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ABSTRACT

Studies into Angiopoietin-1 and Tie Receptor Signalling During Endothelial Responses to

Acute Inflammation by Chris Milner

Endothelial dysfunction is a major component of the systemic inflammatory response syndrome 
(SIRS) triggered by major tissue injury including bums. Such dysfunction leads to excessive 
vascular permeability and endothelial-leucocyte interactions resulting in endothelial cell death 
and organ damage. Angiopoietin-1, a key regulator of angiogenesis, has recently been identified 
as a potent anti-permeability and anti-inflammatory agent targeting the endothelium, and operates 
through two different receptors, Tiel and Tie2. Identifying specific roles of each receptor in 
mediating the protective effects of Angl is essential for designing drug therapy for pathological 
inflammatory responses, and this therefore formed the objective of this research project. 
Specifically, in vitro models of endothelial permeability, survival and adhesion molecule 
expression have been established to study the effects of Ang-1 on Tie receptor deficient HUVEC 
generated by SiRNA techniques. Tie receptor knock-down was highly effective in HUVEC, and 
subsequent experiments using these cells proved the hypothesis that Tie2 is the principal receptor 
mediating Ang-1 induced endothelial survival and reduced endothelial permeability. In addition, 
absent Tiel was found to increase baseline endothelial permeability and apoptosis in HUVEC, 
whilst the full anti-apoptotic effect of VEGF was shown to require both Tiel and Tie2, adding to 
other data indicating a novel form of heterodimeric transactivation between the two receptors. 
Using the developed cell adhesion molecule (CAM) assay, experiments using naive HUVEC 
quantitated the anti-inflammatory effects of Ang-1 following stimulation by key pro- 
inflammatory cytokines such as II-1. Moreover, preliminary experiments using plasma from 
patients with SIRS demonstrated the usefulness of the inflammatory CAM assay as a model for 
studying endothelial inflammatory responses in humans. Finally, experiments combining SIRS 
plasma with Ang-1 demonstrated a possible role for Ang-1 in the inhibition of SIRS plasma 
induced CAM expression.
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1.1: Acute Inflammation and Systemic Pathophysiology:

Acute inflammation is a highly adaptable, sensitive and specific defence system, 

capable of dealing with a vast array of invading micro-organisms, as well as co-ordinating the 

repair of damaged tissue, with minimal disruption to overall function (1). Acting in close 

concert with the coagulation system, acute inflammation is a multi-step process involving 

interactions between signalling mediators, pre-formed protein cascades, leucocytes and the 

vascular endothelium (Figure 1.1). By virtue of its major reliance on positive-feedback pro- 

inflammatory cascades, complementary control measures exist that are essential in restricting 

the magnitude of the inflammatory response to a level best suited to deal with the initiating 

stimulus (2,3). However, major tissue damage or overwhelming infection can exceed this 

local auto-regulation, allowing pro-inflammatory processes to prevail and ultimately spill 

over into the systemic circulation as the initiating event of the Systemic Inflammatory 

Response Syndrome (SIRS). Released pro-inflammatory mediators then circulate in the blood 

and are free to bind specific receptors expressed by vascular endothelial cells and circulating 

leucocytes in areas remote to the zone of tissue injury. This activates leucocytes and 

endothelial cells, transforming both into an inflammatory phenotype and thus enabling the 

inflammatory cycle to progressively spread through de novo territory, ever more remote from 

the initiating stimulus. From a pathological perspective, the presence of acute inflammation in 

healthy tissue can disrupt normal tissue function, precipitating organ dysfunction and 

ultimately failure. Whilst the interplay between cells, mediators and cascades in acute 

inflammation is extremely complex, specific areas of it will be discussed in turn, especially in 

the context of three key areas of SIRS-related endothelial pathology, emphasising the current 

limitations and potential future options for SIRS therapy.
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Figurel.l: Simplified schematic illustration of events involved in acute inflammation. Pro- 
inflammatory and clotting events shown on the right (pink box); compensatory anti
inflammatory measures shown in blue to the left. Both systems are activated concurrently 
following initiating stimuli, with anti-inflammatory component activation acting to limit the 
numerous forward-feedback pro-inflammatory cascades to that necessary for dealing with the 
initiating stimulus. Predomination of either system leads to pathological sequelae known as 
the compensatory anti-inflammatory response syndrome (CARS) or systemic inflammatory 
response syndrome (SIRS).

2



1.1.1: The Systemic Inflammatory Response Syndrome:

The systemic inflammatory response syndrome is not a fixed entity but rather a 

qualifying term used to describe a spectrum of pathological severity that follows the 

breakdown of control measures that normally delimit an inflammatory response (4). 

Clinically, SIRS itself is defined according to specific criteria that take into account both 

clinical parameters such as heart and respiratory rate as well as physiological indices 

including temperature and leucocyte status (5) (Table 1.1). For a clinical diagnosis of SIRS to 

be made, at least two of the four criteria must be met.

Temperature < 36° C or > 38° C

Heart Rate > 90 bpm

Respiratory Rate > 20 breaths/min or PaC02 < 32 mmHg

White Blood Cell Count > 12,000 or < 4,000 cells/mm3 

or> 10% bands

Table 1.1: SIRS criteria.

Current grading classifications of SIRS acknowledge its frequent co-existence with 

clinical infection, secondary to the increased susceptibility to microbial invasion that SIRS 

associated leucocyte dysfunction and coagulopathy brings (4, 6). Therefore, once SIRS has 

been identified in the presence of infection, it is termed sepsis, progressing through severe 

sepsis (if associated with organ dysfunction), septic shock, multi-organ dysfunction syndrome 

(MODS) and finally organ failure and death. Although there is a considerable armamentarium 

of anti-microbial drugs available to limit SIRS associated infection, the generalised 

inflammatory response has remained the principal determinant of outcome because of its 

direct pathological impact on the patient. This finding follows several clinical studies that 

demonstrate high mortality rates despite early anti-microbial therapy, plus similar mortality 

rates in both culture positive and culture negative patient groups (5, 7, 8). Furthermore, as 

each organ system progressively fails, mortality rates rise steeply, regardless of treatment with 

anti-endotoxin antibodies (9). So although mortality from SIRS frequently follows and 

coexists with infection, major tissue injury alone is sufficient to trigger an uncontrolled 

inflammatory response, without the need for associated clinical infection (8, 10). This is 

particularly important for SIRS associated with major tissue damage associated with bum

3



injury, polytrauma or major surgery, where overwhelming inflammation follows widespread 

activation of tissue macrophages and the alternative complement pathway (11-13). This 

situation underlines the need for a better understanding of those factors that actually drive the 

systemic inflammatory response, irrespective of co-infection or what the initiating stimulus 

actually was (14). Moreover, it appears that genetic factors play a significant part in 

determining the voracity and host susceptibility to SIRS, meaning that no two patients are 

likely to react in the same way to a given initiating event (15).

1.1.2: SIRS Therapy and the Vascular Endothelium:

Current anti-SIRS therapies have attempted to break the inflammatory cycle at 

relatively specific points within the overall inflammatory mechanism, including mediator 

targets, components of the clotting system, cell-cell interactions and cell signalling targets to 

name but a few (6,16). Unfortunately, only activated protein C has as yet, been shown to 

significantly reduce the mortality of patients with severe sepsis (17). The failure of other 

approaches undoubtedly relates to the tremendous complexity of the inflammatory 

mechanism, complete with multiple parallel pathways that interlink separate components of 

the process together by multiple routes. This may explain why specific inhibition of single 

cytokines has generally failed to halt the pathological progression of systemic inflammation, 

typified by the poor outcomes in clinical trials with both 11-1 and TNFa antagonists (18,19). 

These and other results highlight the need to break the inflammatory cycle at a more 

fundamental level; a point where different parallel pathways have already converged to 

produce a net functional outcome. One such possible target is the endothelium, which 

performs a core role in both co-ordinating and contributing to much of the inflammatory 

response, following its early activation by inflammatory signals (16). Endothelial activation 

describes a change in endothelial behaviour manifest through specific mediator production, 

altered permeability, interaction with circulating leucocytes (with associated endothelial 

apoptosis) and activation of the coagulation cascade (20) (Figure 1.2).
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Figurel.2: Schematic illustration of events following endothelial activation during the acute 
inflammatory response. Figure presents a cut-away view of a small blood vessel containing 
erythrocytes, platelets and leucocytes. Blood bourn cytokines activate both circulating 
leucocytes and the endothelium, leading to complementary cell adhesion molecule expression 
and leucocyte diapedesis between individual endothelial cells (red arrows). Leucocyte -  
endothelial interaction also results in endothelial apoptosis (red crosses), exposing basement 
membrane components and propagating coagulation. Finally, endothelial cell cytoskeletal 
changes produce large gaps between individual endothelial cells through which large 
quantities of protein-rich fluid can leak out into the interstitium (black arrows).
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Endothelial activation per se is not an all-or-nothing response however, and reflects 

the endothelium’s inherent flexibility as it functions to integrate the specific needs of local 

tissues and systemic events in a manner that varies both temporally and spatially (21). This 

means that endothelia in different organs respond in different ways to the SIRS cycle, 

accounting for the variable nature of organ involvement in MODS. Despite variable activation 

in SIRS, the widespread and sustained activation of the endothelium constitutes a net liability 

to the patient because of its central role in promoting inflammatory mediated organ 

dysfunction. Treatment options directed at cellular mechanisms of endothelial activation are 

at an early stage but several studies have now identified key roles for signalling intermediaries 

such as NFkB, PKC, MAPK and NO in this process (22-27). It is hoped that by manipulating 

these intermediaries, specific endothelial responses might be ‘re-programmed’ to abrogate the 

pathological consequences of inflammatory activation. Of even greater interest, recent reports 

have demonstrated that the endothelial growth factor Angiopoietin-1 (Ang-1) appears to exert 

a multitude of beneficial effects on the inflammatory state, through direct effects on the 

endothelium via Tie receptors. With a large body of pre-clinical evidence now supporting this 

growth factor as a potential anti-inflammatory agent, the fortunes for future therapy in 

dysfunctional inflammatory responses such as SIRS may soon be greatly improved.

1.2: Tie Receptors and the Angiopoietin Family of Growth Factors:

Tiel and Tie2 (short for tyrosine kinase with immunoglobulin-like and EGF-like 

domains) were discovered in the early 1990’s during experiments designed to identify novel 

receptor tyrosine kinases (RTK’s) involved in development of the cardiovascular system (28- 

30). Subsequent work to isolate a ligand for these receptors led to the discovery of the 

Angiopoietin family of growth factors, of which Ang-1 and 2 are the best understood, 

recognised for their agonist and antagonist properties respectively (31-33). Both Tiel and 

Tie2 are expressed on the surface of endothelial cells and share considerable sequence 

homology, containg extracellular, transmembrane and intracellular domains (Figure 1.3). The 

extracellular portion begins with two immunoglobulin loops, followed by three EGF-like 

domains, then a second immunoglobulin loop, finally ending with three fibronectin type-III 

domains adjacent to the plasma membrane. Intracellularly lies a tyrosine kinase domain split 

by a kinase insert sequence, finally ending with the carboxy terminal tail (28,34, 35) (36).
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Figurel.3: Schematic illustration of the Tiel and Tie2 receptor tyrosine kinases. The 
molecular domain structure is highlighted on the left, whilst the sequence homology between 
key potions of each receptor are displayed on the right (FN III -  Fibronectin type III repeat, 
TM -  transmembrane region, TK -  tyrosine kinase region, SH2 -  Src homology 2 
intermediates, PBD -  phosphate binding domains).

7



Successful receptor activation requires monomeric Ang-1 to super-cluster into higher 

order multimers, in order for it to interact and induce phosphorylation within the Tie receptor 

tyrosine kinase domains. Ang-1 super-clustering has the drawback of ligand aggregation and 

subsequent instability however, which initially hampered its in vitro application. To address 

this, synthetic Ang-1 analogues including COMP-Angl have been developed, combining 

enhanced receptor activation with better solubility and stability than native Ang-1 (37). The 

enhanced potency of COMP-Angl has recently led to the successful activation of Tiel, which 

was previously referred to as an orphan RTK in view of its apparent lack of ligand (38).

Ligand stimulation by Ang-1 or its variants leads to receptor dimerisation and 

autophosphorylation of key tyrosine residues on the intracellular domains of Tie receptors. 

This then promotes the interaction of intracellular signalling intermediaries containing SH2 or 

other phosphotyrosine binding (PTB) domains with specific phosphotyrosine docking sites on 

the cytoplasmic portion of the Tie receptor (39).

From a functional viewpoint, early rodent transgenic knockout experiments 

demonstrated an essential role for Tiel, Tie2, Ang-1 and Ang-2 in the development of the 

vascular system, particularly during the late angiogenic phase that follows the VEGF- 

regulated formation of the primitive vascular plexus. Such disruption of developmental Tie 

signalling leads to abnormal vascular architecture, with dilated, poorly branching vessels, 

together with reduced numbers of endothelial cells that fail to properly associate themselves 

with peri-endothelial extracellular matrix and support cells. Particularly, Ang-2 is essential for 

the correct remodelling of the vascular network during angiogenesis where it has both agonist 

and antagonist functions dependant upon the type of vascular bed (40). Ang-2 also has 

essential functions in the development of the lymphatic system, and is vital for pro- 

inflammatory endothelial responses where it acts to prime endothelial cells to the effects of 

inflammatory cytokines such as TNFa (41,42). Major perturbations of Angiopoietin / Tie 

signalling in the developing vascular system are universally associated with embryonic 

lethality, highlighting the essential developmental role for Tie receptor function in vascular 

maturation (33,35,42-44). Beyond neonatal angiogenesis, Tie receptor signalling retains an 

essential role in mature vessels, with Ang-1 promoting vascular quiescence, and Ang-2 

destabilising the vasculature to allow vessel growth or regression as necessary for local tissue 

requirements (45,46). Further in vitro and in vivo studies with both native and synthetic Ang- 

1 variants have now provided specific detail for its vascular stabilising actions, including roles 

involved in promoting endothelial survival (47), maintenance of endothelial barrier function

(48), and the minimisation of cell adhesion molecule (CAM) expression necessary for
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endothelial-leucocyte interactions (47). As will be described in the next section, all three of 

these endothelial roles form core components of acute inflammation, and the impact upon 

them from Ang-1 signalling undoubtedly feature in the ligands beneficial impact in animal 

models of sepsis (46).

In contrast to Ang-1 / Tie signalling, VEGF is active at the very earliest stages of 

vasculogenesis, where perturbations of either its timing or level of expression are universally 

fatal (49, 50). VEGF has an essential mitogenic effect on endothelial cells, and directs their 

migration, maturation and indeed specification into arteries or veins. After development, 

VEGF retains an important role in vascular homeostasis, acting as a pro-survival factor, 

particularly in fenestrated vascular beds. During inflammatory responses, VEGF participates 

by inducing endothelial permeability as well as CAM expression (51-54). As will be 

discussed, Ang-1 acts in part to counteract these pro-inflammatory effects of VEGF.

Finally, in comparing the mitogenic effects of Ang-1 with VEGF, the majority of in 

vitro experiments with Ang-1 report migration of endothelial cells and capillary tubule 

formation but no increase in overall cell number (46, 55, 56), except work by Kanda et al., 

which did find a proliferative effect under similar conditions (57). Sustained, systemic 

administration of Ang-1 in rodent models has been shown to induce vascular proliferation 

however, resulting in larger, more numerous and increasingly branched vessels (33,37). 

Whilst an angiogenic role for Ang-1 signalling has less of a direct part to play in acute 

inflammation, its administration as the synthetic analogue COMP-Angl has been shown to be 

remarkably effective at accelerating wound healing in a diabetic model of microvascular 

dysfunction (58). Where wound healing represents the biological end point for any acute 

inflammatory response, this can only be of benefit in situations where SIRS follows major 

tissue injury such as after a major bum.

1.2.1: Angiopoietin / Tie Signalling in the Regulation of Endothelial Permeability:

One of the most important roles for the endothelium during the acute inflammatory 

response concerns the regulated passage of blood components and inflammatory cells 

between the blood stream and the interstitium (59). In the resting state, endothelial 

permeability occurs either across endothelial cells themselves (transcellular route) or between 

them (paracellular route). Transcellular permeability involves the receptor-mediated transport 

of macromolecules and is critical for the establishment of correct osmotic forces across the 

endothelium. Paracellular permeability on the other hand has the potential to allow the
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passage of all blood components across the endothelium, contingent upon the degree of 

separation between individual endothelial cells at inter-endothelial cell junctions (IEJs). Inter- 

endothelial permeability is normally maintained at a low level, allowing only the free passage 

of water and molecules of up to 3 nm in diameter by simple diffusion. During inflammatory 

responses however, certain vessels (especially post-capillary venules) greatly increase their 

permeability, mainly as a result of inter-endothelial gap formation through which all blood 

components can freely pass (60-63). This is an essential property of inflammation, allowing 

blood-borne immunoglobulins, cytokines and effector inflammatory cells to swiftly deploy 

from the circulation into sites of infection or tissue injury. However, where regulatory 

mechanisms restricting inflammation become overwhelmed as part of the SIRS process, the 

beneficial properties of enhanced permeability are offset by the unwanted leakage that occurs 

in vascular beds remote from the original source of the inflammatory stimulus (16). The lack 

of permeability control to large MW molecules distorts trans-vascular osmotic balance, with 

leaked protein persisting in the sub-endothelial space potentiating oedema further. This 

exacerbates tissue hypoxia, and is accompanied by inappropriate extravasation of phagocytes 

that interact with and pass across the activated endothelium (64). Unfortunately, leucocyte 

extravasation in this context merely propagates the inflammatory process, thereby accounting 

for a significant part of the organ dysfunction associated with severe SIRS. To date, despite 

great interest in the endothelium as a target for breaking the inflammatory cycle, no agent is 

as yet available that effectively inhibits excessive permeability associated with systemic 

inflammatory disease states, or at least not without an unacceptable cost from side effects 

(65). However, recent work with Ang-1 has identified a potent anti-permeability effect on 

both quiescent and in vitro models of endothelial activation. Whether this property will be of 

clinical benefit in vivo will depend to what extent Ang-1 controls the overall endothelial 

response to pro-permeability signalling. To this end, much work has been done to both define 

die mechanisms underlying endothelial permeability regulation as well as the specific actions 

upon this brought about by Angiopoietin signalling.

1.2.1.1: Mechanisms of Inter-Endothelial Permeability Control:

The vast majority of inflammatory-stimulated vascular leakage occurs by the para

cellular route, through the IEJ. Under resting conditions, the generation of an effective inter- 

endothelial barrier is achieved through adhesive protein complexes known as tight junctions 

(TJs) and adherens junctions (AJs). Whilst TJs are particularly abundant in relatively
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impermeable vessels such as those found at the blood brain barrier, adherens junctions 

predominate in the comparatively loose IEJ’s found in post-capillary venules (66,67). Given 

the latter vessels highly responsive role in inflammation, the adherens junction is recognised 

as a prime regulator of IEJ permeability, and is based around the transmembrane glycoprotein 

VE-Cadherin. Figure 1.4 presents a simplified illustration of the interaction between two 

endothelial cells at an adherens junction.

Adherens junction adhesion is mediated through homophilic calcium-dependent 

bonding between the extracellular portions of VE-Cadherin. Through intermediary catenin 

molecules, the cytoplasmic tail of VE-Cadherin then associates with the actin cytoskeleton, 

maintaining its peripheral distribution and forming a bridge through which cytoskeletons of 

adjacent cells are indirectly coupled (68). This association is critical for IEJ adhesion, serving 

to counterbalance the cytoskeletal traction that otherwise acts to produce intercellular 

separation, especially when re-distributed to form centralised stress fibers (69-71). Indeed, the 

coupling of inter-cellular VE-Cadherin is inherently important in the maintenance of the 

peripherally orientated actin cytoskeleton. During IEJ establishment and subsequent 

inflammatory disruption, AJ mediated cell-cell adhesion is largely governed by the 

phosphorylation state of cadherin-catenin components, and specific kinases and phosphatases 

exist for this purpose (59,72, 73).
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Figure 1.4: Schematic illustration of inter-endothelial adhesion mediated by VE-Cadherin at 
an adherens junction. Inter-endothelial adhesion results from calcium dependent homophilic 
binding of VE-Cadherin extracellular domains. The cytoplasmic tail of VE-Cadherin 
associates with p-catenin, which in turn binds to the actin cytoskeleton via a-catenin. A third 
catenin, pl20 is an essential regulatory component of adherens junctions, and binds to the 
juxtamembrane region of VE-Cadherin (74). Intercellular adhesion at adherens junctions (red 
arrows) serves to counterbalance the centripetally orientated force generated by the cortical 
cytoskeleton (black arrows) to maintain tight barrier control (see main text for details).
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1.2.1.2: Induction of Permeability:

Under resting conditions, strong cell-cell and cell-matrix cohesion is sufficient to 

offset the contractile force generated by the actin cytoskeleton. With exposure to 

inflammatory stimuli such as VEGF, PAF or bradykinin, this equilibrium is transiently 

disrupted resulting in increased permeability, principally through loss of IEJ adhesion (69, 75, 

76). Given its pivotal role in vasculogenesis and endothelial homeostasis, VEGF has been 

widely studied in regard to its role in endothelial permeability regulation. VEGF induces 

endothelial permeability through activation of PI3 kinase (PI3K), Akt, PKC, MAP kinase 

(MAPK) and NO whilst differentially altering vascular tone consonant with the arteriolar 

changes associated with acute inflammation (77). These factors, particularly PKC and MAPK 

induce disassociation of VE-Cadherin and its associated components leading to prominent 

inter-endothelial gap formation. This is well demonstrated in in vivo experiments involving 

the over-expression of VEGF in rodents, where although there is a prominent angiogenic 

increase vessel number, this is complicated by excessive vessel leakage and oedema 

formation (62). As will be discussed, this excessive permeability can be reversed by the co

exposure of these vessels to Ang-1, providing a vital indication to the potential therapeutic 

benefits of Ang-1 administration in hyper-permeability states. Other inflammatory mediators 

such as thrombin induce a longer lasting permeability increase both through IEJ disruption as 

well as contraction at centripetally orientated actomyosin stress fibers (78). To illustrate 

enhanced permeability by actomyosin contraction and IEJ disruption, Figure 1.5 presents a 

summary of the signalling events involved in endothelial leakage induced by thrombin. 

Weakened DEJ adhesion follows PKC mediated phosphorylation of VE-Cadherin-catenin 

components (54,79-81). Phosphorylated AJ components then lead to the dissociation of the 

AJ complex, and in the case of VEGF, VE-Cadherin has been shown to be internalised away 

from the cell membrane in a MAPK / Src dependent manner (52, 53, 82). This allows 

separation to occur between IEJ cell membranes, the extent of which depends upon the 

contractile state of the actin cytoskeleton. Inter-endothelial gap formation follows actomyosin 

contraction secondary to myosin light chain kinase phosphorylation of myosin light chain 

(MLC) (83). This process is perpetuated by RhoA / Rho kinase inhibition of myosin light 

chain phosphatase through the prevention of MLC de-phosphorylation (84). RhoA is also 

involved in the re-organisation of cortical F-actin to centrally located actin stress fibers (85, 

86), producing maximal centripetal force generation and the creation of large inter-endothelial 

gaps. In a similar manner to thrombin, neutrophils induce inter-endothelial gaps both through
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Figure 1.5: Schematic illustration of key events involved with endothelial barrier reduction 
by thrombin. Increased endothelial permeability results from both the dissociation of VE- 
Cadherin-catenin complexes and activation of centripetally-orientated actomyosin 
contraction. Shown are the calcium dependent activation of myosin light chain kinase and its 
phosphorylation of myosin II light chain following thrombin stimulation of the receptor PAR-
1. This step allows actomyosin coupling and is augmented by RhoA mediated inhibition of 
myosin phosphatase and stimulation of centralised stress fiber formation. Certain isoforms of 
PKC directly phosphorylate VE-Cadherin components leading to loss of interendothelial 
linkage and dissociation of associated pi 20 and |3 -catenin.
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phosphorylation of VE-Cadherin and p-catenin (87, 88), in addition to stress fibre formation. 

They also directly inactivate VE-Cadherin through elastase mediated degradation of its 

extracellular domain.

1.2.1.3: Angiopoietin Regulation of Endothelial Permeability:

In both transgenic and adenoviral models of Ang-1 over-expression in mice, Ang-1 

has been shown to potently inhibit VEGF-stimulated vascular leakage (62, 89). Subsequent in 

vitro experiments on endothelial permeability achieved similar results following thrombin, 

PAF, bradykinin and histamine exposure (90), whilst one study found Ang-1 enhanced barrier 

properties even in the absence of inflammatory stimulation (48). These data therefore suggest 

that Ang-1 is able to counteract not only the transient increase in permeability from IEJ 

disruption, but also by inhibiting stress fiber cytoskeletal reorganisation. To establish the 

structural basis for its effect on endothelial permeability, Baffert showed that Ang-1 reduces 

both the number and size of post-capillary venule endothelial gaps that form in response to 

inflammatory agents targeting the adherens junction (91).

Further work has demonstrated an Ang-1 mediated inhibition of intracellular calcium 

elevation, PKC and Rho activation following thrombin or VEGF stimulation (54,92, 93).

This correlated with a reduction in VE-Cadherin and PEC AM-1 phosphorylation, possibly 

involving the interaction between Tie2 and the VE-Cadherin phosphatase, VE-PTP (48,94, 

95). Recently Ang-1 has also been shown to inhibit RhoA mediated stress fibre formation 

through PI3K mediated Rac-1 activation, together with Rac-1 stabilisation of peripheral actin 

fibres, consistent with maximal VE-Cadherin adhesion (96). These data demonstrate that 

Ang-1 targets multiple areas of the permeability signalling pathway (summarised in Figure 

1.6), leading ultimately to enhanced cortical actin distribution and optimal inter-endothelial 

AJ cohesion.

In contrast to Ang-1, Ang-2 can exert an antagonistic effect at Tie 2 receptors, and 

recent work suggests that this plays a significant role in systemic inflammatory states. In two 

recent studies, patients with sepsis have been found to have elevated levels of circulating 

Ang-2, correlating most closely with the severity of illness and serum TNFa level (97,98). 

