAB-thrombin conjugate. Representative confocal images of platelet
aggregation and fibrin formation on irradiated endothelial cells (0, 5, 15, or 25 Gy) in the
parallel-plate flow system at day 1; post-irradiation or sham. Platelets were pre-stained in whole
blood with R6G (red) and FITC- labelled fibrinogen (green) prior to circulation. Cell nuclei
were stained post-flow with Hoechst 33342 (blue). Bar =50 um; magnification = 200x,
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The average size of platelet aggregates (that is, average platelet area) and total area per field of
view was measured first via platelet adhesion to the endothelial surface (Figure 4.6). Overall,
a dose response was well observed where increased doses of radiation and conjugate resulted
in increased platelet accumulation and aggregation on irradiated endothelial cells under flow
(Figure 4.6 and Figure 4.7A, B). There was a statistically significant increase in average platelet
area at 25 Gy (2-fold, p<0.001) using both conjugate doses (1.25 pg/mL, 2.5 pg/mL) compared
to non-irradiated saline control (Figure 4.7A). Further, significant differences were also
observed using low and high conjugate doses at 25 Gy (1.5-fold) compared to the irradiated
saline control group. No such differences within conjugate doses were observed in total platelet
area measurement (Figure 4.7B). However, a significant increase in total platelet area was
noticed at 25 Gy using both conjugate concentrations (3.6 — 4.2-fold) compared to non-

irradiated saline control.
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Figure 4.7: Platelet binding and aggregation with anti-CRY AB-thrombin conjugate under flow.
Average size of platelet aggregates (A). Total platelet area per field of view (B). Data are shown
as mean = SD (3 independent experiments) and were analysed using two-way ANOVA with
Tukey’s post-hoc analysis. ***p<0.001, **p<0.01, *p<0.5 comparisons relative to saline, non-
irradiated control. ##p<0.01, #p<0.5.
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4.3.3 Anti-CRYAB-thrombin conjugate enhances fibrin deposition on
irradiated endothelial cells under flow

No fibrin deposition was observed on non-irradiated controls with or without conjugate
addition (Figure 4.6 and Figure 4.8A, B). No fibrin deposition was observed at any radiation
dose in the saline controls. A dose of 1.25 pug/mL and 2.5 pg/mL conjugate showed significant
fibrin development at 15 Gy and 25 Gy with no substantial fibrin deposition at 5 Gy (Figure
4.8A, B). Increases in average fibrin volume and total fibrin volume followed similar trends in
response to radiation and conjugate doses. Average fibrin volume increased significantly
(p<0.0001) at both 15 Gy and 25 Gy using the high dose of 2.5 pg/mL compared to both non-
irradiated saline and relative radiated non-conjugate control (Figure 4.8A). Values of total
fibrin volume showed a significant difference at both 15 Gy (24-fold, p<0.001) and 25 Gy (53-

fold, p<0.0001) compared to non-irradiated saline controls (Figure 4.8B)
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Figure 4.8: Fibrinogen deposition with anti-CRY AB-thrombin conjugate under flow. Average
fibrin volume (A). Total fibrin volume (B). Data are shown as mean + SD (3 independent
experiments) and were analysed using two-way ANOVA with Tukey’s post-hoc analysis.
****p<0.0001, ***p<0.001, **p<0.01 comparisons relative to saline, non-irradiated control.
####p<0.0001, ###p<0.001, ##p<0.01, #p<0.5 comparisons within radiation dose groups.
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4.3.4 Non-targeting 1gG-thrombin induces modest thrombus formation on
irradiated endothelial cells under flow

Thrombus stimulation was also examined using non-targeting conjugate at activity levels

/doses equivalent to that of the conjugate. These experiments were only performed at the
highest radiation dose of 25 Gy. The result showed minimal stimulation of platelet and fibrin
accumulation at both low and high conjugate doses in the absence of irradiation however some
accumulation was evident after radiation at 25 Gy (Figure 4.9) compared to non-irradiated
controls. Although platelet aggregation was observed under confocal microscopy, no
significant increase was observed in average and total platelet area at both 1gG-conjugate doses
compared to non-irradiated control (Figure 4.10A, B). However, both average and total fibrin
volume showed statistically significant increases (p<0.0001) at 2.5 pug/mL compared to non-
irradiated controls (Figure 4.10C, D). Also, no significant differences were observed at low
conjugate dose or between two conjugate doses (1.2 pg/mL, 2.5 pg/mL) with respect to both
average and total platelet area (Figure 4.10A, B). In contrast, average fibrin volume showed 8
—10-fold (p<0.001 — 0.0001) increase at both conjugate doses compared to the respective non-
irradiated controls. Moderate differences were noted within each dose at 25 Gy (Figure 4.10C).

A similar trend was observed with total fibrin volume analysis (Figure 4.10D).
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Figure 4.9: Platelet and fibrin deposition in response to non-targeted 1gG-thrombin conjugate.
Representative confocal images of platelet aggregation (red) and fibrin formation (green) on
irradiated endothelial cells or sham control in the presence of 1gG-thrombin conjugate under
flow. Nuclei were stained with DAPI (blue). Scale bar = 50 um; magnification = 200x.
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Figure 4.10: Platelet accumulation and fibrin deposition in the presence of 1gG-thrombin
conjugate on irradiated cells under flow. Average platelet area (A), total platelet area per field
of view (B), average fibrin volume (C), total fibrin volume per field of view (D) at 25 Gy on
both conjugate doses. Data are shown as mean +SD (3 independent experiments) and were
analysed using two-way ANOVA with Tukey’s post-hoc analysis. ****p<0.0001, ***p<0.001,
**p<0.01, comparisons relative to sham control. #p<0.5, comparisons relative to low conjugate
dose within radiation dose group.