Murine and in vitro studies using Ang-2 have demonstrated an increase in both endothelial 

monolayer permeability and apoptosis (98-101).
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Figure 1.6: Schematic illustration of the known effects of Ang-1 on endothelial monolayer 
barrier functions. Operating through either Tiel, Tie2 or integrin receptors, Ang-1 reduces 
baseline monolayer permeability through inhibition of junctional protein phosphorylation, 
including VE-Cadherin. In addition, Ang-1 inhibits Ca++ elevation and Rho kinase / PKC 
activation that follows endothelial activation with thrombin.
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As Ang-2 inhibits Tie2 phosphorylation (32), these data suggest that endothelial 

barrier integrity and survival both depend on some level of constitutiveTie2 activity. 

Consistent with this, in one study gene silencing of Tie2 led to RhoA dependent myosin light 

chain phosphorylation and cytoskeletal changes associated with enhanced endothelial leakage, 

in the same manner as that seen following stimulation with Ang-2 (98).

Despite consensus agreement on permeability signalling, which cell surface receptor is 

responsible for transducing Ang-1 stimulation has yet to be confirmed. In common with other 

areas of Tie signalling, it has been assumed that Tie2 is responsible for mediating Ang-1 

stimulation on the basis of the stochiometric inhibition of its effect in the presence of excess 

soluble Tie2 Fc, and the difficulty of Tiel activation with native Ang-1. However, Tiel 

activity appears to be context dependent, as it can be successfully activated with the synthetic 

ligand COMP-Angl when membrane bound with no competitive inhibition from soluble Tiel 

Fc (38). Furthermore, Weber et al recently proposed a role for a5p 1 integrin in Ang-1 

mediated permeability control following successful increase in monolayer barrier properties 

using a truncated monomeric Ang-1 variant that failed to activate Tie2 (102). Given the 

potent anti-leakage effect of Ang-1 in animal models and the clear involvement of Ang-2 in 

human sepsis, the clinical promise of angiopoietin / Tie therapy for permeability control is 

clear. To take therapeutic opportunities to the next stage, it is essential to identify exactly 

which receptor mediates Ang-1 effects and whether Ang-2 can be competitively inhibited or 

otherwise blocked.

1.2.2: Angfopoietin / Tie Signalling in Endothelial Survival:

The formation of a functional vascular system through vasculogenesis and subsequent 

angiogenesis necessitates a delicate balance of both endothelial cell growth and regression

(49). This endothelial turnover is co-ordinated by cues derived from components of the 

extracellular matrix, soluble signalling factors and interactions with surrounding cells. Indeed, 

during early vasculogenesis, VEGF and bFGF play critical anti-apoptotic roles in endothelial 

cells, and represent the major stimuli for the formation of the primitive vascular network. 

Further remodelling and vessel stratification then occurs during the subsequent process of 

angiogenesis, with stable interactions being formed between endothelial cells and pericytes 

embedded in the basement membrane (103). Of key importance in this regard is the effects of 

pericyte derived Ang-1 (33), and under competition with the antagonist actions of Ang-2,
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acting to de-stabilise endothelial-pericyte interactions. Removal of certain growth stimuli 

(such as VEGF) can lead to endothelial apoptosis and vessel regression in certain mature 

vascular beds (104), whilst signalling factors such as Endostatin, Angiostatin and 

Thrombospondin actively induce endothelial cell apoptosis and vessel regression (105). In a 

similar manner, reduced adhesion to structural extracellular elements is also pro-apoptotic to 

endothelial cells (106), resulting in the apoptotic process known as anoikis.

Beyond vessel growth and development, endothelial cell apoptosis is now recognised 

to play a key role in several pathological disease processes including inflammation (107). 

Maintaining integrity of the endothelium is essential if widespread microvascular coagulation 

is to be counteracted, as evidenced by the endothelial cell apoptosis acknowledged to be a 

vital step in the pathogenesis of acute thrombosis around atherosclerotic plaques (108). 

Furthermore, inflammatory microvascular damage is centrally involved in bacterial invasion, 

where gram negative LPS is a potent stimulant for endothelial apoptosis (109), that will once 

again reveal sub-endothelial collagen and promote thrombosis. Endothelial apoptosis is also 

likely to play a significant part in the progressive tissue necrosis seen in the zone of stasis 

within cutaneous bums, a topic of great scientific interest given the bum induced endothelial 

dysfunction and its ability to recover with rapid and appropriate first aid treatment.

1.2.2.1: Mechanism of Endothelial Apoptosis:

At the heart of the apoptotic process is the caspase family of cysteine proteases. These 

enzymes form the machinery that effect the dissolution of a cell and its constituents following 

cleavage of their target proteins after an aspartate residue (110). At the outset of apoptosis 

(Figure 1.7), initiator caspases undergo auto-activation, going on to catalytically cleave and 

activate effector pro-caspases. Effector caspase activation marks the point of no return 

tqwards irreversible cell death, and involves the degradation of numerous cellular targets 

including nuclear proteins, proteins involved in signal transduction pathways and cytoskeletal 

targets (107). Extrinsic caspase activation is an essential route for removal of unwanted 

endothelial cells during development and is mediated by activation of trans-membrane 

receptors of the tumour necrosis factor superfamily, including TNFR and Fas (111).
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Figure 1.7: Schematic illustration of the Caspase system and cell death by apoptotis. Initiator 
caspases are activated by either intrinsic or extrinsic mechanisms (see text) which in turn lead 
to irreversible demolition of cell constituents by the effector caspases 3 and 7.
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Intrinsic caspase activation involves the release of cytochrome c and other 

intermediates from mitochondria to form the so-called Apoptosome, which then feeds into the 

activation of initiator caspase 9 and subsequently effector caspase 3. This form of apoptosis 

removes irrevocably damaged cells (e.g. those damaged by ionising radiation), or those 

devoid of growth factor signalling (112) amongst others.

1.2.2.2: Angiopoietin-1 Mediated Survival in Endothelial Cells:

It is recognised that both VEGF and Ang-1 both exert their potent anti-apoptotic 

effects upon endothelial cells through activation of the PI3K/Akt pathway (47,113). With 

Ang-1 stimulation, this process begins with phosphorylation of tyrosine 1102 on the 

cytoplasmic portion of Tie2, leading to subsequent phosphorylation of the p85 subunit of 

PI3K (114). PI3K products then associate with inactive Akt, which becomes phosphorylated 

at tyrosine 308 and serine 473. These two phosphorylations activate Akt, which then 

modulates several downstream anti-apoptotic targets, including the forkhead transcription 

factor (FKHR), nitric oxide synthase and survivin. FKHR is known to induce apoptosis in 

numerous cell types, but this is inhibited through its inactivation by Ang-1 mediated Akt 

phosphorylation in endothelial cells (115). In addition to this, Akt activation also stimulates 

Nitric Oxide Synthase which is recognised to have a direct inhibitory effect upon the 

enzymatic activity of the caspases (116). Finally, Akt activation leads to the induction of 

survivin, a potent inhibitor of apoptosis that also inhibits the Caspase system (117,118).

These events are summarised in Figure 1.8.

Whilst much is known about the role of Tie2 in Ang-1 mediated survival, the part 

played by Tiel in this process has only recently been proposed due to its relative insensitivity 

to known Tie receptor ligands. However, data from both in vivo and in vitro work have now 

implicated Tiel in endothelial cell survival (43,119). By identifying the possibility of a 

significant role for Tiel in mediating endothelial survival there is the possibility that this may 

form a target for future therapeutic intervention.

20



O Ang-1

Tie2

( 1102)

.Survivii
p85

FKHR

CasPases

Apoptosis

Figure 1.8: Schematic illustration of Ang-1 mediated survival signalling in endothelial cells. 
Ang-1 activates Tie2 and subsequently Akt through the PI3K pathway. Activated Akt then 
inhibits FKHR, whilst stimulating NO and Survivin production. This in turn leads to reduced 
apoptosis through inhibition of Caspase activity.
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1.2.3: Angiopoietin / Tie Signalling and Inflammatory Activation of the Endothelium:

Under normal conditions, the endothelium presents a relatively non-adherent surface 

to circulating leucocytes that come into chance contact with the vessel wall. Furthermore, the 

cellular component of circulating blood is predominantly kept towards the centre of the vessel 

and away from the luminal surface of the endothelium. However, inflammatory changes 

involving vasoactive agents such as VEGF and NO induce vasodilatation and thus a much 

reduced rate of blood flow. This then allows endothelial cells activated by inflammatory 

stimuli to alter their luminal cell membrane properties and interact with luminal leucocytes. 

This is followed by leucocyte margination out of the circulation and movement into inflamed 

tissues and is termed transendothelial leucocyte migration (TEM). TEM involves three 

separate stages, known as rolling, firm adhesion and transmigration, and principally occurs 

within the post capillary venules of inflamed tissues. (120,121) Acknowledging the 

heterogeneity of the vascular system, certain other microvessels also mediate transmigration, 

particularly the capillaries of the lung (Figure 1.9).

Rolling involves the interaction between endothelial E, P and L-Selectin receptors and 

their cognate counterparts on the leucocyte cell surface. As its name suggests, rolling allows 

circulating leucocytes to begin interacting with activated endothelial cells and to come out of 

circulation in areas of inflammation. At the same time, endothelial derived 11-8 chemokines 

lead to the activation of rolling leucocytes, further inducing them to up-regulate their 

production of endothelial specific adhesion molecules (122). Rolling is followed by firm 

adhesion, mediated by binding between leucocyte integrins and the immunoglobulin 

superfamily ligands, intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1) expressed on the endothelial cell surface. Although there are several 

leucocyte integrins, CD1 la/LFA-1 and CD1 lb/MAC-1 (both 02 integrins) together with 

VLA-4 (a 0i integrin) represent those most important for leucocyte binding, each binding to 

endothelial ICAM-1 and VCAM-1 respectively (120). Firm adhesion is the most important 

component of the transmigration process, underlined by the lethal consequences of its absence 

in the clinical syndrome leucocyte adhesion deficiency (LAD), which as its name suggests, is 

characterised by a failure of ICAM-1 binding. Finally, leucocyte diapedesis across the 

endothelium is dependent upon binding between PEC AM-1 expressed on both leucocyte and 

endothelial cells, where this is particularly well concentrated at inter-endothelial junctions. 

Disruption of PEC AM-1 binding has been shown to prevent effective leucocyte
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Figure 1.9: Schematic illustration of the three stages involved in leucocyte transendothelial 
migration (TEM). Circulating leucocytes contact selectins expressed on the luminal surface of 
activated endothelial cells in the process of rolling (A). This progresses to firm adhesion (B) 
through leucocyte P2 and Pi integrin binding to ICAM-1 and VCAM-1 expressed on the 
endothelial surface respectively. Finally, transendothelial migration follows interaction 
between endothelium and leucocyte PECAM-1, associated with the formation of inter- 
endothelial gaps. Gap formation involves the internalisation of VE-Cadherin (Shown) 
together with actin re-organisation to form stress fibers as described in the text (C). The 
progressive activation of adherent leucocytes is denoted by the progressive change from grey 
to red in response to 11-8 family chemokines released by the activated endothelium.
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transmigration in both in vitro and in vivo models of inflammation (123). The physical 

process of transmigration requires the disruption of VE-Cadherin mediated inter-endothelial 

coupling, together with Rho GTPase controlled actin stress fibre formation, both of which 

result in inter-endothelial gap formation that permits leucocyte passage between individual 

endothelial cells (124,125).

These morphological alterations to endothelial cell shape highlight the communication 

role that endothelial CAM’s serve over and above their intercellular adhesive capacities. Indeed, 

areas of contact between endothelial cells and leucocytes produces clustering of adhesion 
molecules at so-called docking structures, that allow their cytoplasmic tails to interact with 

numerous signalling intermediaries such as MAPK (E-Selectin, PEC AM-1 and ICAM-1), Rho 
GTPases (ICAM-1) and Rac-1 (VCAM-1) (126). Finally, activated neutrophils frequently kill the 

endothelial cells to which they are attached by releasing H2O2 which is converted into the toxic 

free radical HO0 by the reduction of iron within the endothelial cell (127).

The induction of endothelial cell adhesion molecule (42) expression occurs in response to 
pro-inflammatory cytokines such as II-1, TNFa and VEGF, as well as other stimuli including LPS 

from gram negative bacteria (51, 128,129). All of these agents lead to the activation and nuclear 

localisation of NF-kB, which subsequently leads to the transcriptional up-regulation of cell 

adhesion molecules such as VCAM-1, ICAM-1 and E-Selectin. Conversely, inhibitory regulators 

of NF-kB such as IkB are enhanced by NO and reduce CAM expression accordingly (130). 

NF-kB is also inhibited by ABIN-2, a signalling intermediate discovered to interact with the 

cytoplasmic tail of Tie2 that is up-regulated following stimulation with Ang-1 in endothelial cells. 

Paradoxically, Ang-1 has been reported to transiently enhance the inflammatory activation of 

both endothelial cells and leucocytes by increasing membrane P-selectin translocation and P2 

integrin expression on each cell type respectively (131). However, the majority of evidence at 

present argues for Ang-1 acting in an anti-inflammatory manner where, for example, it is able 

to counteract VEGF CAM up-regulation as well as other pro-inflammatory mediators up- 

regulated by VEGF such as tissue factor (132,133). Moreover, Ang-1 has also been shown to 

inhibit TNFa induced leucocyte trans-endothelial migration, by localising and maintaining the 

de-phosphorylated state of PEC AM-1 at interendothelial junctions, as well as inhibiting 11-8 

chemokine production (48,90). Finally, in vivo work by Fiedler et al. identified a vital pro- 

inflammatory role for the Tie receptor antagonist Ang-2, which is stored and rapidly released 

from Weibel-Pallade bodies following inflammatory stimulation (41). They showed that Ang- 

2 null mice could support leucocyte rolling in response to TNFa stimulation, but that firm 

adhesion between leucocytes and the endothelium was only possible in control animals. This
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work suggests a context-dependent role for Ang-2 in the modulation of endothelial 

responsiveness to inflammatory stimulants such as TNFa, through its inhibition of Tie 

receptor activation. Although the NF-kB inhibitor ABIN-2 was found to interact with Tie2 only, 

little else is known of the impact of Tiel, if any, in Ang-1 mediated anti-inflammatory responses 

in endothelial cells.

13: Summary:

Acute inflammation is an essential component of host defence and repair mechanisms, 

but paradoxically becomes harmful when anti-inflammatory control measures decompensate 

following certain types of infection or tissue injury as part of SIRS. Although the 

inflammatory process is highly complex, the vascular endothelium reprises a fundamental role 

in inflammatory regulation, and it is now clear that the endothelial-specific growth factor 

Angiopoietin-lhas a significant part to play in the orchestration of numerous aspects of the 

endothelial inflammatory response. Although there is limited scientific data in the literature 

directly evaluating Ang-1 benefits in models of SIRS and sepsis, this remains a highly 

attractive concept, given the specific anti-inflammatory properties recently discovered plus 

the disappointing results from existing anti-SIRS therapies. To this end, whilst much has been 

learnt about Ang-1 signalling through Tie-2, only recently has it been possible to effectively 

activate the Tie-1 receptor. As Tie-1 is indispensable for proper vascular development, it is 

not surprising that emerging data now indicates a place for the receptor in the control of 

mature endothelial events such as apoptosis. With this established, what other roles might 

Tiel mediate? In addition, there remain questions about the potential role played by integrins 

following its discovery in the transduction of angiopoietin signals in endothelial cells. If 

integrins mediate some aspect or other of Ang-1 signalling for example, then this will be an 

essential consideration when attempting to develop drug therapies.

1.4: Aims and Objectives:

In general terms, current treatment modalities for patients with SIRS / sepsis remain 

supportive only, relying on mechanical and pharmacological assistance for malfunctioning 

organ systems. Despite the very poor track record of novel immuno-modulatory therapies 

directed against SIRS processes, this remains a key goal for improving the survival of 

critically ill patients. It is now clear that steering the course of the inflammatory response is
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going to require intervention at a fundamental level, and the work in this thesis was begun 

when Ang-1 had recently been shown to have great potential by counteracting numerous 

aspects of dysregulated inflammation. Ideally, Ang-1 therapy will offer similar benefits to 

patients as it has in animal models of sepsis, through reduced endothelial inflammatory 

responses and improved organ function. This would contribute greatly to the ability of 

medical and surgical treatments to deal with the underlying disease processes that are 

presently hampered by SIRS sequelae. If this proves to be the case, Ang-1 will hopefully take 

its place as one of the very few drugs available to improve patient survival, benefiting further 

from the added advantage that it already exists as a component of the vascular system when it 

comes to considering potential drug interactions. Therefore, the aims of this research are 

firstly to define specific roles of each Tie receptor in mediating the anti-inflammatory effects 

of Ang-1, and secondly to investigate the value and potential effects of Ang-1 in in vitro 

models of SIRS / sepsis using plasma from patients with these disorders.

With these aims in mind, this study seeks to test the following hypotheses:

1. That Tiel and Tie2 have distinct roles in mediating the anti-apoptotic, anti-inflammatory 

and anti-permeability effects of Ang-1.

2. That Tiel and Tie2 have distinct roles in mediating the intracellular signalling events 

initiated by Ang-1.

3. That Angl inhibits the pro-inflammatory effects of plasma from patients with SIRS.

To address these questions, gene silencing techniques have been employed to create 

endothelial cells deficient in Tiel or Tie2 or both, permitting observations on the relative 

contribution of each receptor sub-type in endothelial inflammatory responses. To partner 

these observations, key downstream signalling events associated with Ang-1 stimulation have 

been evaluated in Tie deficient endothelial cells. The final chapter presents provisional data 

for the impact of Ang-1 on endothelial cells exposed to human SIRS plasma in the context of 

the aforementioned models of permeability, survival and CAM expression.
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2.1: General Chemicals:

Bovine Gelatin (Sigma, USA)

Haematoxylin and Eosin (Sigma, USA)

Horseradish Peroxidase (Sigma, USA).

Fluorescein isothiocyanate Conjugated Bovine Albumin (Sigma, USA)

Fluorescein isothiocyanate Conjugated Dextran, MW 10,1000 (Sigma, USA)

Fluorescein isothiocyanate labelled Phalloidin (Sigma, USA)

Marvel original dried skimmed milk, (Premier International Foods, UK)

PVA mounting solution with DABCO (Sigma, USA)

Trypan Blue Solution (Sigma, USA)

Trypsin solution (Lonza, Belgium)

Trypsin Neutralising Solution (Lonza, Belgium)

Bio-Rad Protein Assay Solution (Bio-Rad GmbH, USA)

2.2: General Solutions:

PBS: lOx stock solution (Cambrex, UK) diluted with water 1:10 to give: KH2PO4 144mg/l, 

NaCl 9000mg/l, Na2HPC>4 795 mg/1. Mg** and Ca** free, pH 7.4.

TBS: 25mM Tris and 144mM NaCl, pH 7.4.

Western Blot Transfer Buffer: 25mM Tris, 190 mM glycine and 20% methanol.
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SDS-PAGE Running Buffer: 25mM Tris, 190mM glycine and 0.1% Sodium Dodecyl 

Sulphate (SDS).

Lysis Buffer: 50mM Tris pH 7.4, 50mM NaCl, ImM NaF, ImM EGTA, ImM Na 

Orthovanadate (added at time of use), 1 Protease inhibitor Cocktail tablet (Roche, Germany) 

per 10 ml, 50pl 20%TX-100 per ml.

TBS TX-100 Solution: 50 ml 10X TBS stock, 450 ml water, 2.5 ml 20% TX-100.

Blocking Buffer -  Milk: lg Marvel powdered milk, 20ml TBS TX-100.

Blocking Buffer -  BSA: lg powdered BSA, 20ml TBS TX-100.

Ammonium Persulfate (APS): lg  APS, 1ml water.

3x Sample Buffer (SB): 1M Tris pH 6.8,20% SDS, 100% Glycerol, lOOmM EDTA pH 6.8, 

0.2% Bromophenol Blue.

2x Sample loading Buffer DTT: 30mg DTT, 600pl 3x SB, 300pi water.

Paraformaldehyde solution: 4g Paraformaldehyde, 100ml lx PBS, 200pl 1M NaOH 

Solution A: 90mM p-Coumaric Acid in DMSO 

Solution B: 250mM Luminol in DMSO 

2.3: Commercial Kits:

Falcon® Cell Culture Inserts (3 pm) with companion 24 well tissue culture plates (Becton 

Dickinson, USA)

Transwell® Permeable Supports (Coming, USA): 6.5 mm Diameter, 3.0pm pore, polyester 

membrane inserts in 24 well polystyrene plates.



Re-Blot Plus Mild Antibody Stripping kit (Chemicon, USA).

Caspase-Glo® 3/7 Assay (Promega,USA).

Lipofectamine™ 2000 transfection reagent (Invitrogen,USA)

Sigmafast™ OPD HRP detection kit (Sigma, USA)

All tissue culture plastics obtained from NUNC (Denmark) unless otherwise stated.

2.4: Antibodies:

Monoclonal Anti-human VCAM-1-Fluorecein (CD 106), Monoclonal Anti-human ICAM-1 - 

Fluorecein (CD54) Monoclonal Anti-human E-Selectin-Fluorecein (CD62E) (R&D Systems, 

USA).

ECL Anti-Rabbit IgG Horseradish Peroxidase linked F(ab) fragment and ECL Anti-mouse 

IgG HRP linked whole antibody (Amersham Biosciences, UK).

HRP linked anti-Goat Immunoglobulin (DAKO, Denmark).

Anti-hTie-2 neutralising antibody (Goat) and anti-hTie-1 detection antibody (Goat)

(R&D Systems, USA).

Anti-Phospho-Akt (Ser 473), anti-phospho-p44/42 MAP Kinase, Anti-Akt and Anti-p44/42 

MAP Kinase (Cell Signalling, USA).

Anti-Tie 1 (C l8) and Anti- Tie2 (C20) (Santa Cruz Biotechnology, USA).

2.5: Growth Factors and Cytokines:

Recombinant human Angiopoietin-1 and Angiopoietin-2 (R&D Systems, USA).
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Recombinant Human Interleukin lp (ILip) (BD Biosciences, USA).

Recombinant Human Tumour Necrosis Factora (TNFa) and Vascular Endothelial Growth 

Factor (VEGF) 165 (Peprotech, London).

Human Thrombin (Sigma, USA).

COMP-Ang-1 (Alexis, Switzerland).

Human plasma samples (Harvested as part of project-specific trial at Leicester Royal 

Infirmary)

Fetal Calf Serum / FCS (Biosera, UK)

2.6: SiRNA Sequences:

Bespoke purified annealed double stranded short interfering RNA sequences were produced 

by MWG Biotech (Germany) with the following sequences:

Random: 5’ AGU CCA UAA UGA GAA UCA ACC GAU UAU 3’

Tiel: 5’AGG AGA AGC AGA CAG ACG UGA UCU GGA 3’

Tie2: 5’ CGA ACC AUG AAG AUG CGU CAA CAA GCU 3’

2.7: Culture of HUVEC:

HUVEC were commercially sourced from PromoCell (Heidelberg) as a pooled cell 

population. All experiments utilised HUVEC between passage 3 and 10. Routine culture took 

place in un-coated 80cm flasks with passage 1:3 when 90% confluency was exceeded.

Excess cells at low passage number were stored in liquid nitrogen. For passage, HUVEC were 

gently washed with PBS, followed by trypsinisation with room temperature 2x trypsin 

followed by the addition of an equal volume of Trypsin Neutralising Solution after complete
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cell dispersal. The cell suspension was then pelleted by centrifugation at 220g for 4 minutes 

before being thoroughly re-suspended in complete media.

PromoCell HUVEC were cultured in PromoCell ECGM. This consisted of a basal 

formulation accompanied by a separate serum supplement mix. The addition of the 

supplement mix produced complete ECGM (Total serum 2%), and contained:

lOmlFCS

2 ml ECGS /H

0.1 ng/ml EGF

l.Ong/mlbFGF

1.0 pg/ml Hydrocortisone

For experiments conducted under serum-free conditions, aliquots of basal medium without 

addition of the supplement mix were used. It is acknowledged that culture media constituents 

affect the properties of cells, and that their phenotypic behaviour is likely to be dependent 

upon this. This is of particular relevance in the experiments using human plasma samples, 

where endothelial behaviour is compared to that observed from culture in the manufacturers 

basal or complete media preparations. PromoCell do not offer a detailed breakdown of the 

individual levels of growth stimulants used in the supplement mix.

2.8: Culture of HMEC 98:

The HMEC 98 cell line was a generous gift from Dr Roy Bicknell at Oxford 

University. They were cultured in MCDB 131 media (supplemented with L-glutamine and 

20% FCS) and passaged 1:3 when 95% confluent. Cells were harvested after a PBS wash with 

2x trypsin before centrifugation in complete media at 660g for 7 minutes. Re-suspended cells 

were then seeded on 1% gelatine coated plastic-ware and cultured at 37°C and 5%C02.

HMEC 98 were cultured in MCDB 131 medium containing L-glutamine and 20% FCS 

(Gibco). Serum-free conditions were established by the omission of FCS.
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2.9: Culture of EA.hy 926:

The EA.hy 926 cell line was generously provided by C J Edgell of the University of 

North Carolina. This immortalised cell line was maintained in D-MEM (supplemented with 

4500mg/l glucose, L-glutamine, pyruvate and 10% FCS) on uncoated plastic-ware. After PBS 

washing, cells were passaged at 95% confluency with 2x trypsin, before being resuspended in 

complete EA.hy 926 media. Cells were then directly seeded as necessary without undergoing 

centrifugation and pellet re-suspension. EA.hy 926 endothelial cells were cultured in D-MEM 

supplemented with 4500mg/l glucose, L-glutamine, pyruvate and 10% FCS. Serum-free 

conditions were established with the omission of FCS.

2.10: Calculation of Cell Number:

Twenty microlitres of re-suspended cells were mixed with an equal volume of Trypan 

blue (0.4%) and viable cells only were counted in at least five separate fields under lOOx 

magnification using a haemocytometer. The following equation was used to calculate the total 

number of viable cells in the overall cell suspension:

Total volume of cell suspension (ml) x 2 x [average number of viable cells per counted field -s- 

2] x 104

2.11: Transfection Protocol:

PromoCell HUVEC between passage number 3 and 7 were transfected as directed in 

PromoCell guidelines. Specifically, HUVEC were plated at a maximum of 1.9x105 cells per 

well of a 6-well plate. Seeded cells were allowed to settle and proliferate over the next 48 

hours until a target confluency of 90 -  100% was achieved. Lipofectamine 2000 (Invitrogen) 

was used for all transfection. SiRNA sequences were used for all transfection experiments 

following resuspension in the accompanying lx SiMAX buffer to produce a lOOnmol/ml 

solution. lOOpmol of SiRNA in 250pl Optimem media was mixed with 5pi Lipofectamine 

solution in 250pl Optimem at room temperature. The combined DNA-Lipofectamine mixture 

was then incubated for a further 20 minutes at room temperature to allow formation of 

DNA:Lipofectamine complexes. Prior to transfection, each cell culture well was washed once
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with PromoCell low serum media and re-filled with 1 ml of the same. 500pl of the 

transfection mixture was then added to relevant wells followed by a 5 hour incubation period 

at 37° C / 5% CO2 . Following incubation, each reaction mixture was removed and replaced 

with 2 mis of complete HUVEC media and the cells were allowed to recover overnight. 