The results obtained with the IgG-thrombin were compared directly with anti-CRYAB-
thrombin conjugate at 25 Gy using the low (1.25 pug/mL, Figure 4.11) and high (2.5 pg/mL,
Figure 4.12) conjugate doses and further statistical analysis performed. In the presence of low
conjugate dose (Figure 4.11), no significant increase in average (Figure 4.11A) or total platelet
area (Figure 4.11B) was observed between IgG-thrombin conjugate compared to anti-CRY AB-
thrombin conjugate. However, a statistically significant increase (3-fold, p<0.0001) in average

fibrin volume was observed in anti-CRYAB-thrombin conjugate compared to IgG-thrombin
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conjugate (Figure 4.11C). There was an increase in total fibrin volume with anti-CRYAB
relative to 19G- thrombin however this did not reach statistical significance (Figure 4.11D).
However, both average (p<0.01) and total fibrin (p<0.5) showed increases in irradiated 19gG-

thrombin treated groups compared to non-irradiated saline control groups.

In the presence of high conjugate dose (Figure 4.12), no significant differences were noted in
average (Figure 4.12A) and total platelet area (Figure 4.12B) between 1gG-thrombin and anti-
CRYAB-thrombin conjugate. For fibrin deposition, a significant increase in average fibrin
volume (3-fold, p<0.001) was observed in the presence of anti-CRYAB compared to 1gG-
thrombin (Figure 4.12C). Similarly, total fibrin volume showed a significant increase (2-fold,
p<0.01) in the presence of anti-CRYAB to IgG-thrombin (Figure 4.12D). Significant increases
(p<0.01) with respect to non-irradiated, saline control were observed for anti-CRYAB-
thrombin relative to saline controls for both average and total fibrin volumes, but only for total

fibrin volume for the IgG-thrombin control (Figure 4.12D).
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Figure 4.11: Comparison of non-targeted IgG-thrombin conjugate with targetedanti-CRY AB-
thrombin conjugate on irradiated cells under flow (low dose). Average Platelet area (A), total
platelet area per field of view (B), average fibrin volume (C), total fibrin volume per field of
view (D) at 25 Gy using low conjugate dose (1.25 pug/mL). Data are shown as mean + SD (3
independent experiments) and were analysed using two-way ANOVA with Tukey’s post-hoc
analysis. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.5, comparison with non-irradiated
control. ####p<0.0001, comparison within IgG-thrombin and anti-CRYAB-thrombin
conjugate within the radiation dose group.
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Figure 4.12: Comparison of non-targeted IgG-thrombin conjugate with targetedanti-CRY AB-
thrombin conjugate on irradiated cells under flow (high dose). Average platelet area (A), total
platelet area per field of view (B), average fibrin volume (C), total fibrin volume per field of
view (D) at 25 Gy using high conjugate dose (2.5 pg/mL). Data are shown as mean + SD (3
independent experiments) and were analysed using two-way ANOVA with Tukey’s post-hoc
analysis. ****p<0.0001, **p<0.01, comparison with non-irradiated control. ###p<0.001,
##p<0.01 comparisons between anti-CRY AB-thrombin and IgG-thrombin conjugate within the
radiation dose group.

4.3.5 Plasma FDP measurements

The FDP concentration was measured in plasma from whole blood after flow in blood treated
with both low (1.25 pg/mL) and high (2.5 pg/mL) CRYAB conjugate dose at the day 1-time
point (Figure 4.13). Significant increases were observed at low conjugate dose (28-fold,
p<0.001) and high conjugate dose (38-fold, p<0.0001) after 25 Gy irradiation. A significant
difference was noted between these two doses at 25 Gy (p<0.01). FDP levels also increasedin
response to the lower radiation dose of 15 Gy at both conjugate doses compared to non-
irradiated control (16-22-fold, p<0.01) however no difference was observed between the two

conjugate doses. No significant increase in FDP levels was noted at 5 Gy or with either
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conjugate doses in line with the lack of fibrin deposition seen at these radiation dose groups.
Interestingly, no increase in FDP levels were observed in the presence of 1gG (Figure 4.13)

despite the finding that a moderate increase in fibrin accumulation was observed under flow

(Figure 4.9).
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Figure 4.13: Plasma FDP concentration after flow in the presence of anti-CRY AB-thrombin
conjugate. Presence of FDP analysed in plasma treated with 1.25 pg/mL and 2.5 pg/mL anti-
CRY AB-thrombin conjugate at day 1 post-irradiation with controls under flow. Data are shown
as mean =£SD (3 independent experiments). Statistical differences were analysed using one-
way ANOVA with Tukey’s post-hoc analysis. ****p<0.0001, ***p<0.001, **p<0.01
comparisons relative to non-irradiated control. ##p<0.01, comparison relative to low conjugate
dose within radiation dose.