Subsequent handling of transfected cells for further experiments was exactly as described 

above for routine culture. Transfection efficiency was initially optimised by adjusting the 

quantity and ratio of individual reagents; assessing protein knock-down by Western Blotting 

of whole cell lysates, whilst transfection efficacy was assessed by the extent of fluorescent 

control DNA uptake (Figure 2.1).

2.12: Protein Separation by Sodium Dodecyl Sulphate PolyAcrylamide Gel 

Electrophoresis (SDS-PAGE):

Adherent cells were harvested by physical dissolution in lysis buffer and manipulated 

on ice during this and all subsequent stages. Lysates were centrifuged at 13,000rpm for 5 

minutes at 4°C to pellet cell debris and the protein containing supernatant removed to a fresh 

microfuge tube. All samples were then routinely analysed for total protein concentration using 

Bio-Rad’s Protein Assay (Bradford Assay) to allow equal gel loading. Whilst no account was 

made for possible lysis buffer detergent effects upon the Bradford Assay reaction, any 

possible effect was assumed to impact all samples in a similar manner and thus not adversely 

alter protein concentration from lane to lane. Approximately 40pg of protein per lane was 

routinely combined with 2x sample loading buffer for gel separation. The sample and loading 

buffer were combined, mixed thoroughly and heat-denatured at 95°C for 6 minutes, before 

being centrifuged ready for loading onto the gel. SDS-PAGE was performed using the 

BioRad mini PROTEAN® 3 electrophoresis system, with resolving gel formulations 

appropriate to the molecular size of the protein of interest as listed in the table below (Table 

2.1)
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Reagent:

Resolving Gel:

Stacking Gel:

12% 10% 7.5%

30% Acryl/Bis 8.0 ml 6.7 ml 5.0 ml 3.3 ml

2M Tris pH 8.8 3.7 ml 3.7 ml 3.7 ml -

1M Tris pH 6.8 - - - 2.5 ml

d h 2o 7.9 ml 9.6 ml 10.9 ml 13.7 ml

10% SDS 200 pi 200 pi 200 pi 200 pi

10% APS 134 pi 134 pi 134 pi 200 pi

TEMED 14 pi 14 pi 14 pi 20 pi

Table 2.1: Gel formulations used for SDS-PAGE.
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Figure 2.1:. Phase contrast image of cultured HUVEC superimposed with fluorescence image 
of same cells following transfection with Rhodamine labelled control SiRNA. Efficiency of 
transfection assessed from proportion of cells containing label compared to total number of 
cells.
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The resolving gel solution was thoroughly mixed before being allowed to polymerise 

in the 1 mm gap between the glass electrophoresis plates, under a water-seal. Once 

polymerised, the stacking gel was added to the top of the resolving gel under a lane-forming 

comb following removal of the water seal. A total sample volume of 35 pi was routinely 

loaded into each lane of the stacking gel using a Hamilton Syringe, with the left-most lane 

being reserved for 5 pi of Bio-Rad Precision plus protein™ Kaleidoscope™ molecular mass 

standards. Once loaded the samples were electrophoresed at a constant 150 volts in running 

buffer (25mM Tris, 190mM glycine and 0.1% SDS) until the proteins of interest had been 

adequately separated as indicated by the marker standards.

2.13: Western Blotting:

Following electrophoresis, the separated proteins were electro-blotted onto a 

nitrocellulose membrane, using a Bio-Rad Mini TRANS BLOT cell. This was achieved by 

creating a transfer sandwich, comprising foam, filter paper (3mm Whatman), gel, 

nitrocellulose membrane, filter paper and finally foam. To ensure perfect bubble-free 

apposition of each part of the layer, this sandwich was created in a reservoir of transfer buffer 

(25mM Tris, 190 mM glycine and 20% methanol) before being locked shut in a Bio-Rad 

transfer cassette. Protein transfer occurred at a constant amperage of 0.15 A (requiring roughly 

50 volts) and was left for 2 hours to complete. Following transfer (verified by successful 

marker presence on the membrane) the membrane was kept immersed in TBS Triton TX-100 

for downstream applications or wrapped in plastic film and stored at 4°C until required.

2.14: Immimoblotting:

Non-specific membrane binding sites were blocked with 5% Milk or 5% BSA 

dissolved in TBS-T for 30 minutes. This was followed by primary antibody binding using the 

conditions as listed in Table 2.2. Antibody binding took place inside an agitated heat-sealed 

plastic envelope for at least 1 hour at room temperature. Unbound primary antibody was then 

removed by four 15 minute washes in TBS-T. Species specific, HRP-linked secondary 

antibody was then added for a further hour in another heat-sealed envelope. Unbound 

secondary was removed with four 15 minute TBS-T washes, before protein detection using a 

chemiluminescence based development reaction.
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Primary Antibodies: Antibody Diluent: Dilution Concentration:

Anti-Tie 1 (C-18, Santa Cruz) 5% Milk in lxTBS-T 1:1000

Anti-Tie2 (C-20, Santa Cruz) 5% Milk in lxTBS-T 1:1000

Anti-Tie 1 (R&D) 2.5% Milk in lxTBS-T 1:1000

Anti-Tie2 (R&D) 2.5% Milk in lxTBS-T 1:1000

Anti-phospho-Akt (serine 473) 5% BSA in lxTBS-T 1:1000

Anti- Phospho -P42/44 -MAPK 5% BSA in lxTBS-T 1:1000

Anti-Akt 5% BSA in lxTBS-T 1:1000

Anti-p42/44-MAPK 5% BSA in lxTBS-T 1:1000

Secondary Antibodies: Antibody Diluent: Dilution Concentration:

Anti-Rabbit HRP

1:1000 2:1000Anti-Goat HRP

Anti-Mouse HRP

Table 2.2: Summary of antibodies used and their dilution conditions.

For chemiluminescence, the following solution was created:

lml TRIS pH 8.5 

9ml H20 

22pi Solution A 

50pl Solution B 

3 pi H20 2

The nitrocellulose membrane was immersed in this solution for 1 minute before being 

removed and sealed in plastic film, in turn being taped into position within a light tight 

cassette. Luminescent protein bands were captured on Kodak X-ray film by exposure to the 

membrane for variable lengths of time depending on the protein of interest. Re-probing of 

membranes for secondary proteins was achieved by first stripping attached antibodies in a lx 

solution of Re-Blot Plus mild (Chemicon), before repeating protein detection from the 

membrane blocking stage.
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2.15: Measurement of Immunoblot Band Intensity:

To measure the differential intensity of immunoblot bands, individual films were 

scanned into an IBM compatible PC using a Sharp JX-330 scanner. Quantitation of band 

intensity was established through the analysis of band optical density (OD value) using the 

ImageMaster ID application (Pharmacia Biotech, 1995, version 1.20). OD measurement 

followed scanner calibration against linear manufacturer standards, encompassing the 

spectrum of band intensities present on the scanned immunoblots. The background film OD 

was then subtracted from all visible bands, which were then individually measured and 

recorded for subsequent graphical representation.

2.16: Endothelial Monolayer Permeability:

Measurement of endothelial cell monolayer permeability was achieved using two 

similar 2-chamber diffusion assay systems. In this technique, endothelial cells were grown 

across the semi-permeable membrane of purpose-made cell culture inserts, which, in turn, 

were suspended within the wells of a 24 well plate (Figure 2.2). By measuring the rate of 

tracer molecule diffusion across the cell-monolayer, calculations of permeability could be 

made. Before seeding the insert chamber with cells, the perforated membrane was coated with 

1% Gelatin for HMEC-98 or 50 pg/ml Fibronectin for HUVEC for 30 minutes. Ea.Hy926 

cells were seeded directly to the plastic membrane surface. Cells were then trypsinised and 

counted as previously described before being added at the correct density to the insert 

chamber for at least a 24 hour monolayer formation period. Prior to use in permeability 

assays, monolayer confluency was always assessed by phase contrast light microspopy 

(Figure 2.3). Inserts with intact monolayers then had all media changed to ensure that no net 

hydrostatic force was exerted across the monolayer. The cells were left for at least 2 hours to 

equilibrate following this media change. Cell stimulation or other treatments were only ever 

administered to media in the insert chamber (representing the luminal aspect of the 

endothelial cells) either before, with or after the addition of tracer agent. Measurement of 

monolayer permeability was then achieved by the addition and sampling of either FITC- 

labelled Dextran or HRP. This assumption of luminal vs. ab-luminal endothelial polarisation 

is assumed, based upon the attachment of the cells to the basement membrane derived 

fibronectin coating applied to the culture inserts.
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W e n  o f  2 4  W e l l  p l a t e
C u l t u r e  I n s e r t

S e m i - p e r m e a b l e  m e m b r a n e  
S u p p o r t i n g  c e l l  m o n o l a y e r

Figure 2.2: Endothelial cells were grown as a monolayer across the semi-permeable 
membrane of purpose-made culture inserts. Rate of tracer movement from insert to well 
across the monolayer allowed quantitation of permeability.
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Figure 2.3: Photomicrograph A shows the perforated membrane of a permeability culture 
insert prior to seeding with cells. Photomicrograph B demonstrates a confluent monolayer of 
HMEC-98 growing on the membrane (H&E stained).
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2.16.1: FITC-Dextran Method (134):

This technique used the Falcon 2-chamber insert system, employing a Polyethylene 

terephthalate (PET) track-etched insert membrane, perforated with 3 pm pores (8.0x105 pores 

per sq.cm). Lyophilised FITC-Dextran (MW 10,000) was dissolved in water to give a 1 

mg/ml stock solution. 7.5pl of this was then added to the insert chamber (luminal 

compartment) and allowed to diffuse across the monolayer into the well chamber over time. 

Prior to sample collection, the insert was temporarily raised out of the well chamber and the 

contents thoroughly mixed by repeated pipette aspiration. 150 pi samples from each well 

chamber were then taken at 10 minute intervals, their fluorescence rapidly recorded in a 96 

well plate using a fluorimeter, and replaced back to their respective wells to maintain the 

overall volume. At the end of the assay period, the fluorescence produced by 7.5 pi FITC- 

Dextran in 150pl complete media (representing insert contents at the beginning of the assay), 

plus the background signal produced by 150pl of complete media was also recorded. FITC- 

Dextran clearance could then calculated as follows:

FITC-Dextran Clearance (%) =  Lower well reading x 5________  x 100

Total Fluorescence added to upper well

2.16.2: HRP Method (93):

Permeability experiments in this section were conducted with Costar Transwell® 

Permeable Supports of the same overall diameter and pore size as the Falcon system. These 

inserts used a Polycarbonate membrane with greater pore density, but still permitted direct 

visualisation of cultured endothelial cell monolayers to verify confluence prior to assay. 

Chamber volumes consisted of600pl in the well chamber and 150pl in the insert chamber, 

and well contents could be mixed without insert removal, thanks to the provision of a large 

gap between the walls of the insert and well.

Lyophilised HRP Type VI-A (MW 44 kDa) was dissolved in water to produce a 

750pg/ml solution. This was diluted 1 in 20 with endothelial cell basal medium and added to 

each insert chamber (0.75pg HRP total per insert). After thorough mixing as before, 5pl 

samples of well chamber media were collected every 10 minutes and added to 45pl sterile 

PBS in individual wells of a 96 well plate. The volumetric impact of removing 5pl at each
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time point was felt to have negligible impact on the overall well chamber volume and 

therefore, no sample volume replacement was performed. At the end of the assay, the HRP 

present in each 5 pi sample catalysed the colourimetric reaction provided by 200pl of OPD 

solution, made up immediately prior to use according to manufacturer guidelines (One o- 

phenylenediamine dihydrochloride tablet plus one urea hydrogen peroxide/buffer tablet 

dissolved in 20ml of water). The reaction was allowed to progress for 60 minutes exactly 

before all samples were read in a 96 well plate spectrophotometer at 450nm. To correct for 

baseline OD values, the absorption of a control well containing 5 pi of culture medium in 45 

pi PBS was recorded 60 minutes after the addition of200pl OPD substrate. This value was 

removed from all assay values prior to graphical representation or calculation of permeability.

Early experiments were subjected to definitive verification of monolayer confluence 

by microscopic examination of the membrane following its removal from the insert. To 

enhance cell outline visualisation, monolayers were first stained with Haematoxylin and 

Eosin, prior to mounting on a microscope slide (Figure 2.3).

2.17: Apoptosis Detection by Cleaved Caspase-3/7 Assay:

Apoptosis in cultured HUVEC was measured indirectly through the quantitative 

measurement of Caspase 3 and 7 using the commercial Caspase-Glo 3/7® assay produced by 

Promega. In this system, a reagent buffer solution containing the luminogenic substrate 

DEVD-aminoluciferin and a recombinant luciferase enzyme is added directly to the cell 

culture medium in an add, mix and measure assay. With gentle agitiation of the plate, the 

buffer solution lyses cells to liberate intracellular caspases. Released caspases 3 and 7 then 

cleave the substrate DEVD-aminoluciferin to form an active luminogenic substrate for the 

luciferase enzyme (Figure 2.4). This produces a luminescencent signal proportional to the 

quantity of caspase enzyme present in the lysed cell population, which is recorded in a plate- 

reading luminometer, once both enzymatic steps reach a steady state after a one-hour 

incubation period. All experiments were conducted on HUVEC cultured in flat bottomed 96 

well plates. HUVEC were seeded at a density of lx l04 cells per well 24 hours prior to assay 

in lOOjul of complete media. Just prior to assay, each well was examined by light microscopy 

to ensure an even degree of overall cell confluency. Apoptosis was stimulated with media 

exchange for a serum-free formulation. To this, specific growth factors were added as
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Figure 2.4: Endothelial cell apoptosis is measured indirectly through a quantitative caspase 
3/7 assay. Caspase 3 or 7 cleaves DEVD-aminoluciferin to release a luminogenic substrate for 
the included luciferase enzyme. The luminescence generated by the luciferase is proportional 
to the quantity of caspase in the cell population.
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necessary without significantly altering the overall well volume.Caspase production was then 

measured in accordance with guidelines published by Promega for use with their Caspase-Glo 

3/7 assay kit. Specifically, 50pl of the reconstituted reagent was added to each well (an equal 

volume to the culture medium) followed by a 30 second period of agitation to assist cell 

break-up and caspase release. In order to avoid inter-well interference in the luminometer, the 

reaction was allowed to develop for one hour in-situ, prior to the transfer of each wells 

contents to the flat bottomed wells of a white-walled 96 well plate.

2.18: Endothelial Cell Adhesion Molecule (CAM) Assay:

Endothelial cell adhesion molecule (CAM) expression was both qualitatively and 

quantitatively measured in response to modulation by known inflammatory mediators. For 

images of CAM expression, endothelial cells were cultured on sterile glass coverslips within 

individual wells of a 6 well plate. Each well was then treated with inflammatory cytokine 

preparations as necessary for 6 hours. Culture media was then removed and the cells washed 

twice with lx TBS prior to in-situ fixation with ice cold 4% paraformaldehyde solution for 30 

minutes. After fixation, the cells were washed twice with lx TBS followed by immersion in 

lx TBS with 2% BSA blocking solution for 30 minutes. Each individual coverslip was then 

removed from the 6 well plate and inverted onto a piece of Nesco film containing a 20pl drop 

of FITC-labelled antibody solution specific for either VCAM-1, ICAM-1 or E-Selectin 

(Table 2.3). Antibody binding progressed for 45 minutes at 37°C at which point the coverslips 

were replaced cell-side-up into the original 6 well plate. Un-bound antibody was washed off 

with lx  TBS twice prior to a final wash in water to remove residual salt traces. The coverslips 

were then removed from the 6 well plate and mounted cell-side-down onto glass slides with a 

drop of PVA mounting solution containing the anti-fade compound DABCO. Finally, each 

coverslip was secured in place with translucent nail varnish. HUVEC immunofluorescence 

was visualised using an Olympus microscope with a 465 -  495nm filter. Images were 

captured through an attached monochrome CCD camera and stored on an IBM PC running 

Kroma-Scan image capture software.

To quantitate CAM expression, endothelial cells were seeded at 2xl04 in lOOpl into 

individual wells of a 96 well plate. After 24 hours, cytokines were added to each well as 

necessary followed by incubation at 37°C for periods of time between 1 and 24 hours. 

Experiments were stopped with two washes of lx TBS followed by 30 minutes exposure to
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4% Paraformaldehyde solution. After a further 2 washes with lx TBS, non-specific binding 

sites were blocked with 2%BSA solution as described above. For primary antibody binding, 

FITC labelled anti-CAM antibody was diluted in lx TBS with 2% BSA to provide 50pl 

volume per well. Primary antibody binding was allowed to proceed for 45 minutes at 37°C 

before unbound antibody removal with 4 washes with lx TBS. To quantitate bound primary 

antibody, 50pl of HRP labelled anti-mouse antibody was added to each well once diluted 

1:1000 in lx TBS. Secondary antibody binding continued for 30 minutes at room temperature 

with gentle agitation on a rocking platform. Unbound secondary was removed with 4 further 

washes of lx TBS. 200pl of fresh OPD solution was added to all wells and the colourimetric 

reaction allowed to progress in the dark at room temperature for around 30 minutes (varied as 

necessary to ensure optimal contrast between individual wells). Individual well values were 

then measured in a spectrophotometric plate reader at 450nm.

Primary Antibody: Antibody Diluent: Dilution Concentration:

Anti-VCAM-1 2% BSA in lx TBS 1:80

Anti-ICAM-1 2% BSA in lx TBS 1:80

Anti-E-Selectin 2% BSA in lx TBS 1:80

Secondary Antibody: Antibody Diluent: Dilution Concentration:

Anti-Mouse HRP As for primary 1:1000

Table 2.3: Primary Fluorescent and secondary HRP-linked antibody dilutions for the 
detection of ICAM-1, VCAM-1 and E-Selectin expressed on the endothelial cell surface.

2.19: Preparation and Processing of Human Plasma Samples and Study Ethics 

Approval:

For the collection of human serum samples from patients with SIRS / sepsis, ethical 

approval was first applied for from the Leicestershire, Northamptonshire and Rutland 

Research Ethics Committee. This application was approved (with amendments) on the 10th of 

August 2007, and the study was also approved and indemnified by the University Hospitals of 

Leicester NHS Trust Research and Development Department at the same time. Following 

appropriate counselling and consent, included trial patients had 2.4 mis of either arterial or 

venous blood removed from an indwelling vascular catheter, which was transferred into a
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purpose-made blood bottle containing EDTA (Monovette®’ Starsedt, Germany). Collected 

samples were immediately spun for 10 minutes at 4°C and 9000 rpm to separate the plasma 

from the cellular elements of the whole blood. The suspended plasma fraction was then 

aspirated in 200pl aliquots into sterile containers and snap-frozen in liquid nitrogen before 

being stored at -80°C for later use. No comparative analysis on the alteration of plasma 

contents upon freezing was made. It was therefore assumed that snap freezing did not alter the 

properties of the plasma, but this would need definitive comparison with fresh plasma to 

confirm this.

2.20: Statistical analyses:

All graphical data was subjected to statistical analysis when the combined data was 

collated from at least three individual experiments. Furthermore, the vast majority of 

individual experiments were conducted with duplicate or triplicate conditions. Where data is 

presented from less than three separate experiments, this is clearly documented and no 

statistical analysis is performed in these cases. Graphical data is presented as mean values 

flanked by SEM error bars unless otherwise stated.

Statistical analysis consisted of the un-paired Students t-test throughout, with a 

confidence interval level set at 95% for all presented data and two-tailed P values recorded 

within each figure legend.
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3.1.1: Creation of Tie Deficient HUVEC:

To investigate the role played by Tie receptors in endothelial responses to 

inflammation, gene silencing techniques were used to generate Tiel or Tie2 deficient 

HUVEC. Gene silencing is a relatively new technique that has developed from the innate 

property of eukaryotic cells to eliminate unwanted mRNA sequences (such as those 

associated with replicating viruses) prior to translation. Although this phenomenon was well 

recognised to occur in plants (termed Post Transcriptional Gene Silencing), only relatively 

recently has a similar process been understood in animal cells (135). Known as RNA 

interference, the central feature of the process is the specific destruction of genomic mRNA 

transcripts that have sequence homology with double stranded RNA (dsRNA) present within 

the cytoplasm. If necessary, long dsRNA sequences are firstly shortened to lengths of 20 -  25 

nucleotides by the enzyme dicer to create so-called Short, interfering RNA sequences 

(SiRNAs) containing a 2-3 nucleotide overhang at each end. SiRNAs then become 

incorporated into the RISC complex (RNA-Induced Silencing Complex) where the sense 

strand is discarded. The anti-sense strand within RISC then hybridises with homologous 

sequences within target mRNA present in the cytoplasm, leading to their destruction (Figure 

3.1).

Since the discovery of RNA interference, it has become a powerful research tool, 

allowing the function of specific genes to be studied through their selective removal (136). To 

inhibit gene expression, the gene’s nucleotide sequence is first used to design synthetic 

SiRNA. The SiRNA are then delivered into target cells by the process of transfection, 

effecting gene silencing by incorporation into RISC as described. Although potentially 

invaluable as a research tool, successful gene silencing requires a high degree of transfection 

efficiency, a well chosen target within the gene of interest, and an experimental protocol of 

sufficient delicacy not to kill the cells being transfected in the process. Furthermore, RNAi is 

subject to off-target effects, a situation where the target gene contains a sequence common to 

other genes, leading to their suppression also. To reduce the chances of off-target 

complications, SiRNA sequences need to be designed with a high specificity for the target 

gene with minimal cross-reactivity to other known sequences.
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Figure 3.1: Schematic illustration of events involved in RNA interference. dsRNA is 
degraded into 20 -  25 nucleotide length SiRNA by the enzyme dicer. This (or commercial 
synthetic SiRNA introduced by transfection) then undergoes strand separation and the anti
sense copy is incorporated into the RNA-induced silencing complex. This complex then 
associates with complementary mRNA sequences within the cytoplasm leading to their 
degradation.
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3.1.2: SIRNA Generation of Tiel and Tie2 Deficient HUVEC:

To create SiRNA sequences targeting Tiel and Tie2, the SiRNA design tool operated 

by MWG Biotech was used. To begin, the RefSeq mRNA sequences for Tiel and Tie2 were 

obtained from the National Center for Biotechnology Information (NCBI) and used by the 

design program to identify possible target locations in accordance with several parameters 

formulated by Tuschl et al. (137). Preliminary candidate sequences were then BLAST 

screened to identify possible off-target effects, before being ranked in order based on their 

Reynolds score of RNA suitability characteristics (138). The chosen SiRNA sequences are 

detailed below and were used in all experiments:

Tiel: 3’ AGG AGA AGC AGA CAG ACG UGA UCU GGA 5’ (27mer)

Tie2: 3’ CGA ACC AUG AAG AUG CGU CAA CAA GCU 5’ (27mer)

For control transfection, SiRNA consisting of scrambled nucleotides were also created 

and blast checked as before for off target effects.

Scrambled: 3’ AGU CCA UAA UGA GAA UCA ACC GAU UAU 5s (27mer)

SiRNA was transfected into the HUVEC as detailed in section 2.11 of the Materials 

and Methods section. To verify protein knock-down, transfected HUVEC lysates were 

harvested at 24 hours and were probed for both Tiel and Tie2. An example of a representative 

blots is presented in Figures 3.2. Figure 3.2 illustrates that Tiel and Tie2 knock-down 24 

hours after transfection is extremely effective when compared to random SiRNA transfected 

control HUVEC. Both the immature (Lower band) and fully glycosylated (upper band) forms 

of Tiel are reduced to an equal degree. Moreover, Tiel silencing did not appear to alter the 

expression of Tie2. Similar findings were made for Tie2 silencing, with strong knock-down 

in comparison to random treated controls. However, in some experiments, the magnitude of 

receptor knock-down was more variable at 24 hours than for Tiel.
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Figure 3.2: SiRNA silencing of Tiel and Tie2 expression. HUVEC were transfected with 
control SiRNA plus SiRNA directed against Tiel or Tie2. Cell lysates were then harvested 
after 24 hours and subjected to protein separation by SDS-PAGE electrophoresis. Proteins 
were transferred to a nitrocellulose membrane and probed for Tiel and Tie2 together. Lane 
contents as indicated with molecular markers in the left hand column. Antibody probes as 
indicated. Tie2 SiRNA has a major impact on receptor expression, without affecting band 
intensity for Tiel expression; likewise, Tiel SiRNA greatly reduced Tiel expression without 
altering Tie2. Tiel bands appear as a lower immature form and an upper fully glycosylated 
form. Representative experiment as performed in association with every subsequent assay 
performed.
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Figure 3.3 repeats the analysis of both receptors expression at 24 hours but also records 

expression levels at 48 hours following transfection. In this blot, the 24 hour Tie2 knock

down is incomplete, but after a further 24 hours, there is near-total absence of the Tie2 

receptor. Interestingly, the combination of Tiel and Tie2 SiRNA reduced the efficacy of 

knock-down significantly for both (no additional SiRNA for either receptor was used). With 

incomplete receptor knock-down at 24 hours for Tie2, all downstream assays were performed 

48 hours following transfection for both Tiel and Tie2 deficient HUVEC.
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Figure 3.3: Time-course experiment for Tie receptor knock-down following SiRNA 
treatment in HUVEC. HUVEC were transfected with either random, Tiel, Tie2, Tiel and 
Tie2 SiRNA. Lysates were harvested after either 24 or 48 hours as indicated and subjected to 
SDS-PAGE and Western Blotting. Top panel shows membrane probe for Tiel, followed by 
membrane stripping and re-probing for Tie2 (bottom panel). Tiel and 2 levels in random cell 
lysates presented in the left two lanes, corresponding to 24 and 48 hours post transfection 
respectively. Sequential paired lanes moving to the right represent Tiel, Tie2 and Tiel and 2 
together at 24 and 48 hours post transfection. Single experiment shown from a series of three.
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3.2.1: Regulation of Endothelial Permeability: The Role of Tie Receptor Signalling:

From both in vivo and in vitro studies, Ang-1 has been shown to have a powerful 

anti-permeability effect on the endothelium (48,62, 89). As with other areas of research 

involving the effects of Ang-1, this enhanced barrier function has been ascribed to Tie2 

receptor signalling, at least on the basis of in vitro experiments conducted in the presence of 

excess soluble Tie2 extracellular domain (used to stochiometrically suppress Ang-1 action in 

a dose dependent manner). The simplicity of this was challenged when Weber et al. published 

the findings that a modified monomeric form of Ang-1 could enhance monolayer barrier 

functions, possibly through integrin signalling, even in the absence of Tie2 activation (102). 