4.3.6 Binding specificity of CF™750-anti-CRYAB and CF™750-1gG to
irradiated endothelial cells under flow

The accumulation of platelets and fibrinogen on irradiated cells in the previous studies
confirmed the ability of the CRYAB antibody to bind irradiated cells under flow and allow
significant accumulation of thrombin to induce thrombus formation. To further examine this
binding and compare to non-specific IgG control, antibodies were labelled with fluorophores
and introduced into the flow system in the presence of EBM-2 medium, not blood, and run

under the same optimised flow conditions (as described in Chapter 2). The binding efficiency
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of both targeted CF™750-anti-CRYAB and non-targeted CF™750-1gG on irradiated
endothelial cells under flow was analysed by fluorescence microscopy. Expression was only
analysed at a dose of 25 Gy in one experiment to confirm this binding. The results show that
the CF™750 fluorescent signal was evident on the endothelial cells exposed to radiation at 25
Gy using the CF™750-anti-CRYAB construct compared to the CF™750-1gG control (Figure

4.14)

IgG anti-CRYAB

25 Gy

Figure 4.14: Binding of CF™750-anti-CRYAB to irradiated endothelial cells (25 Gy) under
flow. Representative images of CF™750-1gG and CF™750-anti-CRYAB staining (red) of
irradiated endothelial cells under flow. The cell nuclei were stained with DAPI (blue).
Representative image shows specific targeting of CF™750-anti-CRYAB to the exposed
CRYAB on irradiated cells under flow. The standard gain setting was used throughout the
imaging. Scale bar = 50 um; magnification = 200x.

4.4 Discussion

In this study, a new molecular target, CRYAB, was identified and validated using
immunofluorescent staining and a pro-thrombotic conjugate was developed using a CRYAB
specific antibody and thrombin and tested under flow for its efficacy to stimulate thrombosis
on irradiated endothelial cells. The current study demonstrated the successful identification of
CRYAB on irradiated endothelial cells followed by development and testing of anti-CRY AB-

thrombin conjugate under flow where the result showed the formation of stable thrombosis via

platelet aggregation and fibrin formation on irradiated endothelial cells.
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Based on previous proteomic studies that searched for novel radiation induced markers
(McRaobb et al, unpublished), 7 molecular targets were selected and examined for molecular
expression upon radiation of hCMEC/D3 cells. These targets (ENPP3, RAB1A, SEPT2,
PDIAG6, CLU, CD166, or CRYAB) showed increase in expression levels up to three weeks
after irradiation with further work being performed to validate using immunocytochemistry and
animal studies (McRobb et al, unpublished). Also, in the literature, differential expression and
regulation with the possibility for translocation to the cell surface under certain conditions was
observed in several studies, thereby potentially representing interesting targets under

pathological conditions [387-396].

Among all those markers investigated, only CRY AB showed a promising result of increased
surface expression on irradiated endothelial cells compared to non-irradiated controls. CRYAB
is a multimeric heat shock protein that is present in the eye lens which is known to have
chaperone-like activity to prevent enzyme aggregation [397, 398]. CRYAB is normally present
in the brain in small amounts where it accumulates in reactive and neoplastic glial cells under
pathological conditions where it is mainly localised to intracytoplasmic compartments [399-
402]. High level CRY AB expression was noticed during oxidative stress or diseased conditions
not only in the lens but also in the heart, skeletal muscles and kidney with low level expression

in brain and spleen [403].

The lack of typical surface localisation of this protein but upregulated surface expression
observed in this study in response to radiation suggested this protein could make an ideal target.
Hence, CRYAB was selected as a promising target and, anti-CRY AB-thrombin conjugate was
developed and tested on irradiated cells under flow. In this study, the CRYAB conjugate was
tested at only the day 1 time-point since no major changes were noted between day 1 and day 3

on immunostaining analysis.
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The immunostaining data in this work using 2% PFA fixative cells clearly demonstrated the
surface expression of CRYAB on irradiated endothelial cells at both day 1 and day 3.
Formaldehyde fixation generally enhances the detection of cell surface antigens since it does
not interrupt the cell membrane thereby clearly showing the protein expression is present on
the cell surface [404-406]. However, the initial studies using 50% ethanol showed no
remarkable CRYAB expression on irradiated cells at both time points. Antibody binding to
target epitopes can be affected by the fixation protocols, and it may be that ethanol fixation
altered the 3D confirmation of the CRYAB epitope such that this particular antibody could not
bind under these conditions, while PFA fixation maintained the epitope in a recognisable
conformation [407]. The PFA fixation results suggested evidence of CRYAB expression on
the cell surface though most studies reported its intracellular accumulation (mostly in
cytoplasm and nucleus) under pathological conditions where it acts to bind misfolded or
unfolded proteins to protect them from aggregation that may otherwise lead to cell toxicity and
death [395, 396]. This confirms the identification of this protein as surface expressed and able
to be bound by non-membrane permeable, modified biotin in earlier proteomic studies
(McRobb et al, unpublished). It may be possible that the protein is expressed and secreted
outside the membrane on the surface in response to radiation but how this may occur is unclear.
The reason that the other identified targets showed no differences in expression levels on
irradiated endothelial cells in contrast to the findings of the earlier proteomic studies, might be
due to the use of human in vitro cell lines for this study in contrast to the original studies that
were performed with irradiated AVM tissues in an animal model, and potential species-specific
effects. Rather than completely rejecting these targets however at this stage, they could be
further checked and validated in future perhaps using different antibodies as there were
significant differences in staining between the ethanol-fixation and PFA-fixed expression

levels.

99



Upon considering CRYAB for a vascular targeting, the developed anti-CRY AB-thrombin
conjugate also proved successful in enhancing effective platelet binding followed by platelet
aggregation and fibrin clot formation on irradiated hCMEC/D3 cells using the parallel-plate
flow system under optimised flow conditions. Overall, the results show a significant synergistic
interaction between the effects of radiation and conjugate dose where the higher doses (25 Gy
and 2.5 pg/mL) induced more effective thrombosis. Although low radiation dose (5 Gy)
with/without conjugate caused platelet stimulation and aggregation, no significant fibrin

formation was observed.

In addition, thrombus stimulation was also examined using non-targeting conjugate on
irradiated endothelial cells under flow. Anti-CRYAB is an 1gG subtype, so it is important to
check the non-specific binding of 1gG-thrombin conjugate to irradiated cells. Antibodies can
bind non-specifically via their Fc fragment, or constant domain, to Fc receptors on cells, which
are often expressed during inflammatory conditions and may contribute to non-specific
antibody binding [408, 409]. Surprisingly, IgG-thrombin conjugate at both low and high dose
resulted in moderate thrombus formation on irradiated cells (25 Gy) under flow. The level of
stimulation was however below the stimulation caused by the combined effect of anti-CRY AB-
thrombin conjugate dose and radiation dose, especially at the higher conjugate dose, suggesting
there was CRYAB specific binding occurring. Nevertheless, at least in part, this non-specific
binding may have contributed to some of the platelet/fibrin accumulation observed with the
anti-CRY AB conjugate. There was no binding on non-irradiated cells however, suggesting that
specificity in the irradiated zone would still be valid. This was further examined by using
CF™750- 1gG and CF™750-antiCRYAB on irradiated cells under flow where the data clearly
demonstrated the adhesion of anti-CRYAB to the upregulated CRYAB on irradiated
hCMEC/D3 cells compared to 1gG using the flow system. Both the results from CF™ 750-1gG

and CF™ 750-anti-CRYAB clearly demonstrated the high binding capacity of anti-CRYAB
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more specifically to the upregulated CRY AB thereby confirming their specificity in this study.
There seemed a much greater difference between IgG and CRYAB binding in this context
which may suggest that thrombin receptors as well as Fc receptors induced on the irradiated
endothelial cells may also contribute to non-specific thrombin accumulation in some way. This
might also be the reason for the fibrin deposition on irradiated cells using 1gG-thrombin
conjugate. From the data, it may be expected that there may be potential for off-target antibody
binding in other inflammatory regions, therefore, it would be important to think about the
radiation and conjugate doses to use in animals in order to avoid non-specific thrombus
generation. Potentially, development of antibodies that lack the Fc regions may provide greater
CRY AB-specific targeting, and the established in vitro flow system would be an ideal place to
pre-test and compare such newly developed antibodies and test this hypothesis. Otherwise,
CRYAB is considered a potential target to use for vascular targeting where the findings are
well supported by the successful stimulation of thrombus in the presence of anti-CRYAB-
thrombin conjugate on irradiated endothelial compared to non-irradiated and IgG control

groups under flow.

On comparing the data with the previous annexin V-thrombin conjugate results (Chapter 3),
the higher combined dose of radiation (25 Gy) and conjugate (2.5 png/mL) caused significantly
greater thrombus formation compared to the lower doses with both conjugates. However,
unlike the findings with the annexin V-thrombin conjugate, anti-CRY AB-thrombin reported
no low-level fibrin formation at 5 Gy with either conjugate dose. Although high dose
requirement is considered a major limitation for treating large AVMs using radiosurgery [375],
a dose range of 15 — 25 Gy has been used in the clinical setting as a marginal dose where
complete AVM obliteration was achieved in lesions that are less than 3 cm in diameter [166,
410, 411]. The data still suggest the possibility of achieving selective vessel thrombosis by
using anti-CRYAB conjugate at 15 and 25 Gy, but further studies will need to assess whether

CRYAB or PS make the better targets. It must be remembered when comparing thesefindings
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that although the same concentrations (1.25 pg/mL, 2.5 pg/mL) were used for each of the
conjugates in the flow system, that these are not truly equivalent given the differences in sizes
of annexin and the CRYAB antibody as well as the degree of labelling and final thrombotic

activity that was achieved with each.

As with the annexin V-thrombin conjugate, further FDP analysis using post-flow plasma
samples at all radiation doses (5, 15, or 25 Gy) with anti-CRYAB conjugate (1.25 pg/mL, 2.5
pg/mL) clearly indicated formation of highly stable thrombus at higher doses of radiation and
conjugate suggesting the possibility of achieving fully developed mature thrombosis using anti-
CRYAB-thrombin conjugate. The lack of FDP production at 5 Gy reflected the lack of
fibrinogen deposition and accumulation observed at this radiation dose. On comparing these
data with the findings of the annexin V-thrombin conjugate, significantly elevated FDP levels
noted at 5 Gy with annexin V-thrombin were in line with the elevated fibrinogen deposition (as
reported in Chapter 3), which again suggests that this conjugate may be a better treatment
approach where lower radiation doses are required. However, surprisingly, 1gG-thrombin
showed no FDP levels at both low and high dose although moderate fibrin deposition was
observed under flow. This could be an incorrect result due to some experimental error or it
could be a genuine finding, that such a low-level platelet-fibrin activation which was not
sufficient enough to release FDP thereby confirming that there was no stable thrombus
formation occurred or a lack of induction of any fibrinolysis cascade. If this is the case, it proves
that there is no high-level non-specific thrombus stimulation occurring in response to the 1gG-
thrombin non-specific control relative to the CRY AB-thrombin conjugate. Thisneeds further
examination and repeat experiments. The use of other assays in future apart from the FDP assay
such as a D-dimer which measures more complex cross-linked cleavage products may analyse
and predict the results more accurately. Otherwise, this suggests that the approach is

methodologically sound, given the good correlation between the two methods of analysis.
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The parallel-plate flow chamber provided an easy way to test and compare the effect of various
molecular targets efficiently using the same combined radiation and conjugate doses as used
for the previous annexin V-thrombin conjugate (Chapter 3). On using this flow system for
testing these two conjugates, the most common thing noticed was the accurate or high-level
measurement of fibrin deposition which clearly demonstrated the significant differences
between various doses, and that this was far more significant compared to platelet

measurements.