Therefore, given the multiple possible routes of permeability control by Ang-1, the second 

part of this chapter aimed to:

1: Establish an in vitro assay capable of measuring altered endothelial permeability in 

response to both pro- and anti- inflammatory agents.

2: Utilise this permeability assay to verify the barrier enhancing properties of native Ang-1 on 

HUVEC.

3: Establish a role for Tiel and Tie2 in mediating Ang-1 enhanced monolayer barrier function 

through gene silencing techniques.

3.2.2: Establishment of an Endothelial Permeability Assay:

To measure endothelial monolayer permeability a two chamber diffusion model was 

used with a protocol based on the method published by Godfrey (134). The details of this 

model are described in section 2.16.1 of the Materials and Methods chapter, in conjunction 

with the associated Figure 2.2. Essentially, endothelial cells were allowed to establish a 

monolayer across the semi-permeable membrane of purpose built 3 pm Falcon® culture 

inserts. Initial experiments using the immortalised endothelial cell line HMEC-98 were used 

to establish suitable conditions for subsequent experiments and measured fluorescent labelled 

(FITC) Dextran clearance across cultured endothelial monolayers. Cells were seeded to insert 

chambers as described and allowed to form a monolayer over the next 48 hours. Permeability 

was then recorded by the addition of high-concentration FITC labelled Dextran to the insert
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chamber followed by measurement of its appearance in the lower chamber every 10 minutes 

thereafter. Pro-permeability agents or Ang-1 were then added at times indicated in each 

figure. Using the Falcon system, lower chamber sampling necessitated the temporary removal 

of the insert in order to allow pipette-tip access and mixing of the well contents. Accordingly, 

in order to mix, record and return individual samples every 10 minutes, it was only possible to 

collect individual data points from single wells for each condition under investigation. The 

first 40 minutes of each assay represented baseline permeability; which was then compared to 

permeability alteration induced by the addition of inflammatory agents or Ang-1 over the next 

60 minutes. An example of HMEC-98 permeability in response to different concentrations of 

thrombin is presented in Figure 3.4. Figure 3.4 demonstrates the permeability of HMEC-98 

monolayers collated from 4 individual experiments using concentrations of thrombin between 

2 and 0.066 U/ml added to the insert chamber only. In this figure, individual experimental 

data has been normalised to the baseline rate of permeability prior to combination, with 

permeability calculated from the rate of FITC-Dextran clearance per unit time. In this 

experiment, there was a clear increase in permeability in response to thrombin exposure, most 

marked when used at 2 U/ml. Indeed, using this concentration of thrombin frequently 

produced tears in the monolayer itself, as seen when these inserts were subsequently 

examined by light microscopy following H&E staining (Figure 3.5). Lower concentrations of 

thrombin were not associated with monolayer hole formation and demonstrated little variation 

in permeability over the dose range used, remaining approximately fourfold more permeable 

than the same monolayers under baseline conditions. Consistent with the enhanced 

permeability associated with thrombin at all concentrations, HMEC-98 cultured on glass 

coverslips demonstrated profuse stress fiber formation within the cytoplasm following 

exposure to 2U/ml Thrombin (Figure 3.6).
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Throm bin concentra tion

Figure 3.4: HMEC-98 endothelial cell permeability following treatment with thrombin. 1.5 
xlO5 HMEC-98 cells were seeded to gelatine coated 3pm-pore inserts, followed by a 48 hour 
incubation period to allow monolayer formation. Permeability measured as described in the 
text and in the materials and methods (section 2.16.1). Rate of permeability calculated from 
the passage of FITC-dextran per unit time, prior to normalisation to the untreated baseline. 
Baseline permeability was recorded for the first 40 minutes, followed by thrombin addition to 
the insert chamber, with further sampling over the next 60 minutes. Data compiled from four 
separate experiments, each with single data point values (single insert per parameter). 
Thrombin exerts a statistically significant increase in the rate of permeability in HMEC 
monolayers at all concentrations used when compared to baseline (*** P=<0.0001,
** P=<0.005)
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Figure 3.5: HMEC 98 cultured on 3pm Falcon® semi-peimeable inserts as employed in the 
permeability assays presented in Figure 3.4, followed by H&E staining at the assay 
completion. Cells in A taken from an untreated permeability insert, demonstrating confluent 
monolayer formation across the semi-permeable membrane. Cells in B taken from monolayer 
insert exposed to 2 U/ml thrombin, showing prominent holes in the monolayer.

Figure 3.6: HMEC 98 cultured in complete media on gelatine coated glass coverslips and 
stained with FITC-Phalloidin to demonstrate the actin cytoskeleton as described in the 
Materials and Methods section. Un-treated cells in photomicrograph A reveal a cortically 
distributed actin cytoskeleton and exhibit motile behaviour with ruffled cell processes. 
Endothelial cells in photomicrograph B have been stimulated with 2 U/ml Thrombin for 30 
minutes and demonstrate actin rearrangement typical of slress-fibre production and centripetal 
contraction of the cytoplasm.
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3.2.3: Endothelial Permeability and Angiopoietin-1:

The next set of experiments sought to demonstrate a barrier enhancing effect of 

Ang-1 on endothelial permeability using HMEC-98 endothelial cells, both with and without 

co-stimulation with thrombin (Figure 3.7). To this end, HMEC-98 reproducibly increased 

permeability in the presence of thrombin as previously demonstrated in Figure 3.4, but failed 

to respond to Ang-1 with a reduction in baseline permeability. There was however a 

statistically insignificant reduction in thrombin induced permeability when this followed 

monolayer pre-exposure to 200 ng/ml Ang-1 for 30 minutes. One possibility for the lack of 

HMEC-98 baseline responsiveness to Ang-1 could involve a loss of phenotypic 

responsiveness to Ang-1 as a consequence of either the immortalisation process used in their 

creation, or their increasing age after multiple passages. Alternatively there may have been a 

heterogeneous response between one cell and the next with the monolayer, resulting in an 

undetectable alteration in overall barrier enhancement following Ang-1 stimulation. It was 

interesting to see however, that there was a slight reduction in thrombin associated leakage 

following Ang-1 pre-treatment, suggesting that Ang-1 does have some inhibitory influence on 

thrombin in this cell type. However the change was minor and did not reach statistical 

significance as described by Gamble et al. when using Ang-1 to inhibit thrombin stimulated 

leakage in HUVEC (48).

3.2.4: Modifications to the Permeability Assay:

Although encouraging initial results were obtained using the Falcon® insert system; 

the need for insert removal prior to well sampling allowed only one insert to be used for each 

experimental condition. Therefore, the decision was taken to move to the Costar Coming 

insert system that offered both easy access to the well chamber for sampling without the need 

to disturb the insert itself in doing so. Furthermore, the permeability tracer was changed to 

HRP in accordance with the description of Li et al., enabling much smaller sampling volumes 

that produced considerably less hydrostatic disturbance across the monolayer (93). Finally, 

with no Ang-1 mediated reduction in baseline permeability using HMEC-98 endothelial cells, 

all subsequent experiments were conducted with primary HUVEC in order to aim for the 

greatest phenotypic endothelial cell behaviour in response to Ang-1 stimulation. All 

permeability experiments used HUVEC between passage 2 and 10, seeded at 0.7x105 cells per 

insert (3pm pore size). Inserts were coated with 50 mg/ml fibronectin for 30 minutes prior
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Figure 3.7: HMEC-98 permeability following Ang-1, thrombin and Ang-1 plus thrombin 
stimulation. HMEC-98 endothelial cells seeded at 1.5xl05 cells per gelatine-coated insert and 
left to form a monolayer over the next 48 hours. FITC labelled dextran added to insert 
chamber with sampling from lower well every 10 minutes thereafter. 200 ng/ml Ang-1 added 
to relevant insert chambers after 30 minutes with thrombin added after a further 30 minutes. 
Permeability measurement continued for a further 40 minutes. Individual experiments consist 
of a single insert per condition, and rate of permeability calculated from FITC-dextran 
passage per unit time. All permeability rates normalised to baseline within each experiment 
prior to combination for the summary graph as presented. Data derived from a total of four 
experiments. 0.2 U/ml thrombin exerted a statistically significant increase in permeability 
compared to baseline conditions (* P=<0.05).
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to cell seeding. Forty eight hours after seeding, culture media was exchanged in both the 

insert and lower well chambers, followed 2 hours later by the addition of 200 ng/ml Ang-1 to 

relevant inserts. After a 30 minute incubation period, HRP tracer was added and permeability 

recorded every 10 minutes as detailed in the Materials and Methods section. All conditions 

were conducted in either duplicate or triplicate to permit adequate inter-well comparison of 

different cytokine effects within each experiment.

3.2.5: Ang-1 Mediated Inhibition of Permeability in HUVEC:

Using the revised insert system, HRP tracer and primary HUVEC, a new attempt 

was made to demonstrate an inhibition of baseline endothelial permeability following Ang-1 

stimulation. An example of one such experiment using 200 ng/ml Ang-1 is presented in 

Figure 3.8, which compiles the results from two individual inserts per condition.

Presented as a continuous permeability-over-time curve, Figure 3.8 clearly demonstrates a 

reduction in HRP tracer passage in monolayers pre-treated for 30 minutes with 200ng/ml 

Ang-1 as compared to baseline controls. Further examination of the permeability curves 

demonstrates the progressive rise in permeability after 30 minutes, approaching a steady state 

by 60 minutes, and in marked contrast to the more linear permeability recorded with HMEC- 

98 monolayers. To verify the reproducibility of this barrier effect of Ang-1, the same 

experiment was reproduced four times in total and similar findings were recorded in each 

case. Figure 3.9 presents the compiled data from these four experiments, with individual 

monolayer permeability calculated as an average over the 80 minute measurement period and 

combined into a bar graph. This figure also includes the results from two experiments in 

which 340 ng/ml COMP-Angl was used instead of Ang-1. The data presented in figure 3.9 

demonstrates that there is nearly a 50% reduction in baseline permeability in monolayers 

exposed to 200 ng/ml Ang-1, with a similar result using the more potent COMP-Angl.
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Figure 3.8: HUVEC monolayer permeability under baseline and Ang-1 stimulated 
conditions. 0.7x105 HUVEC seeded to 3pm pore flbronectin-coated Costar inserts followed 
by a 48 hour monolayer formation period. 200ng/ml Ang-1 added to relevant insert chambers 
30 minutes before addition of HRP tracer (arrows), with lower chamber sampling every 10 
minutes thereafter. Each data point represents the combined results from three individual 
monolayers with error bars representing SD about the mean. Representative experiment from 
a series of four.
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Figure 3.9: Endothelial permeability assay in HUVEC exposed to either Ang-1 or COMP- 
Angl. HUVEC were seeded to fibronectin coated 3pm Costar inserts. Permeability was 
recorded 24 hours later using the HRP technique described in section 2.16.2 of the materials 
and methods chapter. Individual experiment permeability calculated from HRP passage per 
unit time over an 80 minute measurement period. Individual experiment data then normalised 
to the baseline insert values prior to combination into a single graph. Ang-1 and COMP-Angl 
used at the concentrations indicated and added 30 minutes prior to the permeability assay and 
to the insert chamber only. Values represent the mean of duplicate monolayers, from four 
individual experiments using Ang-1 and two individual experiments with COMP-Angl. Both 
Ang-1 and COMP-Angl exert a statistically significant monolayer barrier enhancement ( ** 
P=<0.05) compared to baseline monolayer permeability.
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3.2.6: Endothelial Permeability in Tiel Deficient HUVEC:

With a clear enhancement of baseline barrier function by the addition of Ang-1 to 

HUVEC monolayers, the next series of experiments sought to define the role played by Tiel 

and Tie2 in mediating this effect. To test the impact of Tiel removal on permeability control, 

Tiel deficient HUVEC were generated by SiRNA gene silencing as described in the Materials 

and Methods chapter, section 2.11. As in other experiments, successful inhibition of receptor 

expression was verified by Western blotting. In brief, HUVEC were transfected with either 

Tiel or random SiRNA and left to recover over the next 24 hours. Cells for permeability were 

then trypsinised and seeded to Fibronectin coated inserts at 0.7x105 cells per insert. 24 hours 

later all monolayers were examined by light microscopy to ensure even confluency before 

being subjected to permeability measurement with or without Ang-1 as described above for 

Naive HUVEC. Transfected HUVEC for blot analysis were left undisturbed for 48 hours and 

were lysed at the same time as the permeability experiments were conducted. As HUVEC 

were seeded to insert chambers at a near confluent density, further proliferation and 

regeneration of Tie receptors was assumed to be minimal and to therefore correlate with 

expression levels in the HUVEC used for Western analysis. The results from one permeability 

experiment are presented in Figure 3.10 and show HRP levels recorded at each time point, 

whilst Figure 3.11 presents the data from four independent experiments. For data 

combination, an index of the overall rate of permeability was calculated by dividing the final 

colorimeter OD value by the 80 minute measurement period, following removal of the 

background OD value from all data sets. Each slope was then normalised to that for the 

random control baseline before being pooled with the corresponding data from the other 

experiments in the series. The random control HUVEC data was also combined with control 

cell data from the subsequent data presenting the permeability in Tie2 deficient HUVEC 

(Figures 3.13). Therefore the random control data originates from 8  separate experiments and 

is identically presented in figures 3.11 and 3.13.
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Figure 3.10: Endothelial permeability assay comparing Tiel deficient HUVEC with random 
SiRNA transfected control HUVEC. HUVEC were transfected with either Tiel or random 
SiRNA an allowed to recover for 24 hours before being seeded to fibronectin coated 3pm 
Costar inserts. Permeability was recorded 24 hours later. Solid lines represent baseline 
permeability, and dashed lines correspond to permeability following 30 minutes exposure to 
200 ng/ml Ang-1 for each cell type. (Ang-1 and HRP addition at the same times as presented 
in Figure 3.10) Values represent the mean of triplicate monolayers, from a representative 
experiment of four with error bars corresponding to the SD. Companion blot to the right 
indicates knockdown efficiency.
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Figure 3.11: Endothelial permeability in Tiel deficient HUVEC. HUVEC were transfected 
with random or Tiel SiRNA and seeded at 0.7x105 cells per fibronectin coated 3pm Costar 
insert after 24 hours. Permeability calculated after a further 24 hours by calculation of overall 
HRP diffusion gradient over 80 minutes as described in the text. Graph of the combined 
results from four experiments comparing Tiel deficient HUVEC permeability with random 
SiRNA controls, both with and without Ang-1 stimulation. Ang-1 exerts a statistically 
significant inhibition on baseline permeability in both random control and Tiel deficient 
HUVEC (xxx P=<0.0001, * P=<0.05). Baseline permeability is also increased in Tiel 
deficient HUVEC ( •  P=<0.05) Bar values represent the mean of four experiments flanked by 
SEM error bars.
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From the data presented in Figures 3.10 And 3.11, it is clear that Ang-1 enhancement 

of barrier function in HUVEC is not solely dependent upon Tiel receptor signalling, as the 

ligand exerted a statistically significant effect even in the absence of Tiel (P=<0.05). The 

baseline level of permeability was also found to be higher in Tiel deficient HUVEC when 

compared to random transfected controls (P=<0.05). Ang-1 also significantly enhanced 

barrier function in control transfected HUVEC (P=<0.0001). Barrier enhancement was 

increased by 36% in random SiRNA treated HUVEC, and 31% in Tiel SiRNA HUVEC (not 

significant).

3.2.7: Endothelial Permeability in Tie2 Deficient HUVEC:

Further experiments were performed to assess the role of Tie2 in maintaining basal 

and Ang-1-modified endothelial integrity. As before, Tie2 deficient HUVEC were created 

using SiRNA techniques with protein knock down verification through Western blotting. The 

rest of the permeability assay conditions followed those described for Tiel deficient HUVEC 

studies. Figure 3.12 presents the results from a single permeability assay, whilst Figure 3.13 

presents die combined data from four individual experiments, processed as described above 

for Tiel. The results presented in Figures 3.12 And 3.13 reveal that the barrier enhancing 

effects exerted by Ang-1 are lost when Tie2 is absent in HUVEC. In all experiments this was 

found to be the case, demonstrating the critical requirement for Tie2 in mediating Ang-1 ’s 

effects. The fact that Tie2 deficiency completely abrogates Ang-1’s effects indicates that, in 

this system at least, integrin signalling does not represent a significant route for Ang-1 anti

permeability signalling. The baseline permeability in Tie2 deficient HUVEC was marginally 

smaller overall in this series of four permeability experiments than in random controls, 

although the SEM for both Tie2 HUVEC conditions are fairly large.
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Figure 3.12: Tie2 deficient HUVEC permeability compared to random transfected control 
HUVEC with or without 200 ng/ml ang-1. HUVEC were transfected with either Tie2 or 
random SiRNA and seeded at 0.7x105 cells to fibronectin coated 3pm Costar inserts after 24 
hours. Following 24 hours incubation to allow monolayer establishment, permeability was 
recorded 30 minutes after the addition of 200 ng/ml Ang-1 to respective wells. Each data 
point represents the mean values obtained from three separate monolayers recorded every 10 
minutes following addition of HRP tracer. (Error bars represent SD about the mean). 
Companion blot to the right indicates degree of receptor knockdown. Representative 
experiment from a series of four.
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Figure 3.13: Combined results from four permeability experiments with Tie2 deficient and 
control HUVEC with or without Angiopoitin-1. HUVEC were transfected with random or 
Tie2 SiRNA and seeded at 0.7xl05 cells per fibronectin coated 3pm Costar insert 24 hours 
later. Permeability calculated after a further 24 hours by dividing the final OD value by the 80 
minute measurement period as described in the text. Random transfected HUVEC monolayers 
have a statistically significant barrier enhancement in response to 200ng/ml Ang-1 (*** 
P=<0.0005). There was no difference in permeability between baseline Tie2 deficient 
HUVEC and those exposed to Ang-1. (Values represent mean permeability flanked by SEM 
error bars).
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3.3: Discussion:

To investigate Tie receptor function in different aspects of endothelial responses to 

inflammation, Tiel and Tie2 deficient HUVEC were created using SiRNA techniques. Using 

a protocol designed for maximal efficiency, removal of individual receptors proved 

remarkably effective whilst maintaining cell viability for downstream applications. Removal 

of both Tiel and Tie2 simultaneously however was less effective when using the same 

transfection reagent proportions as for isolated receptor removal. As there was the same 

quantity of SiRNA (100 pg/ml) used for transfection in both the single and double knock

down reactions, the reduction in efficiency was more likely to be related to the availability of 

transfection reagent to carry the SiRNA into the cells. This possibility was supported by the 

improved level of double knock-down presented later on in Chapter six, where increased 

concentrations of Lipofectamine 2000 were used in each transfection reaction.

Endothelial permeability plays a core role in the inflammatory response and its 

emulation as an in vitro tool has generated much valuable data in the literature. As Tie 

signalling has a major impact on endothelial permeability, measuring changes in endothelial 

monolayer permeability was therefore identified an essential part of this research project. 

However, early experiments threw up several technical problems with both the assay 

apparatus as well as the cells used in the experiments (HMEC-98). The initial use of 

fluorescently labelled dextran hampered the experimental integrity by the need to disturb each 

insert every 1 0  minutes to mix and remove a relatively large volume of well fluid for 

fluorescence measurement. This led to an assay with relatively low sensitivity to anything 

other than large concentrations of thrombin, and the inability to demonstrate a barrier 

enhancing effect of Ang-1 under baseline conditions. This latter point was pursued to no avail 

for several weeks, and in addition to the aforementioned limitations of the Falcon® insert 

system, the lack of Ang-1 responsiveness also called into question the suitability of HMEC-98 

for permeability studies. Although no conclusive reason is offered for the lack of HMEC-98 

permeability reduction by Ang-1, it is likely to represent either a failure of universal cell 

response within an intact monolayer, or a monolayer with sufficient intercellular gaps to 

overshadow the tightening effects of Ang-1 stimulation by responsive cells. Whilst no overt 

intercellular gaps were observed by light microscopy, a better impression of HMEC-98 

monolayer formation could be achieved by improved resolution imaging together with 

junctional staining techniques. Either way, the subsequent decision to revise the entire
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experimental approach was taken at this point, following several discussions with Professor J 

Gamble of the University of Adelaide. Professor Gamble provided critical experimental fine 

tuning advice that led to the first successful endothelial permeability reduction with Ang-1 in 

HUVEC (Figure 3.8). This and subsequent experiments demonstrated nearly a 50% drop in 

monolayer leakage using 200 ng/ml Ang-1 over an 80 minute measurement period. Moreover, 

similar results were obtained with COMP-Angl; the comparatively high concentration (340 

ng/ml) carried over as a continuation of the experiments used to no avail in attempting to 

stimulate HMEC-98 barrier enhancement (data not shown). Whilst the HMEC-98 

experiments investigated the reversibility of thrombin-mediated permeability using Ang-1, 

this was not included in the HUVEC experiments as the main objective was to define distinct 

roles for Tiel and Tie2 in permeability control. With more time, an investigation of the pro

permeability potency of thrombin would have been very interesting in Tie deficient cells both 

with and without the presence o f Ang-1.

In considering the measurement of endothelial permeability, there was a marked 

contrast between the permeability curves in experiments using HMEC-98 / FITC-dextran, and 

HUVEC / HRP. HMEC-98 demonstrated a relatively linear tracer passage per unit time (not 

shown), whereas HUVEC permeability characteristically increased after the first 20 to 50 

minutes (Figure 3.8). Considering all of this data, it may be possible that the use of HRP as a 

tracer actually generated a pro-permeability response in and of itself, and this fits in well with 

an early in vivo study showing a pro-permeability effect for HRP in rat lung microvasculature 

(139). HRP was never employed with the HMEC-98 experiments, but this would have been 

an appropriate approach to testing the hypothesis that HRP elicits permeability, through a 

direct comparison with the permeability curves obtained with FITC-dextran. Whether HRP is 

an induction agent for endothelial permeability or not, a search of the literature confirms its 

position as one of the most popular agents for permeability measurement, and its advantages 

over FITC-dextran were critical in the present experiments. Nevertheless, the non-linearity of 

permeability seen using HRP in HUVEC was an important consideration when deciding how 

to calculate the rate of permeability for these experiments, and how to combine individual 

data sets for cumulative comparison. If the early readings best reflect the effects of Ang-1 

prior to any pro-permeability effect of the HRP tracer then this would be a suitable selection 

for rate calculation (0 -  30 minutes). However, the degree of gradient separation is minimal 

over this time period, and ignoring subsequent enhanced permeability would have added 

considerable bias to the method of calculation. Thus it was decided to calculate the overall
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permeability from the quantity of HRP tracer present in the lower well chamber at the assays 

completion at 80 minutes, without specific weighting to variations in individual permeability 

traces along the way to this time-point.

This work set out to establish the role of each receptor in ang-1 mediated 

enhanced endothelial barrier functions. HUVEC deficient in Tiel remain fully capable of 

responding to Ang-1 stimulated barrier enhancement, whereas Tie2 deficient HUVEC 

monolayers were completely un-affected. This establishes an essential role for Tie2 in 

mediating the anti-permeability effects of Ang-1. One previous study using an abrogated 

monomeric form of Ang-1 found that baseline barrier function could be enhanced in 

immortalised endothelial cells in a similar manner to that seen in the present work ( 1 0 2 ). 

Interestingly, although this abbreviated ligand bound Tie2 but failed to induce its 

phosphorylation, it did bind the a5pi integrin with the same avidity as that for Tie2. With 

existing evidence for a5pi mediating adhesion and migration on Ang-1 coated surfaces (140), 

Weber proposed that their monomeric Ang-1 variant might also mediate enhanced monolayer 

barrier functions in view of the ligands failure to achieve Tie2 activation. However, beyond 

noting a lack of Tie2 phosphorylation with monomeric Ang-1, this work offered no definitive 

receptor allocation for Ang-1 mediated barrier enhancement. By systematically removing 

each Tie receptor in turn this work has defined for the first time the essential requirement for 

Tie2’s importance in the Ang-1 regulation of monolayer permeability. With Tie2 deficiency, 

the present studies found no alternative integrin mediated pathway that could enhance 

endothelial barrier function in the context of full-length native Ang-1. This suggests that, in 

vivo at least, the Tie2 receptor is solely responsible for altering permeability in response to 

oligomeric native Ang-1. In terms of endothelial cell apoptosis, Tiel deficient HUVEC have a 

greater survival response to Ang-1 stimulation compared to random SiRNA treated controls, 

(section 4.4.2). Interestingly, this is not the case for permeability where there is a slightly 

poorer response to Ang-1 mediated barrier enhancement in Tiel deficient HUVEC compared 

to controls. This might suggest an agonist function of Tiel in permeability control, especially 

in view of the elevated baseline level of permeability in Tiel deficient HUVEC monolayers.

This work has demonstrated a critical role for Tie2 in mediating Ang-1 

stimulated barrier function in endothelial cells. Further experiments would take this further to 

look at the impact of individual Tie receptor deletion under inflammatory conditions, 

especially in response to thrombin.
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4.1: Tie Receptors and the Regulation of Endothelial Cell Apoptosis:

Although detailed anti-apoptotic signalling information exists for Tie2 (114), Tiel has 

long been described as an orphan receptor due to the apparent lack of phosphorylation by 

known Angiopoietin ligands. This, combined with the abolition of Angiopoietin-1 mediated 

cell survival in the presence of soluble Tie2Fc (47,117,141), has lead to the assumption that 

Tie2 is primarily responsible for transducing the anti-apoptotic stimuli of Angiopoietin-1 in 

endothelial cells. However, recent studies using chimaeric Tiel receptors and other work 

using COMP-Angl has successfully achieved Tiel phosphorylation with similar 

characteristics to Tie2 (38,119). Another study has now postulated that Tiel is readily 

capable of being activated by native Ang-1, so long as it is in the presence of functional Tie2 

(142). This suggests that care is required when interpreting the results from experiments using 

Tie receptors in isolation, as their biological function is likely to be contingent upon their 

interaction with each other and possibly other endothelial specific co-factors. Furthermore, as 

soluble Tie2Fc but not TielFc abrogates Tiel activation, these data again suggest that 

receptor binding and activation require the Tiel receptor to be present in the cell membrane 

for it to function properly. With this in mind the focus of the current chapter has been to 

verify the assumed supremacy of Tie2 in mediating endothelial cell survival and to investigate 

the anti-apoptotic role, if any, of Tiel. To address this hypothesis, the following objectives 

and questions have been considered:

1: The creation of an in vitro model of endothelial apoptosis with demonstration of an anti- 

apoptotic property by Angiopoietin-1.

2: The use of this system to ask whether functional Tiel has any overall effect on Tie2 

mediated cell survival through creation of Tiel deficient endothelial cells.

3: If Tiel does alter Tie2 mediated cell survival, how do these differences become manifest 

when Tiel is absent?

4: Can Tiel mediate cell survival with angiopoietin-1 in the absence of Tie2?

5: Do Tie receptors play a significant role in mediating cell survival signals from other 

endothelial growth factors such as VEGF?

To answer these questions, an in vitro survival assay was developed to induce and 

measure endothelial cell apoptosis, using HUVEC. HUVEC were cultured on uncoated plastic 

ware, where the absence of extracellular matrix cues forced the sole reliance upon factors
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present within the culture medium for survival. With removal of the serum component of the 

culture medium, any remaining pro-survival substances such as VEGF, Ang-1 and bFGF are 

absent, leading to intrinsic caspase activation via mitochondrial derived cytochrome c and 

other intermediates. This leads to the production of caspases 3 and 7 which are both readily 

detectable in apoptosing cells by the use of a commercially available caspase quantitation kit. 

This was therefore chosen as the principal apoptotic stimulus to be used in all experiments. As 

described in Section 2.17 of the materials and methods chapter.

4.2: Establishment of Apoptosis in Serum-Starved HUVEC:

To demonstrate the induction of apoptosis under serum-free conditions, HUVEC were 

cultured in serum free media for 0 , 2 ,4 , 6  and 8  hours prior to lysis and caspase measurement. 

Figure 4.1 presents these results with each time-point repeated in triplicate. As indicated in 

graph 4.1, caspase levels progressively rise with increasing duration of exposure to serum-free 

media in a roughly linear manner over the 8  hour time period measured. Caspase levels 

increased by nearly threefold over this duration.

43: Inhibition of Apoptosis by Angiopoietin-1 in Serum-Starved HUVEC:

With the demonstration of progressive apoptosis under serum free conditions, the next 

set of experiments aimed to establish the anti-apoptotic effect of Angiopoietin-1 on HUVEC 

exposed to serum free media. In this experiment, HUVEC were seeded to wells of a 96 well 

plate as described. Following the addition of serum-free medium, selected wells were then 

treated with Angiopoietin-1 at 0, 50,100,200 and 400 ng/ml. After a 4 hour incubation 

period, caspase levels were recorded as described and the combined results of three 

experiments is presented in Figure 4.2. As demonstrated in Figure 4.2, there is a progressive 

fall in Caspase levels and by inference, apoptosis, in HUVEC treated with increasing doses of 

Angiopoietin-1 under serum free conditions. In every case this finding reached statistical 

significance. In contrast to the roughly linear rate of time dependent apoptosis for serum 

starved HUVEC, Angiopoietin-1 had a greater anti-apoptotic effect over the lower end of the 

dose range used. As a result of these first two experimental series, standard experimental 

conditions were established, namely apoptosis induction with serum-free media exposure for 

4 hours and, where a fixed dose of Angiopoietin-1 was used, this was set at 200ng/ml.
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Figure 4.1: lxlO4 HUVEC per well were seeded into the wells of a flat-bottomed 96 well 
plate. Cells were cultured for 24 hours in complete media, before sequential exchange with 
50pl per well of serum-free media at 0, 2, 4, 6 and 8 hour time points. Each time point was 
repeated in triplicate, with data shown as mean +/- SD. At the end of the assay, Caspase-Glo 
reagent was added and luminescence recorded (RLU’s = Relative Light Units). Data from 
single experiment.
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Figure 4.2: HUVEC rescue from apoptosis by Ang-1. lxlO4 HUVEC were seeded to 
individual wells of a 96 well plate and cultured for 24 hours. Cells were then washed once in 
serum free media before culture for 4 hours in the same with or without Ang-1 at the 
concentrations indicated (0, 50, 100, 200 and 400 ng/ml). Each bar represents the mean of 
three separate experiments, each conducted with duplicate wells. Data from individual 
experiments normalised prior to combination for this figure. Data points presented as mean 
+/- SEM. Ang-1 produces a statistically significant decrease in caspase production in serum 
starved HUVEC over the four concentrations used (* P=<0.005, ** P=<0.05, *** P=<0.001).
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4.4: Establishment of Tie Receptor Involvement in Angiopoietin-1 Protected Serum 

Starved HUVEC:

With a clear demonstration of apoptosis reduction by Angiopoietin-1 in serum starved 

HUVEC, the next series of experiments sought to verify the relative impact of Tiel and Tie2 

receptors in mediating this process. To address this question, RNA interference techniques 

(SiRNA) were used to selectively inhibit expression of each receptor in individual populations 

of HUVEC. To inactivate Tiel or Tie2 synthesis, short, double stranded RNA sequences were 

designed from the known nucleotide sequence for each receptor as described in chapter 2. For 

control purposes, all results using Tie deficient HUVEC were compared to HUVEC 

transfected with control random SiRNA. SiRNA were transfected into HUVEC as described 

in die Materials and Methods (Section 2.11). Specifically, lOOpg/ml SiRNA was added to 

respective wells of a six-well plate with HUVEC at a confluency of 95% with the appropriate 

quantity of Lipofectamine 2000 solution. Transfection proceeded for 5 hours before the 

HUVEC were allowed to recover for 24 hours in complete HUVEC media. For all 

experiments using SiRNA treated HUVEC, a representative sample of the cells was used to 

verify protein knock-down using western blotting techniques. These SiRNA control cells 

were lysed at exactly the same time point as those used for caspase measuremwnt, i.e. at 48 

hours post transfection. Twenty four hours after transfection, HUVEC were removed from the 

6  well plate and counted. As in initial experiments, lx l 04 cells per seeded into each well of a 

96 well plate in a total volume of IOOjliI complete media. After a further 24 hour incubation 

period, the complete media was changed for 50pl of serum free media. Selected wells were 

then treated with 200 ng/ml Angiopoietin-1 or vehicle for 4 hours prior to determination of 

caspase levels as described.

4.4.1: Apoptosis in Tiel Deficient HUVEC:

Tiel knock-down was highly effective using the described protocol, and Figure 4.3 

presents the scanned image of a western blot from a representative sample of Tiel deficient 

HUVEC compared to HUVEC transfected with random SiRNA. To verify equal protein 

loading, the same blot was stripped and re-probed for total Tie2. This approach to semi- 

quantative assessment of protein loading assumed that Tie2 had been unaffected by the 

transfection process as might have occurred through cross-reactivity from Tiel SiRNA. A
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more accurate and reliable technique would have been to strip and re-probe the membrane for 

a so-called house keeping gene such as a-actin.

Once generated, Tiel deficient HUVEC were then compared against random 

transfected HUVEC for caspase production following a 4 hour serum-free media incubation 

with or without Angiopoietin-1. Figure 4.4 presents the combined results of three such 

experiments where individual rates of caspase production were calculated and normalised to 

the baseline rate measured from un-stimulated random transfected controls. In addition, the 

control SiRNA data consists of the combined results from both this and the subsequent 

experiments using Tie2 deficient HUVEC. Thus both control SiRNA bars are identical in both 

figure 4.4 and 4.6, and combine results from six independent experiments overall.

Interpreting the data presented in Figure 4.4, Angiopoietin-1 exerted a Statistically 

significant inhibition of apoptosis in HUVEC treated with random SiRNA (P=<0.0005). This 

finding also holds true for Tiel deficient HUVEC (P=<0.05). Interestingly, the removal of 

functional Tiel increased the background level of apoptosis in HUVEC even in the absence of 

Angiopoietin-1 (P=<0.0005).

75



T iel Fully glycosylated form 

Tiel Immature form

Random
SiRNA

T iel SiRNA

Figure 4.3: HUVEC whole cell lysate western blot 48 hours post transfection with Tiel 
SiRNA or random SiRNA. Both immature and fully glycosylated forms of the Tiel receptor 
are effectively silenced in this context. Presented beneath is a reprobe of the same membrane 
with anti-Tie2 antibody in order to verify equal lane loading.
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Figure 4.4: Combined normalised results from three individual caspase experiments with 
Tiel deficient HUVEC. Tiel deficient HUVEC were generated according to the protocol in 
section 2.11 of the materials and methods section. 24 hours after transfection lxlO4 Tiel 
deficient HUVEC were seeded to individual wells of a 96 well plate and cultured for another 
24 hours. Cells were then exposed to serum free conditions for 4 hours with or without 200 
ng/ml Ang-1, followed by determination of caspase production. Angiopoietin-1 inhibits 
apoptosis in control SiRNA treated cells and there is a significant increase in baseline 
apoptosis in Tiel SiRNA treated cells. Angiopoietin-1 also inhibits apoptosis in Tiel SiRNA 
treated cells. Data is presented as mean and SEM (* P=<0.0005 compared with random; •  
P=<0.05 compared with Tiel SiRNA) Companion blot to the right indicates knockdown 
efficiency.
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4.4.2: Apoptosis in Tie2 Deficient HUVEC:

Having established that Angiopoietin-1 remains able to protect HUVEC against 

apoptosis induced by serum deprivation in the absence of Tiel, the next set of experiments 

sought to investigate the role of Tie2 in the same process. As previously described, Tie2 

expression was inactivated in HUVEC using identical SiRNA transfection conditions as used 

for Tiel silencing. This again produced strong knock-down of the Tie2 receptor as assessed 

by western blot analysis of Tie2 deficient HUVEC at 48 hours post transfection (Figure 4.5). 

As before with Tiel deficient HUVEC, protein loading was verified through Tiel band 

comparison, possibly overlooking the possibility of off-target effects of Tie2 SiRNA on Tiel 

expression. More robust protein loading would be achieved by assessing the band intensity of 

a house-keeping protein such as a-actin.

Tie2 deficient HUVEC were trypsinised 24 hours after transfection and were allowed 

to settle for a further 24 hours in the wells of a 96 well plate prior to assay. With 4 hours of 

exposure to serum-free media in the presence or absence of Angiopoietin-1, the levels of 

caspase production in each case was then measured. The individual results from three separate 

experiments were normalised to random treated HUVEC as before, prior to combination into 

the graph presented in Figure 4.6.
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Figure 4.5: Representative HUVEC whole cell lysate western blot 48 hours after transfection 
with Tie2 SiRNA (left) or random SiRNA (right). Tiel blot re-probe presented to verify equal 
loading as in Figure 4.3.
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Figure 4.6: Combined normalised results from three individual caspase experiments with 
Tie2 deficient HUVEC. Tie2 deficient HUVEC were generated according to the protocol in 
section 2.11 of the materials and methods section. 24 hours after transfection lx l 04 Tie2 
deficient HUVEC were seeded to individual wells of a 96 well plate and cultured for another 
24 hours. Cells were then exposed to serum free conditions for 4 hours with or without 200 
ng/ml Ang-1, followed by determination of caspase production. The removal of Tie2 
abolishes the anti-apoptotic effect of Angiopoietin-1 when compared to random treated 
control HUVEC (* P=<0.0005). Furthermore, the baseline caspase production by Tie2 
deficient HUVEC is marginally higher than that seen in random treated HUVEC (not 
significant) Companion blot to the right indicates knockdown efficiency.
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Examining the data in Figure 4.6, the anti-apoptotic effect of Angiopoietin-1 is lost in 

the absence of the Tie2 receptor; accepting that the SEM in both baseline and Angiopoietin-1 

treated Tie2 deficient HUVEC are larger than those associated with the Tiel data (Figure 4.4). 

In addition, both the baseline and Angiopoietin-1 stimulated Tie2 deficient HUVEC have a 

higher degree of apoptosis when compared to the baseline random SiRNA controls (not 

significant). The magnitude of this enhanced apoptosis is smaller than that associated with 

Tiel deficiency however.

Further examination of the Tiel data in Figure 4.4 suggests that there is an enhanced 

response to Angiopoietin-1 in Tiel deficient cells when compared to random transfected 

controls. In order to quantitate the magnitude of Angiopoietin-l’s anti-apoptotic effect in all 

three cell types, Figure 4.7 presents the percentage apoptosis reduction in random, Tiel and 

Tie2 deficient HUVEC using the data from Figures 4.4 and 4.6. Interpreting this Figure, 

Angiopoietin-1 does indeed exert a slightly greater anti-apoptotic impact in the absence of 

Tiel compared to random control cells, but this finding did not reach statistical significance. 

As expected, there is almost no anti-apoptotic impact of Angiopoietin-1 when Tie2 is absent.

4.4.3: Caspase Sensitivity to Low-Dose Angiopoietin-1

The data in Figure 4.7 suggest that Tiel deficiency increases the anti-apoptotic 

responsiveness to Angiopoietin-1. To investigate this further, the concentration dependence of 

Angiopoietin-1 effects on apoptosis were analysed in Tiel deficient and control HUVEC over 

a low dose range. The results from three experiments are presented in Figure 4.8 as a 

percentage increase in caspase production by Tiel deficient HUVEC compared to controls at 

each concentration of Ang-1 used. Figure 4.8 shows that Tiel deficient HUVEC consistently 

produce higher caspase levels, under both serum starved baseline and Ang-1 stimulated 

conditions. The error bars for this experimental series are very large however, indicating large 

variations between the three experiments undertaken. Accordingly, only the final Ang-1 

concentration of 1 0 0  ng/ml achieved a statistically significant increase in caspase production 

by Tiel deficient HUVEC compared to controls, for any given concentration of Ang-1 or the 

Ang-1 free baseline. Next, the data from the same three experiments was combined to 

demonstrate the actual curve of caspase production at each Ang-1 concentration, with all 

values normalised to the un-stimulated baseline reading in each case (Figure 4.9). By 

presenting the data in this manner, it is apparent that the dose response to all concentrations of

81



s
'O
u
3

■o
Si

O

o
a
<

S

wd

3

a>a

Figure 4.7: Graph to present the magnitude of effect of Angiopoietin-1 on the inhibition of 
caspase production in control, Tiel deficient and Tie2 deficient HUVEC. Data compiled from 
three individual sets of experiments using Tiel and Tie2 HUVEC respectively. 
Datamanipulation as described in text, to present the comparative magnitude of Ang-1 anti- 
apoptotic effect between Tiel deficient, Tie2 deficient and control HUVEC. Error bars 
represent SEM about the mean. Although the reduction in caspase levels by Angiopoietin-1 in 
Tiel deficient HUVEC is greater than that seen in random treated cells, this effect is not 
statistically significant. Tie2 deficiency however, nearly completely abolishes the protective 
properties of Angiopoietin-1 (P=<0.005).
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Figure 4.8: C a s p a s e  p r o d u c t i o n  i n  T i e l  d e f i c i e n t  H U V E C  c o m p a r e d  t o  r a n d o m  t r a n s f e c t e d  
c o n t r o l s  f o l l o w i n g  l o w - d o s e  A n g i o p o i e t i n - 1  e x p o s u r e .  D a t a  d e r i v e d  f r o m  t h r e e  s e p a r a t e  
e x p e r i m e n t s  a l l  c o m p r i s i n g  o f  a t  l e a s t  t w o  r e p e a t s  p e r  c o n d i t i o n .  T i e l  v a l u e s  n o r m a l i s e d  t o  
c o n t r o l s  a t  e a c h  A n g - 1  c o n c e n t r a t i o n ,  p r i o r  t o  c o m b i n a t i o n  a n d  p r e s e n t a t i o n  a s  p e r c e n t a g e  
i n c r e a s e  i n  c a s p a s e  p r o d u c t i o n  f l a n k e d  b y  S E M  e r r o r  b a r s .  B o t h  b a s e l i n e  a n d  A n g - 1  
s t i m u l a t e d  T i e l  d e f i c i e n t  H U V E C  p r o d u c e  g r e a t e r  q u a n t i t i e s  o f  c a s p a s e  c o m p a r e d  t o  
c o m p a r a b l e  r a n d o m  t r a n s f e c t e d  c o n t r o l s ,  r e a c h i n g  s t a t i s t i c a l  s i g n i f i c a n c e  a t  1 0 0  n g / m l  A n g - 1  

( * *  P = < 0 . 0 1 ) .
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Figure 4.9: Caspase production in Tiel deficient HUVEC compared to random transfected 
controls following low-dose Angiopoietin-1 exposure. Data derived from the same three 
separate experiments presented in Figure 4.8 consisting of at least two repeats per condition. 
Ang-1 stimulated caspase values normalised to baselines for Tiel and random transfected 
HUVEC prior to combination. Each data point flanked by SEM error bars. Both baseline and 
Ang-1 stimulated Tiel deficient HUVEC produce very similar dose response curves to 
increasing concentrations of Ang-1.
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Ang-1 is nearly identical, thus ruling out any increase in Ang-1 responsiveness by Tiel 

deficient HUVEC over a low dose range, at least in this series of three experiments.

4.5: An Investigation into VEGF Inhibited Apoptosis in Tie Receptor Deficient HUVEC:

VEGF activates cleavage of Tiel ectodomain resulting in increased tyrosine 

phosphorylation of truncated Tiel intracellular domain and Tie2 (see discussion). It is 

possible therefore that the activation of Tiel and Tie2 signalling by VEGF could contribute to 

some of the functional effects of VEGF. This was tested by examining the impact of Tiel and 

Tie2 deficiency on VEGF inhibited apoptosis. Specifically, HUVEC deficient for Tiel or 

Tie2 were exposed to 20 ng/ml VEGF165 under the same caspase assay conditions used for the 

preceding Angiopoietin-1 studies. Twenty nanograms of VEGF was selected in part because 

of the bell shaped distribution curve for VEGF mediated survival in HUVEC, where doses 

between 10 and 100 ng/ml exert the maximal anti-apoptotic impact in response to serum 

starvation (113), and also from work by Ferrari et al. who employed low dose VEGF165 (30 

ng/ml) in their investigation of anti-apoptotic mechanisms of VEGF in HUVEC (143). Three 

such experiments were performed with Tiel and Tie2 deficient HUVEC and the combined 

normalised results for each individual receptor type are presented in Figures 4.10 and 4.11 

respectively. In reviewing the results of caspase experiments incorporating VEGF, it is 

apparent that VEGF has a marked anti-apoptotic impact on serum starved HUVEC consistent 

with findings reported in the literature (141). This observation applies to HUVEC transfected 

with either random, Tiel or Tie2 SiRNA, and the magnitude of effect is broadly similar to 

that seen with Angiopoietin-1 when used at 200ng/ml, with a 58% reduction in caspase 

production in random controls where both Tiel and Tie2 are present. However, data in both 

Figures 4.10 and 4.11 suggest loss of either Tiel or Tie2 leads to a decrease in the magnitude 

of VEGF anti-apoptotic effects. To illustrate this more clearly the data was re-plotted to show 

the percentage drop in anti-apoptotic effect when each receptor is absent, compared to VEGF 

treated control HUVEC (Figure 4.12). Loss of Tiel caused an 11 % decrease in anti-apoptotic 

effect of VEGF compared to control HUVEC. Similarly, a 20.1% reduction of anti-apoptotic 

effect of VEGF occured with the loss of Tie2 compared to control HUVEC. Therefore, with 

the loss of either Tie receptor, the anti-apoptotic efficacy of VEGF is indeed reduced, but to a 

greater degree with Tie2 deficiency than with Tiel. This suggests a role for both Tie receptors 

in mediating the anti-apoptotic signals by VEGF in HUVEC, in addition to VEGF’s own 

receptors, VEGFR1 and VEGFR2.
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Figure 4.10: Apoptosis in Tiel deficient HUVEC with or without VEGF165. Tiel deficient 
HUVEC were generated according to the protocol in section 2.11 of the materials and 
methods section. 24 hours after transfection lxlO4 Tiel deficient HUVEC were seeded to 
individual wells of a 96 well plate and cultured for another 24 hours. Cells were then exposed 
to serum free conditions for 4 hours with or without 20 ng/ml VEGF 165, followed by 
determination of caspase production. Combined results from three experiments (all in 
triplicate and normalised), with SEM error bars either side of the mean. Both Random and 
Tiel deficient HUVEC have a statistically significant anti-apoptotic response to VEGF165 

(Random P=<0.0001, Tiel deficient P=<0.01).
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Figure 4.11: Apoptosis in Tie2 deficient HUVEC with or without VEGF165. Tie2 deficient 
HUVEC were generated according to the protocol in section 2.11 of the materials and 
methods section. 24 hours after transfection lxlO4 Tie2 deficient cells were seeded to 
individual wells of a 96 well plate and cultured for another 24 hours. Cells were then exposed 
to serum free conditions for 4 hours with or without 20 ng/ml VEGF165, followed by 
determination of caspase production. Normalised results from three experiments all 
performed in triplicate. SEM error bars shown around the mean. Random HUVEC have a 
statistically significant anti-apoptotic response to VEGF165 (P=<0.0001), although the 
reduction in apoptosis in Tie2 deficient cells does not achieve significance.
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Figure 4.12: Graph demonstrating the reduction in anti-apoptotic efficacy of VEGF165 in Tiel 
and Tie2 deficient HUVEC in comparison to control HUVEC. Data compiled from the three 
separate experimental series with Tiel deficient and Tie2 deficient HUVEC compared to 
controls presented in Figures 4.9 and 4.10. Data manipulation as described in text, with error 
bars representing SEM about the mean for three individual experiments. Overall, Tiel and 
Tie2 deficient HUVEC have a significantly reduced response to the anti-apoptotic effect of 
VEGF 165 compared to random control HUVEC (P=<0.05).
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4.6: Discussion:

The focus of this chapter has been to investigate the anti-apoptotic signalling 

properties of Tie receptors in endothelial cells. Specifically, experiments have proven the 

hypothesis that Tie2 is the receptor principally responsible for mediating Angiopoietin-1 *s 

pro-survival effects in HUVEC. In addition, further studies in Tiel deficient HUVEC suggest 

that this receptor may contribute to cell survival under pro-apoptotic conditions even in the 

absence of Angiopoietin-1, based on the premise that there is an increased rate of caspase 

production in these cells. Tiel deficiency also results in a proportionately greater anti- 

apoptotic dose response to Angiopoietin-1 stimulation. Finally, both Tiel and Tie2 receptors 

enhance the anti-apoptotic impact of VEGF. In an attempt to support the observation of 

increased caspase production in un-stimulated Tiel deficient HUVEC, extensive efforts were 

undertaken to measure cell proliferation through a BromoDeoxyuridine (BrdU) assay. This 

would have given an index of overall cell number to ensure that the caspase values actually 

corresponded to the overall rate of apoptosis within any given cell population. Unfortunately 

it was not possible to establish adequate baseline curves for serum starved versus stimulated 

naive HUVEC using BrdU, and therefore statements regarding the anti-apoptotic function of 

Tiel under basal conditions must remain guarded as the work stands at present.

Several key works have collectively documented in detail the anti-apoptotic effects of 

Angiopoietin-1 on endothelial cells (47,115,117,141). Although it has only recently been 

possible to effectively activate Tiel, the assertion in these studies that Tie2 is the major 

receptor mediating pro-survival signalling has proven to be true on the basis of the data 

presented here. No matter what part is played by Tiel in this process, the present work 

demonstrates the essential requirement for Tie2 in Angiopoietin-1 mediated cell survival 

responses. Indeed, with Tie2 silencing to the degree achieved in these experiments there is a 

complete loss of the protective effects of Angiopoietin-1.

A number of studies suggest Tiel may also have an anti-apoptotic role in endothelial 

cells. Developmentally, Tiel is an essential receptor, becoming active during late 

angiogenesis especially in the development of capillaries in tissues such as the brain and 

kidney (43). In Tiel knockout mice, vascular development is able to progresses normally until 

E l3 but embryos then rapidly die by E l4.5 secondary to severe oedema and microvascular 

rupture (35,44). To further investigate Tiel functions in vivo, Partanen created chimaeric 

Tiel mouse embryos and identified a possible pro-survival role for Tiel in endothelial cells 

present in vascular beds such as the lung and kidney. With the suggestion of a putative pro-
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survival function for T iel, Kontos et al. conducted several experiments to further investigate a 

possible anti-apoptotic role for Tiel under in vitro conditions. By creating a c-fms-Tiel 

chimaeric receptor consisting of the membrane and intracellular portion of Tiel attached to a 

CSF-1 extracellular domain, they were able to overcome the difficulties of ligand activation 

associated with wild type Tie 1(119). Having stably expressed c-fms-Tiel in NIH-3T3 cells, 

this chimaeric receptor was successfully autophosphorylated in response to CFS-1 ligand, 

even in the absence of Tie2. Moreover, given the more favourable p85 binding sequence 

surrounding Tyrosine 1113 in Tiel compared to Tyrosine 1101 of Tie2, c-fms-Tiel activation 

led to strong activation of Akt, potently reducing irradiation-induced apoptosis. Indeed, 

mutation of Y1113 abolished these anti-apoptotic effects establishing it as the preferred 

binding site for p85 / Akt mediated cell survival signalling. Other studies using a TrkA/Tiel 

chimaeric receptor failed to reproduce such ligand induced phosphorylation however, but did 

identify a close physical interaction between Tiel and Tie2, although ligand induced Tie2 

phosphorylation failed to unidirectionally transphosphorylate Tiel (144). With the advent of 

more potent angiopoietin agonists such as COMP-Angl, Saharinen et al. successfiilly 

phosphorylated wild type T iel, which was further enhanced when Tiel was co-expressed 

with Tie2. Taken collectively, these data demonstrate that although Tiel does not readily 

phosphorylate in a manner similar to Tie2, it does have the potential to mediate potent 

downstream anti-apoptotic effects in addition to requiring a close association with Tie2 

necessary for its correct function. Therefore although excess Tie2Fe may well abolish Tie2 

anti-apoptotic signalling in all studies to date, if Tiel exerts its functions at least in part 

through receptor association with Tie2, it would need removal altogether to allow conclusions 

to be drawn about its relative role in endothelial cell survival. In all the present experiments 

with Tiel deficient HUVEC, the baseline level of apoptosis is elevated when compared to 

HUVEC containing both Tie 1 and Tie2. This stands in accord with previous reports 

identifying a role for Tiel in cell survival, but suggests that this function is not necessarily 

dependent upon externally administered angiopoietin-1 stimulation. Once again, this 

observation needs to be tempered against the lack of proliferation data that could feasibly bias 

the magnitude of Tiel deficient HUVEC apoptosis. However, assuming Tiel does contribute 

to baseline survival, perhaps the association of Tiel and Tie2 results in tonic Tiel 

phosphorylation that then feeds into the P85 / Akt pathway. Regardless of this, with 

Angiopoietin-1 stimulation of Tiel deficient cells, there is an exaggerated anti-apoptotic 

response compared to controls possessing both functioning receptors. As such an enhanced 

pro-survival response is less likely to be offset by variation in total cell number, this implies
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that Tie2 is somehow more effective in activating P85 / Akt when acting in isolation. This 

might result from loss of an inhibitory effect of associated Tiel, or from greater availability of 

downstream signalling intermediaries in T iel’s absence. Studies of the activity of signalling 

intermediary activation in Tie deficient HUVEC may well provide the answer to this and offer 

further data on T iel’s anti-apoptotic function.