4.5 Summary and conclusion

The aim of this work was to validate some new molecular targets that were previously identified
to show increased level of expression on the endothelial surface after radiation and further,
develop and test the efficacy of novel pro-thrombotic conjugates to these target molecules to
test their efficacy in inducing thrombosis on irradiated endothelial cells under flow. CRYAB
was confirmed for its surface expression on irradiated endothelial cells compared to sham
control using immunostaining analysis and anti-CRY AB-thrombin conjugate was developed
and tested using the established parallel-plate flow chamber in inducing stable thrombosis on
irradiated endothelial cells. Further, various combined radiation and conjugate doses were
tested to examine the best synergistic dose effect that induces a more stable thrombus formation

under flow. Finally, stability of thrombosis was further validated using an FDP assay.

The study demonstrated the successful validation and testing of a new molecular target,
CRYAB, and its pro-thrombotic conjugate using the already developed parallel-plate flow
chamber under optimised shear-flow conditions. The parallel-plate flow system seems reliable
in showing clear evidence of the designed conjugate to bind to the specific target selectively
under uniform shear flow conditions resulting in thrombosis and satisfies the hypothesis of this
study that radiation-stimulated targets can be used for vascular targeting using these vascular

targeting agents on irradiated cells in stimulating thrombosis under flow. The flow system also
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proved reproducible in testing various other molecular targets and doses which would be highly
useful in future for selecting the best targets and doses to take to further animal studies. Future
animal studies will not only help to further analyse target expression in vivo but will also to
validate the utility of this system for preliminary establishment of radiation and conjugate dose

ranges.
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Chapter 5



5. Overall discussion and future directions

Brain arteriovenous malformations are vascular abnormalities resulting in a high risk of
haemorrhagic stroke in children and young adults [31, 93]. Although most small AVMs are
curable, over one-third of large AVMSs remains untreated using current treatment methods. The
main goal of this project is to develop a new treatment for these young patients who suffer from
a high risk of sudden death or disability. Vascular targeting was proposed as a biological
technique to deliver bioactive molecules more selectively to a vascular environment that causes
vessel thrombosis and occlusion. This concept was initially used in cancer therapy where the
pathophysiological differences between tumour and normal vessels were exploited in achieving
selective thrombosis by delivering a treatment-effective drug that carries an antibody specific
to the unique biomarker on tumor endothelium and attaching a thrombotic agent [218, 236]. In
the case of AVMSs, no specific markers have been identified on the AVM endothelial surface
that make it sufficiently discriminatory from normal endothelium to enable a vascular targeting
approach. Hence, stereotactic radiosurgery has been used as an effective priming technique to
induce molecular changes on AVM endothelium that can be selectively targeted using a pro-
thrombotic conjugate that contains an antibody/ligand specific to the target molecule and
coagulant protein (thrombin) to achieve AVM vessel occlusion [128, 129, 250, 253, 254, 374,

412].

5.1 PS as a vascular target in irradiated AVMs

Previous studies have reported changes in the molecular expression of AVM endothelium upon
radiation compared to normal vessels and have identified various molecular targets on the
AVM endothelial surface [129, 374]. More recently, translocation of PS from the inner
membrane leaflet to outer membrane leaflet after irradiation was demonstrated both in vitro
using live cell imaging and in vivo using a rat AVM model [255, 256, 284]. These initial studies

confirmed that PS could be used as a potential target therefore PS was used in this study as a
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valid target for the vascular targeting approach. In developing a conjugate, it is important to
select a ligand that has high affinity towards PS. Annexin V is a calcium dependent
phospholipid binding protein with high affinity to PS where it has been used in several assays
for detecting apoptosis via its binding to apoptotic cells during PS translocation [302, 303]. In
this study, annexin V was successfully conjugated with thrombin to develop the annexin V-
thrombin conjugate to check its efficacy in inducing selective thrombosis. Stable fibrin
thrombus formation was well achieved especially with the highest combined dose of radiation
and conjugate (25 Gy, 2.5 pg/mL) suggesting PS as a good target molecule to translate to
animal studies and potentially human trials, and the annexin V-thrombin conjugate may also
make a suitable product to take to further pre-clinical studies. Nevertheless, it is important to
note that while PS may be an ideal target, annexin V as a ligand, may not necessarily be the
best choice when thinking about achieving more selective occlusion. There may be the
possibility to achieve more effective thrombosis using other PS- targeting antibodies and in
vivo pharmacokinetics will also play a role in determining ligand/conjugate efficacy. For
example, a new generation of PS-targeting peptide/plasma protein (betabodies) such as peptide-
peptoid hybrid (PPS1) or PS-specific antibody such as IN11-T [413] have been developed to
target the exposed PS or associated proteins on the surface more selectively, these therefore
may be able to achieve greater thrombus occlusion on irradiated endothelial cells with attached

coagulant protein.

To this end, some preliminary experiments were performed using a PS-specific ‘betabody’
(provided by R. Brekken, UTSouthwestern, Texas, USA) conjugated to thrombin as a
preliminary understanding of the future work. Testing at high conjugate dose (2.5 pg/mL) using
the established parallel-plate flow chamber system with pre-stained whole blood showed
platelet-fibrin formation on irradiated cells (15 Gy) without formation on non-irradiated cells

(Figure 5.1). However, at this stage, the level of thrombin formation in this initial experiment
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with the PS-targeting betabody did not appear to reach that achieved with annexin V as a ligand.

Obviously more experiments are needed and this work will be further progressed in future by
testing varying dose combinations in vitro. However, this result alone begins to demonstrate
the utility of this flow system for rapidly and cost-efficiently assessing the relative ability of

various ligands, targets and conjugates for their vascular targeting potential.