With the discovery in 1999 that a truncated form of Tiel appears within endothelial 

cells following exposure to Phorbol Myristate Acetate (PMA), new light was shed on the 

dynamic interaction between Tiel and Te2 (145). This fragment of Tiel is 45kD in size and 

represents the intracellular and transmembrane domains of the full length receptor. Based on 

the further observation that VEGF causes the release of Tiel ectodomain (146), Tsiamis et al. 

used VEGF treatment of HUVEC to demonstrate that the same Tiel truncation process occurs 

as seen with PMA, releasing the ectodomain into the culture media to leave the 

transmembrane and cytoplasmic portions in the cell membrane (147). Further 

immunoprecipitation work demonstrated that VEGF does not disturb the physical association 

of Tiel :Tie2 complexes, but rather that the Tiel portion of the heterodimer takes the truncated 

form. If Tiel has a significant role to play in cell survival responses in endothelial cells, then 

its truncation by VEGF may well have major implications for Angiopoietin-1 / Tie mediated 

anti-apoptotic processes. To investigate this possibility the present work has demonstrated 

that Tiel and Tie2 receptors are indeed both required if the maximal anti-apoptotic impact of 

VEGF on serum-starved HUVEC is to be achieved. With deficiency in either Tiel or Tie2 the 

magnitude of caspase reduction falls markedly but to a greater extent following the loss of 

Tie2. With the pre-publication data kindly provided by H Singh that Tiel :Tie2 complexes 

containing truncated Tiel (via either VEGF or PMA stimulation) display enhanced signalling, 

it becomes possible to postulate how this might affect the anti-apoptotic role of VEGF. If 

truncated Tiel :Tie2 heterodimers are blocked from forming through gene silencing of either 

receptor, then any enhanced Tie activation secondary to heterodimerisation would be lost.

This would then leave the anti-apoptotic effect of VEGF to act solely through its own native 

receptors. One omission in the present data concerns the anti-apoptotic effects of VEGF in the 

absence of both Tie receptors. This would have provided a more complete assessment of Tie 

receptor function with VEGF and would be of value in planning future experiments.
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5.1: Cell Adhesion Molecule Expression in Endothelial Cells and Their 

Regulation by Angiopoietin / Tie Signalling:

One of the earliest events involved in inflammatory activation of the endothelium 

involves the expression of cell adhesion molecules (CAMs). These cell surface receptors 

appear rapidly and interact with complementary receptors on circulating inflammatory cells. 

By this mechanism, leucocytes marginate from the circulation and diapedese through inter- 

endothelial junctions into areas of tissue damage or infection. Endothelial CAM expression 

therefore represents a major component of the inflammatory response both under normal and 

pathological conditions. ICAM-1, VCAM-1 and E-selectin are three key cell adhesion 

molecules involved in cell-cell interaction and therefore represent important markers of 

inflammatory activation.

The purpose of the present project was to:

1: Develop an in vitro assay of endothelial activation, offering both qualitative and

quantitative assessment of ICAM-1, VCAM-1 and E-selectin expression.

2: Profile the time and dose dependent synthesis of different CAMs in endothelial cells

following stimulation with different inflammatory cytokines.

3: Evaluate the impact of Ang-1 on CAM expression during the process of inflammatory

activation, focussing specifically on ICAM-1, VCAM-1 and E-selectin.

4: Investigate the impact of selective Tie receptor deficiency on individual CAM

expression profiles under inflammatory conditions, and the influence or otherwise of Ang-1 

under these conditions.
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5.2: Induction of CAM Expression in Endothelial Cells:

To begin studying endothelial CAM expression, endothelial cells were challenged 

with several different inflammatory cytokines and their CAM profiles visualised using a 

fluorescent immunocytochemistry technique described fully in section 2.18 of the materials 

and methods section. In brief, HMEC-98 or HUVEC were seeded into the wells of a 24 well 

plate containing single, sterile, glass cover slips (coated with 1% gelatine for HMEC-98). 

Following a 24 hour incubation period, individual cell populations were challenged with A-1 

or TNFa for 6 hours. Coverslip cell sheets were then fixed with 4% paraformaldehyde, and 

VCAM-1 expression detected with aFITC labelled anti-VCAM-1 antibody as described. 

Figure 5.1 presents photomicrographs taken o f VCAM-lexpression inHMEC-98 stimulated 

with TNFa (A) and HUVEC stimulated with H-l (B). In both cases, there was a 

heterogeneous response to cytokine stimulation with marked variation in staining from one 

cell to the next Those cells reacting strongly to cytokine stimulation had a  cell outline that 

was 'peppered’ with green antibody label, clearly revealing the detail o f  cell membrane 

processes. From these initial studies, consistently strong VCAM-1 defection always followed 

II-1 and TNFa exposure, but little or no response was observed after stimulation with two 

other inflammatory cytokines, thrombin and VEGF. For this reason, subsequent experiments 

focussed on CAM expression induced by either TNFa or II-1 alone.

53: CAM Quantitation Assay:

Given the variable cell-to-cell cytokine response within any given endothelial cell population 

studied, field-counting of stained cells proved insufficiently accurate to offer a quantitative 

assessment of CAM expression. Moreover, as the fluorophore rapidly bleached during 

microscopic examination, all data analysis had to be conducted offline, introducing the need 

for complex camera calibration to set a sensitivity threshold capable of detecting less well 

stained cells in individual captured frames. For this reason, an alternative technique for CAM 

quantitation was devised based on a cell-ELISA approach. In brief, endothelial cells were 

seeded directly into the wells of a 96 well plate, challenged with inflammatory cytokines, 

fixed in paraformaldehyde and probed with FITC-labelled anti-CAM antibodies as before.
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Figure 5.1: VCAM-1 expression in HMEC-98 (A) and HUVEC (B). Endothelial cells were 
cultured on gelatine coated and uncoated glass coverslips respectively for 24 hours. In 
photomicrograph A VCAM-1 induction followed exposure to 50 ng/ml TNFa for 4 hours 
prior to cell fixation and CAM detection as described in section 2.18 of the materials and 
methods section. VCAM-1 induction in B followed exposure to 10 ng/ml II-1. Careful 
inspection of both Figures demonstrates the outline of cells that have not responded to 
cytokine stimulation (indicated by red arrows), contrasting markedly with the densely stained 
cell in the centre of each field.
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To quantitate the total CAM expression in a cell population, an HRP-linked 

secondary antibody directed against the FITC-CAM primary antibodies was used. Once all 

unbound antibody had been washed away, the total CAM present defined the rate of a 

colourimetric reaction catalysed by the HRP linked secondary antibody. To obtain maximal 

sensitivity, colourimetric measurement was delayed until the reaction had proceeded towards 

the upper limit of the plate readers operative range (Around 60 minutes). As all steps were 

achieved by the addition of reagents directly into individual wells of a 96 well plate, this 

provided for a high-throughput of different experimental conditions allowing considerable 

experimental efficiency. Figure 5.2 presents the combined results from three separate CAM 

quantitation assays, measuring not only VCAM-1 (A) but also ICAM-1 (B) and E-Selectin 

(C) expression over a six hour time period in HMEC-98 exposed to 10 ng/ml 11-1. All anti- 

CAM antibodies shared the same animal specificity for the secondary HRP-linked antibody. 

Individual experiment II-1 stimulated CAM values were normalised to the baseline CAM 

expression in un-stimulated cells, prior to data pooling and presentation as relative CAM 

expression. ICAM-1 and E-Selectin data was then subsequently normalised to baseline 

VCAM-1 expression, in order to clearly visualise the different baseline CAM expression 

levels prior to 11-1 exposure. Figure 5.2 (A) demonstrates a progressive, statistically 

significant increase in VCAM-1 expression with each extra hour of exposure to II-1, right up 

to the 6 hour cut off point. Over this time period there is on average a 13.5 fold increase in 

VCAM-1 expression but with progressively greater inter-well variation towards the end of the 

measurement period. Surprisingly, ICAM-1 and E-Selectin had a completely unexpected 

expression profile, demonstrating a non-linear response to the addition of high-dose II-1 

(iFigure 5.2 B and C). Firstly, ICAM-1 had a consistently high baseline expression in un

stimulated cells, and this was not further increased by the addition of II-1 at any 

concentration. Indeed the ICAM-1 expression mirrored that of the greatly elevated VCAM-1 

values following the frill 6 hour II-1 exposure period. In contrast to this, E-Selectin was 

expressed at very low levels under baseline conditions (similar to un-stimulated VCAM-1 

expression), but did show a significant elevation after three hours of II-1 exposure, before 

tailing off again towards the 6 hour cut off point. These data indicate that the HMEC-98 cells 

used for these experiments constitutively express ICAM-1 and to a very high level compared 

to the other two CAM’s, and that with the exception of a small transient rise in E-Selectin, 

only VCAM-1 responded to increasing durations of exposure to II-1. Given the absence of a 

progressive and linear increase on ICAM-1 or E-Selectin expression with high-dose II-1, all 

remaining studies on HMEC-98 employed VCAM-1 only.
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Figure 5.2: VCAM-1 (A), ICAM-1 (B) and E-Selectin (C) expression in HMEC-98. 1.5xl05 
HMEC-98 were seeded into gelatine coated wells of a 96 well plate, followed by a 24 hour 
incubation period. CAM stimulation with 10 ng/ml II-1 at time zero with expression levels 
recorded over the following 6 hours as described in the text and section 2.18 of the materials 
and methods chapter. Mean values representative of individual wells combined from a total of 
three separate experiments, presented as relative CAM expression and flanked by SEM error 
bars. VCAM-1 expression is statistically increased at all time points by 10 ng/ml II-1 as is E- 
Selectin at 3 hours time exposure (** P =<0.005, * P =< 0.05). Note the relative un-stimulated 
baseline CAM expression; Y axis values set to best demonstrate CAM variation at each 
timepoint.
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Having established a large increase in VCAM-1 expression over a 6 hour time period, 

this was chosen as the standard duration for cytokine exposure in all subsequent CAM 

experiments. The next set of experiments measured the dose-dependency of CAM expression 

in HMEC-98. Figure 5.3 presents two graphs to show the VCAM-1 response to 11-1 (A) and 

TNFa (B) administered over a broad range of concentrations. Figure 5.3 demonstrates that 

both II-1 and TNFa have a similar degree of potency when administered to HMEC-98. In 

both cases there was on average a 10-fold increase in VCAM-1 expression at the maximal 

concentration used when compared to the cytokine-free baseline.

Although the experiments presented in Figures 5.2 and 5.3 demonstrate that 

inflammatory cytokines can up-regulate VAM-1 expression in a dose and time dependent 

manner, concerns remained about the suitability of HMEC-98 for further CAM experiments 

given their un-expected ICAM-1 and E-Selectin profiles. Similar experiments measuring 

VCAM-1, ICAM-1 and E-Selectin were conducted in another immortalised endothelial cell 

line, EA.hy926 with similarly aberrant results; this time with inducible ICAM-1 but no 

response from VCAM-1 or E-Selectin (data not shown). Therefore, given the wide variation 

in inflammatory cytokine induced CAM response in two immortalised endothelial cell types, 

attention was turned to the CAM expression profile in a primary endothelial cell line using 

HUVEC. If the aberrant CAM expression profiles seen in HMEC-98 mid EA.hy926 are due in 

part to their immortalised nature, then HUVEC might reasonably be expected to remain as 

phenotypically representative of endothelial cell behaviour as possible. To test this 

hypothesis, HUVEC were analysed for CAM production in the same manner as for HMEC-98 

by initially using a relatively high concentration of II-1 at 1 ng/ml. Figure 5.4 presents data 

from three separate experiments in which CAM expression by HUVEC exposed to 1 ng/ml II- 

1 was determined. In this experiment, HUVEC expressed all three studied CAMs to a high 

level following treatment with 1 ng/ml II-1, and, although not shown in the graph, baseline 

values for every CAM was maintained at a very low level. To further investigate the 

concentration dependency of CAM up-regulation, HUVEC were treated for 6 hours to a range 

of II-1 and TNFa concentrations, with particular emphasis on the effects of low-dose cytokine 

exposure (Figures 5.5(a) and 5.5(b)). In these combined experiments, both 11-1 and TNFa 

have a strong dose-dependent relationship with CAM production in HUVEC over a 6 hour 

time period when used in concentrations between 0.05 and 50 ng/ml. Although there was a 

variable statistical response in CAM up-regulation in response to 11-1 or TNFa, it is apparent 

that II-1 induced a more marked CAM response at the lowest cytokine concentrations used.
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Figure 5.3: VCAM-1 expression in HMEC-98 6 hours after stimulation with II-1 (A) or 
TNFa (B). HMEC-98 were seeded at 1.5xl05 cells per individual gelatine coated well of a 96 
well plate. After 24 hours, TNFa or II-1 was added to respective wells at 0.1, 0.5, 1.0 or 10.0 
ng/ml as indicated, followed by VCAM-1 quantitation after a further 6 hours as previously 
described. Each condition represents the combined data from three individual experiments, 
with all values normalised to the un-stimulated baseline for each CAM, prior to combination 
and presentation as relative CAM expression. Error bars represent SEM about the mean. All 
concentrations of II-1 and TNFa induce VCAM-1 up-regulation, reaching statistical 
significance in all cases for 11-1 and at 0.5 ng/ml for TNFa ( * P =<0.05, ** P =<0.01).
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Figure 5.4: HUVEC CAM expression following exposure to 1 ng/ml II-1. HUVEC (Passage 
number no higher than 7) were seeded at 2xl05 into uncoated wells of a 96 well plate and 
cultured for 24 hours. Individual wells were then sequentially exposed to 1 ng/ml II-1 for 6 
hours, followed by VCAM-1, ICAM-1 and E-Selectin quantitation as previously described. 
Data compiled from three separate experimens where all CAM data has been normalised to 
the respective un-stimulated baseline, prior to combination as mean values flanked by SEM 
error bars. E-Selectin is significantly increased by exposure to 1 ng/ml II-1 (** P=< 0.01)
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Figure 5.5 (a): HUVEC dose-dependent CAM expression following exposure to TNFa. 
HUVEC were seeded at 2xl05 cells per un-coated well in a 96 well plate and cultured for 24 
hours. Wells were then exposed to TNFa at the indicated doses, followed by VCAM-1 (Graph 
A), ICAM-1 (Graph B) and E-Selectin (Graph C) determination after a further 6 hours as 
described. Representative experiment from three separate experiments, with SEM error bars 
about the mean (* P =<0.05, ** P =<0.01).
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Figure 5.5 (b): HUVEC dose-dependent CAM expression following exposure to II-1. 
HUVEC were seeded at 2xl05 cells per un-coated well in a 96 well plate and cultured for 24 
hours. Wells were then exposed to II-1 at the indicated doses, followed by VCAM-1 (Graph 
A), ICAM-1 (Graph B) and E-Selectin (Graph C) determination after a further 6 hours as 
described. Data combined from three separate experiments, with SEM error bars about the 
mean (* P =<0.05, ** P =<0.01).
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Of central importance to both inflammatory responses and endothelial proliferation is 

the growth factor VEGF. Despite difficulties in visualising VCAM-1 expression in HMEC-98 

following VEGF stimulation, its induction in a primary cell line such as HUVEC would 

represent a valuable research tool. Therefore, before further studying the impact of II-1 and 

TNFa on CAM expression, a preliminary series of experiments were conducted to attempt to 

demonstrate CAM induction by VEGF, according to specific methods described by Kim et al. 

(132). Figure 5.6 presents the cumulative data from three individual experiments, comparing 

the expression of VCAM-1, ICAM-1 and E-Selectin with 20 ng/ml VEGF, both on its own or 

in conjunction with Ang-1 at 200 ng/ml. Although 20 ng/ml VEGF does induce a very small 

increase in CAM expression over baseline values (especially for VCAM-1 and ICAM-1), this 

fails to reach statistical significance despite limited inter-well variation; neither is there any 

significant inhibition of VEGF induced CAM expression by the co-exposure with 200 ng/ml 

Ang-1.

5.4: CAM Expression and Ang-1 Stimulation:

Having established the dose and time dependent expression of HUVEC VCAM-1, 

ICAM-1 and E-Selectin in response to II-1 and TNFa, the next series of experiments sought 

to test whether Ang-1 could inhibit CAM expression under similar inflammatory conditions. 

Figure 5.7 presents the results from one such experiment, comparing HUVEC CAM 

expression in the presence of low-dose II-1 with or without Ang-1 at 200 ng/ml. II-1 

concentrations between 0.01 and 0.05 ng/ml were selected as they fell below the lowest 

concentration used to induce CAM up-regulation in Figure 5.5 (b), with the intention to avoid 

swamping any potentially weak Ang-1 effects. Firstly, Figure 5.7 demonstrates a clear 

concentration dependent increase in the expression of all three CAM’s over a dosage range 

below the lowest level of II-1 used in Figure 5.5 (b). Furthermore, 200 ng/ml Ang-1 appears 

to inhibit ICAM-1 and E-Selectin expression when added concurrently with either 0.03 or 

0.05 ng/ml II-1. This observation is most noticeable for E-Selectin, where its stimulation by 

II-1 is halved in the presence of Ang-1. Also of note is the apparent synergistic effect between 

Ang-1 and 11-1 on VCAM-1, ICAM-1 and E-Selectin expression at 0.01 ng/ml 11-1. To 

establish the reproducibility of these findings, the same experiment was performed four times 

in total, and the results of this series are presented in Figures 5.8 (a) through 5.8 (c).
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Figure 5.7: HUVEC CAM expression following exposure different Il-l doses with or without 
Ang-1. HUVEC were seeded at 2xl05 cells per un-coated well in a 96 well plate and cultured 
for 24 hours. Wells were then exposed to Il-l at 0.01, 0.03 or 0.05 ng/ml, with or without 200 
ng/ml Ang-1 (added simultaneously). VCAM-1 (Graph A), ICAM-1 (Graph B) and E- 
Selectin (Graph C) expression was then determined after a further 6 hours as described in the 
materials and methods section. The baseline level of expression of each CAM has been 
subtracted from all presented data. Replicate wells for each condition, with SD error bars 
about the mean. Representative experiment shown from a series of four.
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without Ang-1. HUVEC seeded at 2x10 cells per un-coated well in a 96 well plate and 
cultured for 24 hours. Wells then exposed to Il-l at 0.01, 0.03 or 0.05 ng/ml, with or without 
200 ng/ml Ang-1 exactly as described for Figure 5.9, followed by CAM determination after 6 
hours. Data from four individual experiments, with individual data points in duplicate. Data 
presented to show additive effect of 200 ng/ml Ang-1 on CAM expression relative to that 
produced by IL-1 alone, i.e. percentage inhibition of CAM expression by Ang-1. VCAM-1 
expression fell at 0.03 and 0.05ng/ml (not significant).
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Figure 5.8 (b): ICAM-1 expression in HUVEC exposed to different Il-l doses, with or 
without Ang-1. HUVEC seeded at 2xl05 cells per un-coated well in a 96 well plate and 
cultured for 24 hours. Wells then exposed to Il-l at 0.01, 0.03 or 0.05 ng/ml, with or without 
200 ng/ml Ang-1, followed by CAM determination after 6 hours. Graph represents the 
combined data from four individual experiments, with individual data points in duplicate. 
Data presented to show additive effect of 200 ng/ml Ang-1 on CAM expression relative to 
that produced by IL-1 alone, i.e. percentage inhibition of CAM expression by Ang-1. ICAM-1 
expression is inhibited by 200 ng/ml Ang-1 in the presence of 0.03 ng/ml Il-l only (not 
significant).
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without Ang-1. HUVEC seeded at 2xl05 cells per un-coated well in a 96 well plate and 
cultured for 24 hours. Wells then exposed to Il-l at 0.01, 0.03 or 0.05 ng/ml, with or without 
200 ng/ml Ang-1, followed by CAM determination after 6 hours. Graph represents the 
combined data from four individual experiments, with individual data points in duplicate. 
Data presented to show additive effect of 200 ng/ml Ang-1 on CAM expression relative to 
that produced by IL-1 alone, i.e. percentage inhibition of CAM expression by Ang-1. E- 
selectin expression is inhibited by 200 ng/ml Ang-1 in the presence of 0.03 and 0.05ng/ml Il-l 
(* P=0.05). E-Selectin is increased by the same dose of Ang-1 in the presence of 0.01 ng/ml 
Il-l (* P=0.05).
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Figures 5.8 (a) through 5.8 (c) presents the compiled CAM expression data from four 

individual experiments, presenting each individual CAM separately on its own axis, whilst 

each bar represents the increase or decrease in CAM expression in relation to that produced 

by Il-l alone for each concentration stated. Ang-1 inhibits both VCAM-1 and E-Selectin 

expression at 0.03 and 0.05 ng/ml Il-l, reaching significance for E-Selectin only. Ang-1 also 

inhibited ICAM-1 expression when combined with 0.03 ng/ml Il-l, but not at the higher dose 

of 0.05 ng/ml as for VCAM-1 or E-Selectin. Of great interest is the synergism hinted at in 

Figure 5.7 between low-dose Il-l and Ang-1 on CAM up-regulation, and this effect is present 

for all three CAM’s in this series although only reaching significance again for E-Selectin.

To further investigate the effects of Ang-1 at CAM inhibition, a range of high-dose 

Ang-1 concentrations was then combined with 31-1 at a fixed concentration of 0.05 ng/ml. The 

result of a single such experiment is presented in Figure 5.9, following subtraction of un- 

stimulated CAM readings as in previous experiments.
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Figure 5.9: VCAM-1 ICAM-1 and E-Selectin expression in HUVEC exposed to 0.05 ng/ml 
Il-l and increasing concentrations of Ang-1. HUVEC seeded at 2xl05 cells per un-coated well 
in a 96 well plate and cultured for 24 hours. Wells then exposed to 0.05 ng/ml Il-l plus 0,
200, 400, 600 or 800 ng/ml Ang-1, followed by ICAM-1 (Graph A), VCAM-1 (Graph B) and 
E-Selectin (Graph C) determination after 6 hours. All graph data presented following 
subtraction of un-stimulated CAM baseline values. Each data point represents duplicate wells, 
with SD error bars about the mean. Representative experiment from a series of four shown. 
(*P =<0.05).
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Having established an inhibitory effect of Ang-1 on CAM expression when used at 

200 ng/ml, higher doses result in further reductions in CAM expression, particularly for 

VCAM-1. Examining Figure 5.9 demonstrates this finding clearly, although none of the 

higher Ang-1 doses achieve statistical significance because of high inter-well variability in the 

Il-l solo wells. ICAM-1 does not have any striking response to high-dose Ang-1, but there is 

a small fall in E-Selectin expression, reaching significance at 400 ng/ml. To verify the 

repeatability of these data, three separate experiments were conducted in total, and they are 

presented individually for each CAM in Figures 5.10 (a) through 5.10 (c). To create these 

graphs, each CAM has been plotted on its own axis and all un-stimulated CAM baseline 

values have been subtracted. As for Figure 5.8, each bar represents the impact of Ang-1 as a 

percentage increase or decrease over the value obtained for Il-l alone at each stated dose. 

Considering each CAM in turn, Figure 5.10 confirms the reproducibility of VCAM-1 

inhibition with increasing Ang-1 concentrations, with each value reaching significance. At the 

highest dose used, VCAM-1 expression is halved and there is a relatively smooth linearity to 

the VCAM-1 reduction with each step up in Ang-1 concentration. ICAM-1 on the other hand 

does not have the same magnitude of inhibition as seen with VCAM-1, although Ang-1 at any 

dosage does inhibit CAM expression to some degree. Indeed, the tolerance of each data set is 

close enough to reach significance at 200,400 and 800 ng/ml Ang-1 despite the very small 

overall impact on CAM expression compared to Il-l on its own. Finally, there is a 

considerable inhibition of E-Selectin as Ang-1 concentrations rise, reaching significance at 

400,600 and 800 ng/ml. The e_Selectin response does not share the linearity associated with 

VCAM-1 expression though, and values actually rise towards 800 ng/ml.

5.5: CAM Expression Studies in Tie deficient Endothelial Cells:

The final section of this project investigated the relative contribution made by Tie 

receptors to CAM regulation, both constitutively and in response to Ang-1 stimulation. To 

approach this objective, Tie deficient HUVEC were generated as described in the previous 

two chapters and in detail in section 2.11 of the Materials and Methods chapter. Tie deficient 

HUVEC were then assayed for CAM expression in response to Il-l stimulation both with and 

without Ang-1. As in previous experiments, Tie receptor removal was highly effective using 

SiRNA techniques. Furthermore, as Ang-1 exerted a consistent, dose dependent reduction in 

VCAM-1 expression in naive HUVEC, this CAM was selected as the sole marker of Ang-1 

activity in Tie deficient cells. Figure 5.11 presents the VCAM-1 profile from a single
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experiment using T iel, Tie2 and random transfected HUVEC exposed to increasing 

concentrations of Ang-1 in conjunction with Il-l at 0.05 ng/ml. Unfortunately, HUVEC 

transfection was subsequently plagued with technical problems and no further data was 

generated with Tie deficient HUVEC. As such, it was not possible to draw conclusions upon 

either the baseline CAM expression profile in Tie deficient HUVEC, nor their response to 

stimulation with either inflammatory cytokines or Ang-1.