0G 156G

Figure 5.1: Platelet aggregation and fibrin formation on irradiated endothelial cells under flow
in the presence of betabody-thrombin conjugate. Representative confocal images of platelet
aggregation and fibrin formation on irradiated endothelial cells (15 Gy) in the parallel-plate
flow chamber at day 1; post-irradiation or sham in presence of betabody (2.5 pg/mL). Platelets
were pre-stained in whole blood with R6G (red) and FITC-labelled fibrinogen (green) prior to
circulation. Cell nuclei were stained post-flow with Hoechst 33342 (blue). Bar = 50 pum;
magnification = 200x.

5.2 CRYAB as a molecular target

This work was continued to search for other novel targets using previous proteomic data for
the potential to enhance the thrombotic stimulation on irradiated endothelial cells under flow
using the specific vascular targeting agents [304, 268, McRobb et al. unpublished]. CRYAB
proved promising as a valid target with differential expression on irradiated cells compared to
non-irradiated control. Using this result, anti-CRY AB-thrombin conjugate was successfully
developed and tested under flow, where stable thrombus formation was achieved to a greater

extent on irradiated endothelial cells compared to non-irradiated cells. Similar to the previous
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conjugate, the same radiation and conjugate doses were used to study the comparison of the

effect of both conjugates at the same dosage level though with consideration that there is a
difference in the molecular weight between ligands that affects calculation of dose and their
level of equivalence. Interestingly, the annexin V-thrombin conjugate caused moderate
thrombosis under flow at 5 Gy compared to no fibrin thrombus formation using the anti-
CRYAB-thrombin conjugate. This data would be highly useful in translating to clinical trial
for human patients at low radiation dose to avoid late radiation necrosis and off-target effects
in future. This suggests that perhaps the PS-targeting approach may be superior to targeting
CRYAB. Further, non-targeting thrombosis was noticed using 1gG- thrombin conjugate with
moderate fibrin formation whereas no fibrin thrombus formation was observed using free
thrombin and annexin under flow. This could be improved in future by the use of modified
antibodies or single chain variable fragments (ScFv), that remove the IgG constant domains
and eliminate non-specific Fc receptor binding, making the antibody more selective to
recognise and bind to the target protein. Overall, on comparing the two conjugates, annexin V-
thrombin conjugate proved more specific and effective in this context rather than the anti-
CRYAB-thrombin and must be considered in translating to preclinical or clinical studies in
treating patients. However, various other targets are yet to be validated to identify the best

conjugate and doses that can be advanced to animal studies.

5.3 Thrombin as an effector molecule
Thrombin was used in this study as the pro-thrombotic effector molecule. Thrombin is an

enzyme normally generated in the coagulation cascade by cleavage from pro-thrombin via the
prothrombinase complex (Xa/Va) once platelets are activated. It is common to both intrinsic
and extrinsic signaling pathways in the coagulation cascade. Thrombin is a key enzyme that
converts soluble fibrinogen to insoluble fibrin resulting in formation of the blood clot [325,
331]. Thrombin also directly activates factor XI11 to Xllla inducing fibrin polymerisation [414].

Use of this pro-thrombotic molecule was highly effective in this context. However, it may also
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be worth considering the significant safety issue when using an in vivo approach of having this
molecule circulating in the blood stream. Of note, the addition of equivalent levels of free
thrombin in this study had no evidence of effect on blood coagulation within the circulation of
the flow system, and further did not bind at sufficient levels to induce localised thrombosis on
the irradiated cells. This suggests that at least within the tested dose range, that targeted

thrombin should be a relatively safe approach without induction of systemic thrombosis.

Another option however may be to examine whether tissue factor (TF) may provide an even
safer thrombotic effector molecule. Other studies have used TF with vascular targeting peptides
to selectively target and occlude tumour endothelium resulting in tumour infarction [241, 415,
416]. TF normally participates in the extrinsic pathway as a cofactor in the activation of factor
VII to its active form (factor VIla), where the TF-factor-VIla complex activates factor X and
IX in the presence of calcium ions to generate conversion of pro-thrombin to thrombin [332,
333]. Beiker et al. showed thrombotic occlusion of 90% of the tumour vessels in the presence
of TF-NGR (TF linker with peptide) supporting the fact that there was reduction in tumour
growth observed after binding of TF-NGR to the cell surface of tumour endothelium [241].
Shwoppe et al. used TF without its transmembrane domain (truncated TF) fused to peptides
(TF-fusion protein) that has low coagulation inducing activity in circulation but recovers its
activity after binding to the target molecule at the endothelial surface, and demonstrated
reduction in tumour blood volume with fibrin formation in the tTF-fusion protein treated
tumours [415]. Use of TF may therefore have greater benefits compare to thrombin in terms of
safety, as TF requires multiple other factors for its activation of the coagulation cascade,
including close interaction with the plasma membrane with exposed PS [417]. Thus, irradiated
endothelial surfaces that expose PS would be susceptible to TF-stimulated coagulation if

targeted, while normal unstimulated endothelial cells would not. Similarly, an even lower risk
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of systemic thrombosis would also be hypothesised with use of this effector molecule. This
may be of interest to test in the system and safe to achieve highly selective thrombosis without
any non-specific activity of conjugate or blood coagulation. Although thrombin is basically a
key effector enzyme to trigger blood clotting more effectively, it may be safer to use TF in
combination with peptide/ligand/antibody in future to avoid non-specific thromboembolic
events. Again, this developed flow system provides an easy and economical way to compare
different effectors and these experiments can be performed in the future. Further animal

experiments will also be better placed to investigate in vivo safety profiles.