110



VCAM-1

Figure 5.10 (a): VCAM-1 expression in HUVEC exposed to 0.05 ng/ml Il-l and increasing 
concentrations of Ang-1. HUVEC seeded at 2xl05 cells per un-coated well in a 96 well plate 
and cultured for 24 hours. Wells then exposed to 0.05 ng/ml Il-l plus 0, 200, 400, 600 or 
800ng/ml Ang-1, followed by CAM determination after 6 hours. Graph presents the 
percentage fall in CAM expression associated with increasing Ang-1 concentrations as 
compared to the level expressed with Il-l alone at 0.05 ng/ml. Data combined from three 
individual experiments each in duplicate. Error bars represent the SEM about the mean for 
each value. Statistical significance shown by asterisks (* P=0.05 and *** P=0.0001).
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Figure 5.10 (b): ICAM-1 expression in HUVEC exposed to 0.05 ng/ml Il-l and increasing 
concentrations of Ang-1. HUVEC seeded at 2xl05 cells per un-coated well in a 96 well plate 
and cultured for 24 hours. Wells then exposed to 0.05 ng/ml Il-l plus 0,200, 400, 600 or 
800ng/ml Ang-1, followed by CAM determination after 6 hours. Graph presents the 
percentage fall in CAM expression associated with increasing Ang-1 concentrations as 
compared to the level expressed with Il-l alone at 0.05 ng/ml. Data from three individual 
experiments, each in duplicate. Error bars represent the SEM about the mean for each value. 
Statistical significance shown by asterisks (* P=0.05 and *** P=0.0001).
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E-Selectin

Figure 5.10 (c): E-Selectin expression in HUVEC exposed to 0.05 ng/ml Il-l and increasing 
concentrations of Ang-1. HUVEC seeded at 2xl05 cells per un-coated well in a 96 well plate 
and cultured for 24 hours. Wells then exposed to 0.05 ng/ml Il-l plus 0, 200,400, 600 or 
800ng/ml Ang-1, followed by E-Selectin determination after 6 hours. Graph presents the 
percentage fall in CAM expression associated with increasing Ang-1 concentrations as 
compared to the level expressed with Il-l alone at 0.05 ng/ml. Data combined from three 
individual experiments, each in duplicate. Error bars represent the SEM about the mean for 
each value. Statistical significance shown by asterisks (* P=0.05 and ** P=0.0005).
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Figure 5.11: Random control (A), Tiel deficient (B) and Tie2 deficient (C) HUVEC VCAM- 
1 expression following exposure to 0.05 ng/ml Il-l and increasing concentrations of Ang-1. 
Each graph presents the CAM expression associated with increasing Ang-1 concentrations in 
addition to 0.05 ng/ml Il-l per well. Random, Tiel deficient and Tie2 deficient HUVEC 
seeded at 2x105 cells per un-coated well in a 96 well plate and cultured for 24 hours. Wells 
then exposed to 0.05 ng/ml Il-l plus 0, 200, 400, 600 or 800 ng/ml Ang-1, followed by 
VCAM-1 determination after 6 hours. Error bars represent the SD about the mean for each 
value. Data presented from a single experiment.
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5.6: Discussion:

This chapter set out to create an experimental system capable of measuring CAM 

expression in endothelial cells under inflammatory conditions. Using immunocytochemistry 

and cell-ELISA based approaches, the expression pattern of VCAM-1, ICAM-1 and E- 

Selectin have been studied in immortalized cells and in primary HUVEC. Primary HUVEC 

were the only cell type found to reliably up-regulate all three CAMs upon inflammatory 

stimulation, whilst maintaining them all at a comparatively low level under basal conditions. 

As CAM expression is such an important aspect of endothelial biology, it was surprising that 

both HMEC-98 and EA.hy926 endothelial cells displayed such aberrant constitutive and 

cytokine induced CAM expression profiles. These cell lines were originally created to address 

some of the challenges of working with primary endothelial cells, namely their difficulty of 

isolation, exacting culture requirements and limited lifespan. In addressing these problems, 

Ades et al. created HMEC-1, the first immortalised endothelial cell line, through the 

transfection of human dermal microvascular endothelial cells with an SV40 plasmid (148). 

These cells were rapidly feted with their ease of culture, purity of population and indefinite 

passage potential. Using a different approach, EA.hy926 were created as a hybridoma 

between HUVEC and the neoplastic epithelial cell line A549, and were also shown to grow 

with great vigour and behave in a manner consistent with primary ECs, especially when used 

in leucocyte-endothelial binding assays (149,150). On the basis of these and other reports, 

immortalised endothelial cell lines such as these have been utilised to address numerous 

questions in a wide range of in vitro experiments (151,152).

In spite of their perceived value, studies directly comparing endothelial cell lines with 

their primary relatives have highlighted significant phenotypic changes occurring subsequent 

to the process of immortalization. For example, although morphologically indistinguishable 

from either HUVECs or HDMECs, Xu et al found that HMEC-1 show both quantitative and 

qualitative differences in cell surface antigens with increasing passage number, especially the 

loss of vWF and CD36 expression that had been a central feature verifying the cells 

endothelial lineage in the first place (152, 153). Similar studies have described difficulties 

with immortalised endothelial cells used in blood brain barrier permeability experiments, 

where the immortalisation of isolated brain endothelial cells generally fail to achieve a 

monolayer barrier comparable to that achievable with low passage primary endothelial cells, 

despite a comparable overall morphology and the presence of key junctional complexes such 

as Occludin, Claudins 1 to 5 and JAM (154). With greatest relevance to the present work,

114



Lidington et al conducted a thorough assessment of CAM expression in several endothelial 

cell lines including HMEC-1, EA.hy926, ECV304 and primary HUVEC (155). This work 

described the expression of VCAM-1, ICAM-1 and E-Selectin in EA.hy926 with similar 

findings to those presented here, namely an ability to induce ICAM-1 expression with TNFa 

but with no response from the other two despite inflammatory stimulation. Interestingly, 

Lidington found that HMEC-1 expressed lower levels of ICAM-1 compared to the HMEC-98 

used in this work, suggesting that this is either a specific difference between these two HMEC 

variants or that individual variations can appear within a given population with increasing 

passage number. This latter possibility was explored by van Waarde-Verhagen et al. who 

looked at the long term effects of repeated passage in immortalized VH25 human fibroblasts 

(156). After 150 population doublings, half of the clones studied showed genetic alteration, 

such as changes in ploidy or abnormal expression of the regulatory cell cycle and tumour 

suppressor genes p21 and p53. With such progressive dysfunctional ceil cycle regulation, sub

clones of affected cells might come to dominate within a mixed population with the 

subsequent loss of the original genotypic and phenotypic properties characteristic of the cells 

of origin.

In order to replicate the in vivo state as closely as possible, HUVEC CAM expression 

formed the mainstay of the experiments presented in this chapter. Initial experiments 

conducted to evaluate the ability of VEGF to up-regulate inflammatory CAM expression were 

disappointing, with no statistically detectable response to a challenge from 20 ng/ml 

VEGF 165. This particular concentration was selected so as to closely replicate the experiments 

conducted by Kim et al. who successfully demonstrated increased CAM mRNA and protein 

expression in VEGF165 treated HUVEC (132). However, whilst Stannard et al. also recorded 

small rises in CAM mRNA in response to VEGF stimulation, this failed to elicit detectable 

protein expression levels when using flow cytometry., suggesting that the CAM upregulation 

by VEGF is below the threshold for detection by this or cell-ELISA approaches (Stannard). 

Despite this, Stannard did demonstrate an additive and synergistic effect on CAM expression 

when VEGF and TNFa were administered together. Whilst further experiments in this work 

could have investigated the impact of higher concentrations of VEGF on CAM up-regulation, 

the focus of this investigation was maintained towards the potent pro-inflammatory effects of 

Il-l and TNFa. Indeed, there was a broad-spectrum response and high sensitivity to different 

concentrations of both TNFa and Il-l which went on to provide an excellent basis for the 

subsequent analysis of Ang-1 on CAM expression. Interestingly, there was an additive effect 

on the up-regulation of all three CAM’s when Ang-1 was combined with Il-l at 0.01 ng/ml,
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compared to Il-l administered on its own. Given Ang-ls inhibition of CAM expression with 

Il-l at 0.03 and 0.05 ng/ml, this synergistic effect at the lowest Il-l dose was unexpected. 

These results imply that Ang-1 acts to prime the endothelium towards a transient increase 

CAM expression in the presence of low concentrations of inflammatory cytokines, and can 

therefore be considered to be acting in a pro-inflammatory manner under such conditions. If 

this is the case then a pro-inflammatory role clearly does not persist with higher doses of Ang- 

1, where there is a progressive and significant inhibition of VCAM-1 when combined with a 

constant concentration of Il-l at 0.05 ng/ml. The effect of higher Ang-1 doses had a far less 

obvious impact on either ICAM-1 or E-Selectin expression, although they were all reduced to 

some degree and significantly so in many cases.

To complete the studies on endothelial CAM expression within the context of this 

thesis, the last experiments concerned CAM expression in Tie deficient cells. Tie receptor 

removal proved highly effective using an SiRNA approach as in otter experimental chapters, 

and initial cell preparations remained fully capable of raising an adhesion molecule responses 

to stimulation with pro-inflammatory cytokines. Unfortunately limited data is presented for 

the VCAM-1 expression pattern in Tie deficient HUVEC, following intractable technical 

difficulties with transfection, experienced towards the end of the research project. Therefore, 

there is only one CAM dataset available for analysis (Figure 5.11), that correlated with 

efficient Tie receptor knock down when batch tested by Western Blotting. Despite this, the 

available data does provide a provisional demonstration of a dose-dependent Ang-1 inhibition 

of VCAM-1 expression in random treated, Tiel and Tie2 deficient HUVEC. Whilst the 

profile of VCAM-1 expression was similar in Tiel and random treated HUVEC, its 

expression was markedly more intense in Tie2 deficient HUVEC. Interestingly, in each case 

any progressive inhibition of CAM expression was lost when 800 ng/ml Ang-1 was used, 

suggesting that VCAM-1 inhibition is only linearly responsive to Ang-1 stimulation within a 

defined dose range. The lack of multiple repeat datasets and associated statistical analyses 

preclude further analyses or conclusions.
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6.1: Intracellular Signalling in Tie deficient HUVEC:

As discussed in chapter 1, Akt is a key signalling intermediary involved in Ang-1 

mediated inhibition of apoptosis. Another important anti-apoptotic mediator is p42/44 MAPK, 

and this too is activated through phosphorylation in Ang-1 stimulation of endothelial cells. In 

this chapter an SiRNA approach was used to determine the impact of suppressing Tiel, Tie2 

or both receptors on Ang-1 activation of Akt and MAPK.

Figure 6.1 demonstrates the quantitative efficacy of individual Tie receptor knock

down derived from the same cell populations used in the subsequent experiments on Akt and 

MAPK activation with Ang-1. The graph in part A demonstrates that both Tiel and Tie2 

receptor expression is strongly inhibited using the SiRNA protocol described in chapter 2.

One of the two separate immunoblots used to compile this graph is presented underneath in 

part B. HUVEC deficient in Tiel or Tie2 were next compared to random transfected controls 

for their Akt activation in response to Ang-1 at doses between 25 and 200 ng/ml. Figure 6.2 

presents the cumulative data for Akt activation at Serine 473 from three separate experiments. 

All cell lysates were analysed on the same immunoblot, allowing a direct quantitative 

comparison between Tiel deficient, Tie2 deficient and control HUVEC Akt activation.
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Figure 6.1: Efficiency of Tie receptor silencing in HUVEC. HUVEC between passage 4-7 
were seeded to the wells of a six well plate and cultured for up to 72 hours or until a 
confluency of 95% was attained. Cells were given fresh complete media for 1 hour prior to 
transfection, which was then done according to the protocol described in the materials and 
methods section. Transfection with either Tiel or Tie2 SiRNA progressed for 5 hours 
followed by recovery in complete media for the next 36 hours. Receptor expression was 
quantitated from Western Blot band intensity analysis following cell harvest and lysate 
formation. Representative blot from two experiments shown in B, with SEM error bars 
around the mean in the graph above (A, P=<0.0001). Graph compiled from three separate 
Experiments.
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Figure 6.2: Ang-1 stimulated Akt phosphorylation in Tie deficient HUVEC. Tiel or Tie2 
deficient HUVEC were generated as described in the materials and methods section. Thirty 
six hours after transfection, cells were washed once in serum free HUVEC media and cultured 
in 1ml of the same for 45 minutes furrther. Ang-1 was then added to respective wells at 
concentrations of 0, 25, 50 and 200 ng/ml before cell lysis and harvest after a further 15 
minutes. Whole cell lysates were subjected to Western blotting with estimation of both total 
and phosphorylated forms of Akt at serine 473 (B). Band densitometry presented as 
percentage phosphorylation in the graph in A (all normalised to highest intensity 
phosphorylated band). Representative blot from a series of 3 experiments, with SEM error 
bars about the mean in (A). Akt activation was statistically significant in random and Tiel 
deficient HUVEC at 50 and 200ng/ml Ang-1 (*=<0.05, ***=<0.0001). Akt activation was 
statistically smaller at 200ng/ml Ang-1 in Tiel and Tie2 deficient HUVEC compared to 
random controls ( • •  P=<0.01)
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Figure 6.2 clearly demonstrates a concentration-dependent rise in Akt phosphorylation 

in random treated control HUVEC exposed to increasing quantities of Ang-1. This pattern is 

also present in Tiel deficient HUVEC, although there is less effect of Ang-1 at 200ng/ml. 

Indeed, there is a statistically significant attenuation in Akt activation in Tiel deficient when 

directly compared to control HUVEC at 200ng/ml Ang-1 ( • •  P=<0.01). This suggests that 

Tiel does have an important but limited role to play in the Ang-1 mediated activation of anti- 

apoptotic Akt pathways. In contrast to the Tiel data, Tie2 deficient HUVEC show a much 

poorer response to increasing concentrations of added Ang-1, failing to reach significance at 

any point. Consistent with this, there is a statistically significant attenuation in Akt activation 

between Tie2 deficient and control HUVEC exposed to 200ng/ml Ang-1 ( • •  P=<0.01), 

indicating an essential role for Tie2 in mediating Ang-1 stimulated Akt activation.

Figure 6.3 presents data for the activation of p42 MAPK with the same layout as for 

Akt, with all data compiled from three independent experiments.
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Figure 6.3: Ang-1 stimulated MAPK phosphorylation in Tie deficient HUVEC. Tiel or Tie2 
deficient HUVEC were generated, with receptor inactivation confirmed by Western Blotting 
(see Figure 6.1). Thirty six hours after transfection, cells were washed once in serum free 
HUVEC media and cultured in 1ml of the same for a further 45 minutes. Ang-1 was then 
added to respective wells at concentrations of 0, 25, 50 and 200 ng/ml before cell lysis and 
harvest after a further 15 minutes. Whole cell lysates were subjected to Western blotting with 
estimation of both total and phosphorylated forms of p42/44 MAPK (B). Band densitometry 
was calculated and presented as percentage phosphorylation of the p42 fragment only in the 
graph in (A) (data normalised to highest intensity phosphorylated band). Representative blot 
from a series of 3 experiments, with SEM error bars about the mean. p42 MAPK activation in 
response to Ang-1 is statistically significant at 50 and 200ng/ml for control cells and at 
25ng/ml in Tiel deficient HUVEC (* P=<0.05, ** P=<0.01, *** P=<0.0001). MAPK 
activation was statistically smaller at 200ng/ml Ang-1 between Tiel deficient HUVEC and 
random controls (•  P=<0.05), and at 50ng/ml between Tie2 deficient and control HUVEC (• 
P=<0.05).
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Examining Figure 6.3, p42 MAPK phosphorylation shows a clear incremental 

response to increasing concentrations of Ang-1 in random transfected control HUVEC. This 

smooth progression of phosphorylation is lost in both Tiel and Tie2 deficient HUVEC, 

although Tie2 deficient cells did show a marked increase when exposed to 200 ng/ml. Tiel 

deficient cells increased p42 MAPK phosphorylation moderately over baseline but this 

response was broadly similar for any concentration of added Ang-1. Once again, there was a 

statistically significant reduction in MAPK activation in Tiel deficient HUVEC compared to 

control cells at 200ng/ml Ang-1. This demonstrates a potential role for Tiel in contributing to 

downstream MAPK signalling following HUVEC stimulation with Ang-1. Tie2 deficient 

HUVEC barely respond to Ang-1 administration until it reaches 200ng/ml, at which point 

MAPK activation rises to just over that level seen in Tiel deficient HUVEC at the same 

dosage. Although MAPK activation in Tie2 deficient HUVEC is less than in control cells at 

200ng/ml, this failed to reach statistical significance. As there was a greater proportional fall 

in MAPK activation in Tiel deficient HUVEC at 200ng/ml when compared to the Akt data in 

Figure 6.2, this might indicate a more prominent role for Tiel in mediating Ang-1 stimulated 

MAPK activation than Tie2. Aside from this possibility, these data are consistent with an 

absolute requirement for Tie2 for Akt and MAPK activation, with a statistically significant 

contribution from Tiel in each case.

To test the effects of loss of both Tiel and Tie2, HUVEC deficient in both receptor 

sub-types were created. Initial knock-down experiments presented in chapter 3 were 

disappointing in the generation of cells lacking both receptors. To attempt better knock-down 

in the present experiments, double the quantity of transfected RNA was used, and Figure 6.4 

presents the level of Tie receptor removal achieved using this modification. Figure 6.4 

demonstrates once again that Tiel and Tie2 can be successfully knocked down in isolation, 

although in this combined series of two experiments, the magnitude of silencing was less than 

that presented in Figure 6.1. When attempting to silence both receptor sub-types 

simultaneously, equally good results were obtained, but between 15 and 20% of receptor 

expression did still persist in each case.

To evaluate the impact of Ang-1 on these Tiel and Tie2 deficient HUVEC, Figure 

6.5 presents the level of Akt phosphorylation following exposure to 200 ng/ml of the ligand.
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Figure 6.4: Efficiency of Tie receptor silencing in HUVEC. HUVEC between passage 4-7 
were seeded to the wells of a six well plate and cultured for up to 72 hours or until a 
confluency of 95% was attained. Cells were given fresh complete media for 1 hour prior to 
transfection, which was then done according to the protocol described in the materials and 
methods section. Transfection with either Tiel, Tie2 or Tiel and Tie2 SiRNA progressed for 
5 hours followed by recovery in complete media for the next 18 hours. Receptor expression 
was quantitated from Western Blot band intensity analysis following cell lysis. Representative 
blot shown in B, with SEM error bars around the mean in graph A. All data derived from two 
separate experiments.
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Figure 6.5: Ang-1 stimulated Akt phosphorylation in Tie deficient HUVEC. Tiel, Tie2 or 
Tiel and Tie2 deficient HUVEC were generated as described with sample knock-down 
analysis presented in Figure 6.4. 18 hours post transfection, wells were washed once in serum 
free HUVEC media and then cultured in 1ml of the same for 45 minutes. Ang-1 was then 
added to respective wells at 200 ng/ml before cell lysis and harvest after a further 15 minutes. 
Whole cell lysates were subjected to Western blotting with estimation of both total and 
phosphorylated forms of Akt at Serine 473 (B). Band densitometry was calculated as 
described in the text and presented as percentage phosphorylation in the graph in (A) all data 
normalised to the highest intensity phosphorylated band. Representative blot from a series of 
2 experiments, with SEM error bars about the mean in the graph of percentage 
phosphorylation.
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Figure 6.5 demonstrates strong Akt activation in response to 200 ng/ml Ang-1 in 

random transfected HUVEC. This magnitude of activation is maintained in Tiel deficient 

HUVEC and to a lesser extent in Tie2 deficient cells. These data are at odds with those 

presented in Figure 6.2 where Tiel deficiency led to a reduction in Ang-1 mediated Akt 

activation. However, Tiel knock-down was not as effective in the cells used in Figure 6.5, 

and the experiment as a whole was only performed twice. Therefore, it is not warranted to 

refute a potential role for Tiel mediated Akt on the basis of this experiment. As expected,

Tie2 deficient HUVEC have a reduced Akt response to Ang-1, although this reduction was 

again greater than that seen in Figure 6.2, possibly representing inadequate receptor knock

down. Of great interest is the large Akt response when both Tie receptors have been 

suppressed, where the activation matched that seen in Tiel deficient cells.

To test the effects on MAPK activation, Figure 6.6 presents the results from a single 

experiment based upon HUVEC deficient in both Tiel and Tie2. The data in Figure 6.6 share 

broad similarity with those in Figure 6.5 in that p42 MAPK activation is enhanced in Tiel 

deficient HUVEC but very slightly reduced in Tie2 deficient HUVEC when compared to 

controls. With incomplete knock-down and only one experiment performed however, drawing 

any firm conclusions is unwarranted. Despite this, there was a very large increase in MAPK 

activation when both receptors were deficient, extending several fold higher than the level of 

activation seen in control cells.
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Figure 6.6: Ang-1 stimulated p42 MAPK phosphorylation in Tie deficient HUVEC. Tiel, 
Tie2 or Tiel and Tie2 deficient HUVEC were generated as described in the materials and 
methods section, with sample knock-down analysis confirmed and presented in Figure 6.4. 18 
hours after transfection, wells were washed once in serum free HUVEC media and cultured in 
lml of the same for 45 minutes. Ang-1 was then added to respective wells at 200 ng/ml before 
cell lysis and harvest after a further 15 minutes. Whole cell lysates were subjected to Western 
blotting with estimation of both total and phosphorylated forms of p42 MAPK (B). Band 
densitometry was calculated as described in the text and presented as percentage 
phosphorylation in the graph in (A), all data normalised to the highest intensity 
phosphorylated band. Single experiment performed.
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6.2: Discussion:

This penultimate chapter presents quantitative data on both the levels of 

residual Tie receptor expression in Tie deficient HUVEC as well as the activity of two 

downstream associates of Tie receptors, Akt and MAPK. As discussed in chapter four, Akt is 

an important mediator in cell survival, and its phosphorylation is a central component of anti- 

apoptotic effects of Tie signalling in endothelial cells. In addition, p42 / p44 Mitogen 

Activated Protein Kinase (MAPK) are centrally involved in mediating signals from the cell 

surface to the nucleus in a wide range of eukaryotic cell types. In endothelial cells, p42 

MAPK phosphorylation has been implicated in mediating a number of responses to both II-1 

and TNFa stimulation, including reduced plasminogen activator-1 inhibitor production, 

endothelin production, cyclooxygenase activity and CAM expression (157), all four of which 

are fundamental to inflammatory responses. Moreover, MAPK activation is also involved in 

Ang-1 mediated survival in endothelial cells as well as regulating the proliferation following 

endothelial stimulation with VEGF, FGF and PDGF (158).

Whilst the transfection of random SiRNA into HUVEC was associated with a clear 

Ang-1 dose-dependent increase in Akt and MAPK intermediary phosphorylation, the removal 

of either Tiel or Tie2 impacted upon this in each case. This was most clearly evident in Tie2 

deficient HUVEC which lost the clear progression of either intermediary activation with 

increasing Ang-1 exposure. This would be consistent with the findings presented in chapter 

four that the anti-apoptotic effects of Ang-1 mainly operate through Tie2. It is also interesting 

to note the small inhibition of Akt activation in Ang-1 treated Tiel deficient cells. This fits 

well with the published role for Tiel in mediating the anti-apoptotic effects of Ang-1 in 

endothelial cells (119), albeit contradicting the small increase in Ang-1 anti-apoptotic 

efficiency presented for Tiel deficient HUVEC in Figure 4.7.

The final experiments looking at the effect of dual Tiel and Tie2 deficiency did not 

match the high degree of receptor knock-down found in the previous experiments, and were 

not completed in triplicate due to persistent technical problems with the transfection process 

towards the end of the study. It was not established what caused the poor results of the 

transfection process, but it is likely to have related to the health of the HUVEC. In order to 

address the possibility of infection, fresh batches of media and cells were utilised, but 

problems persisted to the close of the data collection period. This was also the case affecting 

data collection with Tie deficient HUVEC in chapter five. Nevertheless, it was surprising to 

see such strong Akt and MAPK activation in response to Ang-1 stimulation in those knock
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down experiments when both receptors had been successfully suppressed. Although the 

average Tie receptor expression level in these cells was higher than that observed for each 

individual receptors removal (Figure 6.1), the degree of intermediary activation was 

unexpectedly high. Is it possible that Ang-1 can activate endothelial cell Akt and MAPK 

phosphorylation through non-Tie receptors such as integrins, and is this enhanced by the loss 

of a major proportion of the Tie receptor population. If this were to be the case, then perhaps 

the presence of either Tie receptor alone acts to inhibit alternative Ang-1 signalling pathways 

that are well recognised to mediate cell survival through integrin receptors in non-endothelial 

cell types such as cardiac myocytes (159). Answering this possibility will first require a 

consistent series of experiments demonstrating elevated Akt and MAPK following Ang-1 

stimulation in the absence of Tiel and Tie2. As the data stands, it is hard to draw further 

conclusions without establishing greater statistical significance through repeated experiments, 

due to the variation in the data as currently presented.
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7.1: Effects of Plasma From SIRS Patients on Endothelial Inflammatory Responses:

In this final chapter, preliminary experiments undertaken to establish a human model 

for the effects of SIRS plasma on endothelial responses, including the impact of Ang-1, are 

described. Thus far, Ang-1 has been studied for its effects on HUVEC in isolation or in 

conjunction with individual research grade cytokine preparations. Whilst this data is 

extremely important for identifying and quantitating the potential benefits of Ang-1 

administration in models of SIRS, it remains somewhat far removed from the inflammatory 

environment seen in vivo. Patients with SIRS have numerous pro and anti-inflammatory 

mediators in circulation, and the proportions of these are likely to alter continuously 

dependent on the status of the overall inflammatory process. Therefore, drawing conclusions 

from the effects of Ang-1 in conjunction with isolated cytokines fails to address how this 

might alter in vivo, which is where future drug preparations would have to work. To address 

this problem, plasma from patients actively undergoing treatment for SIRS related organ 

dysfunction was incorporated in the endothelial assays described in the previous three 

chapters. Whilst this approach is less sophisticated than the administration of Aug-1 in full- 

scale animal models of SIRS, it represents a significant step closer to future therapies based 

on Ang-1, as well as offering a rapid means of data collection. Full approval from regional 

Ethics Committee and Trust R&D approval boards was successfully seemed for this final 

project, albeit with very limited time to run before the conclusion of laboratory work.