5.4 Parallel-plate flow system: - advantages and limitations

It is not possible to extensively test multiple targets, conjugates, and doses using animal work
due to the cost and in the interest of refinement of animal studies and associated ethics.
Therefore, the parallel-plate flow system was developed to determine the binding specificity,
dose-effect and selectivity of these designed conjugates in a more simple and cost-effective

way before testing it with an animal AVM model.

The developed parallel-plate flow chamber was considered a simple and effective technique to
test the effect of the developed conjugate and various combined doses of both radiation and
conjugate using its flexible design and limited complexity. This flow system was successfully
established with proper control of flow conditions where it has been designed to test the
efficacy of annexin V-thrombin and betabody-thrombin conjugate on irradiated endothelial
cells in stimulating thrombosis. The parallel-plate flow system proved reproducible in
maintaining uniform shear stress conditions throughout where the measured shear stress of the
flow system (3.1 dynes/cm?) correlated well within the estimated range of average shear stress
in major human arteries (2 — 100 dynes/cm?) [320]. Use of human whole blood with pulsatile
flow pattern in the flow system further supported the work in testing the vascular targeting

agents under near physiological flow condition. Although the shear stress levels achieved were

111



at the lower range of that found physiologically, it remains superior to any studies that may be
performed in a completely static system. This flow system remains an intermediate step and
bridges the in vitro cell culture and animal models where it must be remembered that these
studies are still relatively preliminary in nature, and further experiments in animals are required

where more physiological conditions can be achieved.

The thrombus formation was well validated in the flow system in the presence of annexin V-
thrombin conjugate via platelet aggregation and fibrin deposition. Further, 3D reconstruction
was made to measure the fibrin volume where the 3D image was useful in analysing shape and
structure of fibrin deposited on the surface [319]. From the result, it is very clear that fibrin
volume is a more accurate measurement compared to measuring only platelet area since platelet
stimulation is the initial phase of blood coagulation [322]. It should be noted in the current
study, that labelled commercially available fibrinogen was added to the whole blood and that
this per se does not show the actual level of cleaved fibrin after thrombin activation. However,
the fact that the observed fluorescence demonstrated what appeared to be long polymerised
strands is consistent with thrombin-induced fibrin cleavage and polymerisation and has been
previously used both in vitro and in vivo as a surrogate measure of fibrin deposition and
thrombin formation [418]. It would be interesting and informative in future flow studies to also
tag the actual fibrin using cleaved fibrin-specific antibodies post-flow to absolutely confirm the
conjugate effect in stimulating fibrin-thrombus formation. Apart from thrombus volume, it
could be possible to further test the thrombus weight, fibrin structure or fibrin strength as an
additional way of analysing thrombosis. Mardel et al. has measured the clot weight using an
electronic balance and clot strength and quality by observing fibrin arrangement using scanning

electron microscopy [419].

After measuring thrombus formation, the study was finally concluded by further examining the

stability of the formed thrombus using FDP assay to assess fibrin degradation products which
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clearly demonstrated the highly matured thrombosis achieved at 25 Gy (2.5 pg/mL) in both the
conjugates compared to less FDP levels at other doses. Fibrinolysis is the general mechanism
to balance between coagulation and anti-coagulation processes via breakdown of unwanted
cross-linked fibrin to avoid systemic whole blood coagulation in the body [420]. This rapid
digestion of the cross-linked fibrin results in the release of fibrin fragments into the blood which
can be easily detected using FDP assay in plasma sample [421]. However, there are some
arguments as to whether the FDP is the degradation product that contain some fragments of
FPA (fibrinopeptide A, that gets cleaved from fibrinogen during the conversion of fibrinogen
to fibrin in clot formation process) [422, 423]. A more robust way of testing thrombus stability
would be the D-dimer assay. The D-dimer is a unique fragment formed by digestion of highly
cross-linked fibrin [424-426]. Though some inaccurate results were predicted with the FDP
assay, good consistency and correlation was observed at 25 Gy in agreement with the previous
high fibrin formation in the presence of conjugates under flow. Hence it may be worth in any
future study if additional D-dimer assay was used as a further test to determine the thrombus
stability where it can measure the released fibrin fragments from complex cross-linked fibrin

digests.

In this study, human cerebral microvascular endothelial cells were used in the flow system
rather than human AVM endothelial cells which may be considered a minor limitation of the
study. The latter would be more physiologically relevant for our final goals of AVM targeting.
While no specific surface markers of AVM endothelium have been identified, the literature
reviewed in Chapter 1 highlighted the recognition that AVM endothelial cells do have an
inherently different phenotype from normal endothelial cells [246, 247, 250]. This may suggest
that AVM endothelial cells could potentially behave differently to normal endothelial cells in
response to radiation, potentially altering their radiation-induced surface proteome. This has

not to date been tested given the difficulties in establishing sufficient AVM-derived cells for
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analysis, but establishing the ability of radiation to induce expression of the novel targets in
these AVM-derived cells would be of value, to validate the utility of the proposed targets in
the human AVM context and further, to examine whether the AVM endothelial phenotype has
any inherent differences in thrombotic reaction. This would be of considerable interest and
useful to test the conjugate effect using irradiated human AVM endothelial cells, but considered
not essential at this stage since this is more preliminary work to understand the combined effect
of radiation and developed conjugate in achieving selective thrombosis under flow. However

future studies may consider isolation and use of these cells within system.

5.5 Other options for targeted delivery

Further important development that could be assessed in ongoing studies could be the use of
nanotechnology constructs to increase the payload of conjugates. Attaching multiple ligands
and multiple effector molecules to some sort of nanoparticle might improve the efficacy and
safe delivery of the pro-thrombotic molecule. Attention has been focused recently on the
development of nanoconjugates with various antibodies and effector drugs developed to create
multi-drug delivery platforms for the treatment of various diseases [427-429]. Although not
included in this thesis due to preliminary testing, a hexagonal flat nanodisk provided by
Binyang Shi [430] was used as a base for conjugation of multiple annexin V and thrombin
molecules through click biochemistry conjugation (performed by Zhenjun Zhao; as described
in Chapter 3) for testing on irradiated hCMEC/D3 cells (25 Gy) under the developed in vitro
flow using EBM-2 medium. The results showed greater binding of the auto-fluorescent
nanoconjugate on irradiated cells compared to non-irradiated control cells under flow (Figure
5.2). This was not done using whole blood since it was an initial testing designed to better
understand the ability of the designed nanoconjugate to interact with irradiated cells under flow
compared to non-irradiated cells, but again shows the utility of the system for testing both target

expression and ligand and conjugate efficacy in a simple defined way that can

114



predetermine conjugate formulations that may be the best to take to the next stage of animal
studies. This work will be further extended in future by attaching more target molecules and
effector molecules in defined ratios and testing in the in vitro flow system. Before proceeding
to any animal work, it is important to analyse the best target molecule, and doses to achieve

high selectivity and stability in treating AVM patients.

0G 25 G

Figure 5.2: Binding specificity of nanodisks conjugated to annexin V and-thrombin to
irradiated endothelial cells under flow. Representative confocal images of nanodisk (reddish
yellow) on irradiated endothelial cells (25 Gy) in the parallel-plate flow chamber at day 1; post
-irradiation or sham. Cell nuclei were pre-stained post-flow with Hoechst 33342 (blue). Bar =
50 um; magnification = 200x. Original images.

5.6 Progression to pre-clinical studies

Before proceeding to human patients, the future work will focus on animal studies for further
validation of doses using the in vitro data. Our group has an established animal model of AVM
that can be treated with localised radiosurgery [129, 243, 255, 284]. The current in vitro studies
will definitely help to analyse the proper dose range to be tested in this model, since the blood
volume used in the flow (~12 mL) is near to the whole blood volume of rats used in this model.
However, it will be important to consider the interaction of conjugate with endothelium of the

whole animal as well as filtration through the liver and kidneys that will affect the in vivo dose
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range, which might suggest a slightly higher dose would be required, but this in vitro system
gives us a range for initial in vivo testing. Animal studies in the AVM model will be important
for establishing the specificity of conjugate binding in vivo and will also establish whether we
can induce sufficient thrombosis in appropriately sized vessels to induce complete occlusion,

which will be required in the clinical setting.

What must also be established prior to giving thrombotic conjugates to patients, is the level and
specificity of target expression in humans. For PS, the identified targets were observed both in
vitro [256] and in vivo [255] prior to developing the conjugate to make sure it was well
expressed in both human cell line and an AVM animal model. PS has been previously analysed
in many human pathological conditions where it has been reported to get exposed under some
stress condition compared to normal conditions [293, 296, 417, 431]. High level of PS exposure
was identified in tumour cell lines compared to normal cells thereby suggesting it as a novel
target for diagnosis and therapy in cancer [431]. To date, no studies have investigated the PS
translocation in human AVMs in response to radiation, but initial studies would first require
imaging of endothelial PS exposure in non-irradiated and irradiated human AVMs or indeed
imaging for any other potential targets and their specificity in the body within the irradiated
zone. This is the reason for validation and development of multiple targets and associated
conjugates, as species-specific and AVM-specific differences may eliminate various targets
along the drug development pipeline, so that it will be highly useful in future to screen the best
target molecules that are highly expressed in agreement with the previous findings. Overall,
the significant outcome of this project will be translated to animal work before advancing it for

human trials.
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5.7 Application of radiation-guided-vascular targeting for non-
AVM treatment

Apart from treating AVMs, this radiation-guided, vascular targeting strategy could potentially
also be used to treat any type of bodily lesion that could be defined by radiosurgery. Various
other lesions such as primary or metastatic brain tumours may be amenable to this approach
using pro-thrombotic agents to block tumour vessels, where there are limited therapeutic
treatment options and relatively low efficacy of drug delivery to these types of target lesions
[432-434]. Other groups have considered this approach for radiation-guided delivery of
chemotherapeutic drugs (Refs). Another type of vascular lesion that may be amenable to this
approach is cerebral cavernomas malformations or CCMs ([1, 54, 435]). These present as
clusters of abnormal blood vessels that cause stroke and seizures and where successful surgical
resection is doubtful due to location and size of the lesion [436, 437]. The overall treatment
goal for these lesions is similar to that of AVMs in causing vessel occlusion. Hence, using
radiation as a priming tool and targeting the endothelial surface more selectively with the
vascular targeting agents would also be of potential benefit in these lesion types and could be

considered in future.

5.8 Final Summary

Effective and stable thrombosis was successfully achieved on irradiated endothelial cells in the
presence of both annexin V-thrombin and anti-CRYAB-thrombin conjugate using the
established in vitro parallel-plate flow chamber system. The system proved a simple and
reproducible tool with cost-effective screening of various molecular targets possible in the
future using different combined doses of radiation and conjugate. This technique will be useful
in understanding whether future constructed conjugates binds well with the expressed target on

irradiated cells under near physiological flow conditions, where the selected conjugates with
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its optimised dose conditions will be tested using AVM animal models before advancing it to

AVM patients.
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