7.2: SIRS plasma and CAM expression:

The first series of experiments explored the ability of SIRS plasma to initiate CAM up- 

regulation in HUVEC. Specifically, CAM expression was measured in HUVEC exposed to 

increasing concentrations of plasma from either a healthy control subject ora  patient suffering 

SIRS related pathology. CAM expression was stimulated during a 6 hour period during which 

HUVEC were cultured in serum free media supplemented with plasma at between 1 and 20% 

overall. Figure 7.1 presents the individual CAM expression profiles for HUVEC exposed to 

increasing plasma concentrations from a healthy control subject, in order to establish a 

baseline for the assay.
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Figure 7.1: HUVEC CAM profile following plasma exposure from a healthy 32 year old 
volunteer. 2xl05 HUVEC were cultured in individual wells of a 96 well plate for 24 hours. 
Cells were then washed once in serum free media before further culture for 6 hours in serum 
free media supplemented with control plasma at the indicated percentages. After 6 hours, 
CAM quantitation was undertaken as described in the materials and methods section. Data 
presented as CAM response to progressive increments in plasma percentage, with all values 
normalised to the CAM level associated with un-supplemented serum-free media, which was 
then subtracted from all values (=> Baseline = 0; not presented in graphs). Single experiment 
shown with all data points in duplicate.
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Figure 7.1 presents the CAM expression profile for HUVEC exposed to increasing 

percentages of healthy volunteer plasma. Interestingly, exposure to this plasma had a 

predominantly negative impact on CAM expression at all concentrations used when compared 

to expression levels associated with serum-free media alone. This effect was most marked 

with E-Selectin, and there was no clear evidence for any dose dependent impact on CAM 

expression. Certainly, there was almost zero CAM induction under any circumstance. To 

investigate whether SIRS plasma would produce a different CAM profile, the same 

experiment was repeated with plasma extracted from a young pregnant patient with SIRS 

associated with severe Pyelonephritis (Patient number 2, Figure 7.2). It is acknowledged that 

the comparison between a healthy male volunteer and a critically-ill pregnant patient is beset 

with problems, not least the individual effects of pregnancy that might significantly alter the 

serum growth factor complement. No further objective data regarding the patients 

physiological status was recorded. Figure 7.2 demonstrates a markedly different CAM 

expression pattern compared to that obtained from plasma extracted from the control subject. 

For all CAM types there is a consistent increase in CAM expression with increasing plasma 

concentrations, and the magnitude of change is also considerably larger than the changes 

observed at each concentration in Figure 7.1. The VCAM-1 response stands out as the most 

marked CAM response, with a 100% increase at a plasma percentage of 20%. The strong 

CAM up-regulation associated with plasma from patient 2 (Figure 7.2) was next used as a test 

for Ang-1’ s ability to reduce CAM expression in the face of endothelial activation from SIRS 

blood cytokines. The results from this experiment are presented in Figure 7.3. This Figure 

shows that for all three CAM sub-types studied, there was an inhibition of CAM expression at 

doses o f400 ng/ml and over. For doses of 600 -  800 ng/ml Ang-1, this lead to between a 20 

and 30% inhibition of ICAM-1 and VCAM-1 expression. The response from E-Selectin 

analysis was less well defined, with no clear dose dependent response to Ang-1 concentration. 

Interestingly and in accord with previous experiments with Ang-1 and CAM expression, there 

was a small increase in CAM up-regulation at the lowest Ang-1 dosage used, 200 ng/ml.
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Figure 7.2: CAM profile from patient number 2. This young female patient was receiving 
treatment for acute pyelonephritis and was pregnant at the time of blood sample collection. 
2xl05 HUVEC were cultured in individual wells of a 96 well plate for 24 hours. Cells were 
then washed once in serum free media before being cultured for a further 6 hours in serum 
free media supplemented with patient plasma at the indicated percentages. After 6 hours, 
CAM quantitation was undertaken as described in the materials and methods section. Data 
presented as CAM response to progressive increments in plasma percentage, with all values 
normalised to the CAM level associated with un-supplemented serum-free media, which was 
then subtracted from all values (=> Baseline = 0; not presented in graphs). Single experiment 
shown with all data points in duplicate.
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Figure 7.3: CAM expression profile in HUVEC exposed to 20% plasma from patient number 
2 plus increasing concentrations of Ang-1. 2xl05 HUVEC were cultured in individual wells of 
a 96 well plate for 24 hours. Cells were then washed once in serum free media before further 
culture for 6 hours in serum free media supplemented with patient number 2’s plasma at 20% 
in all cases together with Ang-1 at the indicated concentrations. After 6 hours, CAM 
quantitation was undertaken as described in the materials and methods section. Data presented 
as percentage CAM inhibition, assigning maximum expression to that associated with 20% 
plasma alone. Single experiment with single value data.
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In all of these experiments, extensive replication of each condition would be 

required before definitive, statistically significant conclusions could be made. Furthermore, it 

would be of great benefit to collect serial serum samples from the same patient during periods 

of maximal sickness and convalescence. This would obviate the need for a separate control 

population, by offering an internal control for every subject recruited. It would also be of 

great value to collect objective data on disturbed physiological parameters in an attempt to 

quantify each patients SIRS severity. As discussed in the introduction, late approval for this 

study, together with rejection of all but one subject render this investigation as a proof-of- 

principal exercise only. Nevertheless, these initial data demonstrate that the CAM assay 

developed in this project is a useful tool for studying the effects of SIRS plasma on 

endothelial activation. Moreover, Ang-1 has a potentially valuable inhibitory effect upon 

CAM expression under inflammatory conditions.

73: SIRS plasma and Endothelial Permeability:

With interesting results gained by using SIRS plasma in the CAM assay, the 

next step involved the use of inflammatory SIRS plasma in the in vitro permeability assay 

documented in chapter three. Using the measurement method described by Li et al, HUVEC 

monolayer permeability was recorded both in the presence and absence of human plasma 

added to the basal serum-free culture media. As before, the initial experiments were 

conducted using control plasma from a healthy volunteer, and are presented in Figure 7.4. 

Figure 7.4 presents the data from a single experiment comparing the permeability of a 

HUVEC monolayer in the presence and absence of different concentrations of control plasma. 

As is obvious from the graph, plasma at either concentration had a profound barrier enhancing 

effect upon the monolayer when the cells were seeded at the standard density of 0.7x105 cells 

per insert. To investigate at what density cultured HUVEC would offer a variable 

permeability response to different plasma concentrations (if any), the next experiment 

repeated the method used in Figure 7.4 but with the HUVEC seeded at 0.2x105 HUVEC per 

insert. The data in Figure 7.5 demonstrates that even at a much reduced cell density, it is still 

not possible to effectively compare HUVEC monolayer permeability between conditions 

using plasma at 20%, whether from control subjects or patients with SIRS. Despite the 

differences in CAM expression induced by control versus patient number 2’s plasma, there 

did not appear to be any effect of SIRS plasma that was different from control plasma. It is 

important to bear in mind that these data derive from only two experiments however, and with

134



further preliminary work it might be possible to alter the method protocol sufficiently to 

enable discrimination in permeability changes induced by SIRS and normal plasma. The 

reduced permeability baseline with control or patient plasma suggests that there are sufficient 

growth factors present to offset any potential pro-permeability factors and that the overall 

conditions are far more favourable for an enhanced barrier that those associated with serum- 

free media alone.
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Figure 7.4: Permeability assay incorporating plasma from patient number 2. 0.7x105 HUVEC 
were seeded to individual culture inserts and allowed to form a monolayer over a 24 hour 
period. Media was then refreshed in both well and insert chambers as described in the 
materials and methods chapter, reserving the necessary insert volume for the quantity of 
added plasma to achieve either a 0, 5 or 20% insert concentration which was then 
immediately added. Permeability recorded using the HRP method of Li et al. as described in 
the materials and methods chapter, with sampling every 10 minutes (single experiment with 
duplicate values; error bars representing standard deviation about the mean).
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Figure 7.5: Permeability assay incorporating plasma from patient number 2 and control 
plasma. 0.2x105 HUVEC were seeded to individual culture inserts and allowed to form a low- 
density monolayer over the next 24 hours. Media was then exchanged in both well and insert 
chambers as described in the materials and methods chapter, reserving the necessary insert 
volume for the quantity of added plasma to achieve either a 0 or 20% insert concentration. 
Permeability recorded using the HRP method described in the materials and methods chapter, 
with sampling every 10 minutes, (single experiment with duplicate values; error bars 
representing standard deviation about the mean).
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7.4: SIRS plasma and Endothelial Survival:

The last experiment of this final chapter investigated the effects of SIRS 

plasma on endothelial survival. Previous experiments have demonstrated an increase in 

caspase activity as a marker of apoptosis in serum-starved HUVEC, and Figure 7.6 presents 

the impact upon this from the presence of increasing concentrations of SIRS or control 

Plasma. In each case plasma was used at concentrations of 1,2, 5 and 20%. Consistent with 

the effect of plasma on HUVEC in studies of permeability, plasma whether from a SIRS 

patient or otherwise leads to a major fall in caspase production, in this case in a concentration 

dependent manner. Despite this, there is a clear difference in the absolute value of caspase 

production at each plasma concentration studied, between control and SIRS conditions.

Figure 7.6 demonstrates that at every plasma concentration, there is an increased caspase level 

when using patient 2 SIRS plasma in comparison to the same concentration of control plasma. 

Again, this was a single experiment, using SIRS plasma from a single subject and comparing 

it with a single control sample. Only with greater numbers of SIRS samples and a 

standardised control reference will it be possible to properly assess HUVEC apoptosis 

induced by human SIRS plasma.
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Figure 7.6: Caspase assay with SIRS or control plasma. lxlO5 HUVEC were seeded into 
individual wells of a 96 well plate and allowed to settle over the following 24 hours. Media 
was then changed to serum free, supplemented with either control or SIRS plasma at the 
concentrations indicated, followed by incubation for 4 hours. Caspase activity was then 
measured according to the protocol detailed in the materials and methods chapter. Plasma 
from patient 2 and healthy volunteer. (Single experiment with single data points).
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7.5: Discussion:

This final chapter set out to develop the experimental assays used in previous sections 

to include serum from patients with SIRS / sepsis. Before this could be undertaken, it was 

necessary to obtain permission for blood sample collection from the local Ethics Board. This 

application process was begun with an application to the University Hospitals of Leicester 

NHS Trust R&D department; a necessary step prior to regional ethics consideration. With 

great regret, this R&D assessment of the research proposal took over 12 months to complete, 

delayed by poor staffing availability within the department. Once R&D approval was 

obtained, the Ethics board quickly approved the research proposal subject to a minor consent 

form revision, leaving just three months to collect samples and begin the necessary 

experimental work. In all, five patients were recruited into the study. Four of the patients data 

was withdrawn from this thesis and their samples destroyed following an external audit of the 

study site file by the QED Partnership (Ltd) taking place some time after the laboratory work 

had been completed. This move was taken following identified minor consent form 

irregularities that would have meant re-consenting the affected patients, some of whom had 

died. For this reason, this chapter presents the results from the single remaining patient. 

Therefore this chapter presents preliminary data drawn from one patient exploring the effects 

of SIRS plasma on HUVEC inflammatory responses.

Although HUVEC can be prepared directly from fresh umbilical cords using 

standardised methodology, the HUVEC used throughout this research project were sourced 

commercially from PromoCell. This particular supplier has specifically developed their 

accompanying complete culture media as a low-serum formulation (2%), in an effort to limit 

any effects upon the HUVEC from unknown elements contained within the serum component 

(personal communication from the Manufacturers representative). By taking this approach, 

PromoCell have developed a HUVEC culture system robust enough to withstand stressful 

manipulation such as transfection, whilst retaining responsiveness to exogenously 

administered growth factors and cytokines such as Ang-1. This is an important consideration 

when interpreting the results of experiments involving PromoCell HUVEC exposed to human 

plasma, whether that be from healthy control subjects or patients with SIRS. In two of the 

three assays studied (permeability and caspase production), the addition of control or SIRS 

human plasma dramatically promoted quiescent responses through enhanced monolayer 

barrier properties and rescue from serum-starved apoptosis respectively. This suggests that the 

added plasma contained levels of nutrients, growth factors and cytokines capable of
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promoting HUVEC health and survival way in excess of what is available from the basal 

media formulations alone. Although it was not possible to test effects of plasma upon 

permeability using the system designed in chapter three for Tie deficient HUVEC, there may 

be future value in using plasma in the HUVEC caspase assay, as despite the progressive fall 

in apoptosis with increasing plasma, Figure 7.6 suggests a differential anti-apoptotic response 

between control and SIRS plasma samples. This experimental design could also be improved 

by maintaining the added concentration of plasma constant, whilst establishing a more 

credible control through combined data from multiple control subjects. By measuring the 

average anti-apoptotic impact of multiple control subject plasma samples, it would be 

possible to create a normal population distribution with which to compare the plasma from 

any single patient with SIRS. Such a control cohort would need to be matched in key 

parameters such as age, sex and general health, but would then represent a credible 

benchmark for caspase experiments and also potentially for CAM assay studies as well.

In contrast, the application of plasma samples to the CAM model of endothelial 

activation did alter CAM expression. The data presented in Figures 7.1 and 7.2 demonstrate 

that HUVEC CAM expression is sensitive enough to reveal variations between SIRS plasma 

and control plasma from a healthy volunteer. Indeed, although control plasma reduced the 

CAM expression below that associated with baseline serum-free culture media, this was only 

a minor difference in contrast to the major CAM up-regulation from using isolated cytokines 

such as II-1 for example (positive control data, as presented in chapter five). With the baseline 

CAM expression calibrated to zero in these Figures, the predomination of either pro or anti

inflammatory factors within individual plasma samples determined whether HUVEC 

increased or decreased their CAM production relative to the plasma-free baseline. Although 

this work has not analysed the quantities of key inflammatory cytokines in the SIRS plasma 

used, this would potentially give an indication of which cytokine combinations are most 

potent at CAM generation in conjunction with the CAM expression profiles for each plasma 

sample.

Despite the limited data available at this stage of the SIRS trial, it is of great 

interest to find Ang-1 acting to inhibit CAM expression elicited following exposure to SIRS 

plasma. Although the effect was limited, potential Ang-1 based therapy may contribute to 

reduced pro-inflammatory events in part through its inhibition of CAM expression as well as 

its known anti-permeability and anti-apoptotic properties. It should be emphasised that these 

data are preliminary and require duplication with larger patient groups before any conclusions 

can be made.
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8. General Discussion and Future Work:

Despite tireless research, dysregulated inflammatory responses remain at the core of 

the morbidity and mortality associated with critical illness. Present best medical practice is 

principally limited to the provision of organ support through mechanical and pharmacological 

measures, whilst a targeted reduction of the underlying inflammatory response remains 

elusive. Until this situation is addressed, patients challenged by severe tissue injury such as 

major bums will continue to spend long periods in critical care, at further risk from secondary 

lethal complications, particularly overwhelming sepsis. Acknowledging the disappointing 

results with therapeutic approaches towards isolated components of the inflammatory system 

(65), modulating vascular endothelial responses is emerging as a promising alternative 

treatment target. There now exists a large body of data from in vitro experiments, animal 

models and clinical observations, that the endothelium can be manipulated to counteract key 

parts of the inflammatory phenotype. The facet of endothelial involvement investigated in this 

work has concerned the anti-inflammatory responses of the endothelial growth factor 

Angiopoietin-1 (Figure 8.1). To this end this research project has been devoted to establishing 

a better understanding of the differential roles played by Ang-l’s two dedicated receptor 

tyrosine kinases, Tiel and Tie2 in key anti-inflammatory responses. Specifically, endothelial 

permeability, survival and cell adhesion molecule expression have all been used as the 

biological end point variables in experiments designed to test the hypothesis that Tie2 is the 

receptor subtype principally responsible for mediating the anti-inflammatory effects of Ang-1. 

In terms of permeability and cell survival, this work has supported the hypothesis that Tie2 is 

essential for mediating Ang-1’s actions, but in addition has identified a possible constitutive 

role for Tiel in these processes, even in the absence of Ang-1. It was not possible, due to 

transfection problems, to test the hypothesis that Tie2 is the dominant Ang-1 binding partner 

in the ligands’ CAM reduction properties in endothelial cells. The second hypothesis argued 

for distinct intracellular signalling roles for Tiel and Tie2 following Ang-1 stimulation, and 

this was demonstrated to be the case for Akt and MAPK activation, where Tiel deficient cells 

have a statistically poorer level of phosphorylation of these intermediaries when compared to 

control cells. Therefore Tiel does contribute to downstream signalling events, either directly 

or through modulation of Tie2 signalling following heterodimeric association. Finally, these 

experiments were given greater clinical applicability through preliminary work with human 

SIRS plasma samples. The SIRS plasma studies in chapter seven provide initial support for
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Figure 8.1: Schematic illustration depicting some of the known actions of Ang-1. Acting 
through the Tie receptor tyrosine kinases Tiel and Tie2, Ang-1 enhances endothelial barrier 
properties through inhibition of actomyosin contraction and IEJ disruption (central panel), 
enhances endothelial survival (right panel) and reduces inflammatory-stimulated CAM 
expression (left panel). This represents only those properties of Ang-1 of relevance to this 
work; Ang-1 has numerous other roles in endothelial biology.
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the hypothesis that Ang-1 can reduce inflammatory endothelial manifestations, at least from 

the point of view of CAM up-regulation.

To address the research questions set out in the introduction, Tie deficient endothelial 

cells were created by gene silencing techniques and, using a protocol designed for maximal 

efficiency, removal of each receptor proved remarkably effective whilst maintaining cell 

viability for downstream applications. This proved to be a major turning point in the early 

stages of this project, where early permeability and CAM experiments failed to progress using 

immortalised endothelial cell lines. By switching to the HUVEC primary cell line, it was 

finally possible to replicate published reports of Ang-1 mediated permeability barrier 

enhancement and to develop a reproducible CAM expression assay. Subsequent experiments 

using Tiel and Tie2 deficient HUVEC led to the generation of considerable data regarding the 

differential roles of these two receptors in key endothelial responses to inflammation.

Finally, the inclusion of human samples in experiments on SIRS / sepsis required 

ethical permission, and unfortunately this came regrettably late on in the course of the 

research project. For this reason, there is very limited data exploring the effects of SIRS 

plasma in the three experimental models used, and it is therefore presently best considered as 

a proof of principle without offering definitive, statistically significant conclusions.

8.1 Endothelial Permeability:

Excessive endothelial permeability is a very early manifestation of the systemic 

inflammatory response, playing a central role in the subsequent development of SIRS related 

organ dysfunction (59). Despite this, therapies targeting excessive permeability remain at the 

pre-clinical stage, most recently including interest in the potential anti-permeability effects of 

Activated Protein C, already well regarded for its significant anti-apoptotic benefits in severe 

sepsis (160,161). Promisingly, there now exists much information regarding the anti-leakage 

properties of Ang-1, including the intracellular signalling events and structural changes that 

lead to enhanced endothelial barrier generation (48, 62,91,96,162). Most recently, it appears 

that Ang-1 mediated barrier control is mediated in part through direct Tie2-Tie2 homotypic 

association between contacting endothelial cells, a novel observation for Tie receptor function 

where inter-endothelial cell contacts have largely been studied in terms of IEJ components 

such as VE-Cadherin (163).
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The generally held belief holds that Ang-1 operates through Tie2 for the majority of 

its biological effects on endothelial cells, based on the competitive inhibition observed when 

excess soluble Tie2 is present in conjunction with Ang-1 (48,132). For endothelial 

permeability control however, this dogma was challenged by Weber’s experiments with a 

synthetic Ang-1 ligand that achieved permeability reduction without activating Tie2, possibly 

signalling through an integrin mediated pathway instead (102). Whilst integrins do indeed 

interact with Ang-1 (particularly in non-endothelial tissues), the data presented in this study 

have confirmed an absolute requirement for the Tie2 receptor in mediating enhanced 

permeability barrier control in HUVEC, at least when using the native form of Ang-1 as 

found in vivo (Figure 8.2) (140,159). Attempting to reconcile Webers data with the present 

work, this suggests that endothelial cell integrins are not able to respond to native Ang-1 with 

altered permeability, which suggests they may require a truncated forms of the ligand for this 

to occur, as was used in that study.

Work in this project has hinted at a role for Tiel deficient HUVEC in permeability 

control, where even in the absence of Ang-1, there is a statistically higher baseline rate of 

permeability in Tiel deficient monolayers as compared to controls. This suggests that Tiel 

may function to establish a small constitutive degree of barrier function even though it is not 

necessary for the much stronger Ang-1 mediated barrier enhancement that mandates the 

presence of functional Tie2. If this were the case, then this data would complement well the 

findings from Tiel deficient mouse embryos, shown to die in utero from microvascular
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Figure 8.2: Schematic illustration depicting the mechanism of Ang-1 in mediating barrier 
control in endothelial permeability. Tie2 is essential for endothelial barrier enhancement in 
response to Ang-1 stimulation. Tiel offers no contribution in this regard, although it may 
produce a low-level constitutive contribution to endothelial barrier functions even without 
Ang-1 being present. Integrins are unable to mediate the barrier enhancing effects of Ang-1 in 
the absence of Tie2.
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haemorrhage and tissue oedema (35). In taking the present permeability studies further, future 

experiments would examine the permeability response of Tie deficient HUVEC monolayers 

to permeability inducing cytokines such as thrombin, both with and without protection from 

Ang-1. In addition, it would be very interesting to investigate the ability of Tie2 deficient 

HUVEC monolayers to respond to the more potent Ang-1 ligand, COMP-Angl. If this were 

possible, it might fit with other data describing successful Tiel activation with this synthetic 

Ang-1 analogue, although this would need further clarification to exclude potential integrin 

involvement in line with Weber’s findings. In terms of the effects of human plasma on 

endothelial permeability, further adjustment to the permeability model would be required 

before the assay is sensitive enough to reflect the pro-permeability constituents of individual 

SIRS plasma. This would represent a useful model for the development of future Ang-1 based 

permeability therapies and has already been proposed in a human model of endotoxaemia 

(164).

8.2 Endothelial Survival:

Recent work is now beginning to demonstrate the importance of endothelial apoptosis 

in SIRS / sepsis, including the involvement of TNFa. Although TNFa plays an essential part 

in mediating bacterial LPS induced apoptosis in sepsis, patients with major tissue injury such 

as bums remain susceptible to SIRS induced endothelial apoptosis even without bacterial 

infection by virtue of the direct release of TNFa from damaged tissues (165). Indeed, one 

major study found that the majority of patients dying from bum-induced SIRS complications 

were actually clinically free from active infection at the time of death (8). It is also not 

without considerable interest that one of the major effects of the drug Drotrecogin a 

(Activated Protein C) is to protect cultured HUVEC from apoptosis (166), given that it is the 

only pharmacological agent that has been proven to have a significant impact on sepsis 

mortality in an ITU setting (17). Although there is little evidence to directly link Ang-1 

mediated cell survival to the beneficial effects in animal studies of systemic inflammation, 

Witzenbichler et al found that mice over-expressing Ang-1 fared far better in response to LPS 

exposure than controls, and that this was associated with an increase in endothelial eNOS 

activity; a known anti-apoptotic downstream event stimulated by Angiopoietin-1 (46). In 

another study, Nag et.al. found that elevated levels of the Tie2 antagonist ligand Ang-2 was 

strongly associated with blood brain barrier breakdown in an in vivo rat model, and that this 

occurred through endothelial cell apoptosis (100). Moreover, there is now a battery of recent
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human and animal studies identifying a positive correlation between the severity of illness in 

sepsis and serum Angiopoietin-2 levels, whilst some series have also noted an inverse 

relationship between serum Angiopoietin-1 and septic shock (167-169).

If endothelial apoptosis plays a major role in perpetuating the SIRS / sepsis state, then 

it again becomes imperative to define the nature of the anti-apoptotic signalling mechanism 

induced following Ang-1 stimulation of endothelial cells if Ang-1 is to be used as a 

therapeutic agent in the future. Work in chapter four of this project has established the 

absolute requirement for Tie2 in mediating the anti-apoptotic effects of Ang-1 (Figure 8.3), 

whilst Tie2 deficient HUVEC were found to have a marginally higher baseline level of 

apoptosis under serum free conditions. This proves the assertion in existing studies that Tie2 

is the major receptor mediating pro-survival signalling in endothelial cells, and that Tie2 may 

also be important for endothelial survival under baseline conditions (47,115,117,141). Once 

again though, without definitive data on cell proliferation in Tie deficient HUVEC it is 

important to treat such assertions with caution until caspase production can be directly 

correlated to cell number, possibly through the use of matrigel or TUNEL assays. In contrast, 

Tiel deficient HUVEC responded well to Ang-1 administration, with an even greater degree 

of anti-apoptotic effect than that seen when Tiel is present. However, Tiel deficient HUVEC 

were found to have a markedly elevated basal apoptotic rate compared to controls, again 

possibly implicating Tiel in cell survival under pro-apoptotic conditions even in the absence 

of Ang-1. Therefore, in a similar manner to the findings for Tiel in permeability regulation, 

Tiel may possibly have an important constitutive role in endothelial survival, despite its 

apparent redundancy under conditions of Ang-1 stimulated survival, which ultimately 

necessitates Tie2. There already exists published data demonstrating anti-apoptotic activation 

of a chimaeric Tiel receptor and Tiel activation with COMP-Ang-1, but both of these studies 

merely affirm the well recognised difficulty of Tiel activation with native Ang-1 (38,119). It 

is interesting then to find a statistically significant drop in Akt activation in Tiel deficient 

HUVEC compared to controls following exposure to 200 ng/ml Ang-1 (Figure 6.2), which 

suggests that even though Tiel in isolation is unable to mediate detectable caspase reduction 

under pro-apoptotic conditions, there may be a degree of Tiel activation present nevertheless. 

This possibility is supported by the reduced rise in Akt activation seen in stressed Tie2 

deficient HUVEC exposed to 200 ng/ml Ang-1, when compared to controls (Figure 6.2). 

Alternatively, from a signalling point of view, it may be that there only needs to be a very 

small proportion of functional Tie2 to mediate the downstream anti-apoptotic effects of
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Figure 8.3: Schematic illustration depicting the mechanism of Ang-1 in mediating endothelial 
cell survival. Tie2 is essential for endothelial survival enhancement in response to Ang-1 
stimulation. Tiel offers no contribution in this regard, although it does appear to generate a 
low-level pro-survival signal in endothelial cells even when Ang-1 is absent. N.B., this 
conclusion requires further qualification with experiments verifying an absence of endothelial 
cell proliferation observed by others in the absence of Tiel. VEGF owes part of its pro
survival response to signalling through both Tiel and Tie2, in addition to its native VEGFRl 
endothelial receptor.
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Ang-1, and that this may be the situation in less than total receptor knock out with SiRNA 

techniques. As stated above, elevated baseline caspase levels in Tiel deficient HUVEC argue 

for a constitutive pro-survival Tiel function (Figure 4.4). A comprehensive analysis of Tiel 

roles in HUVEC survival and proliferation was recently published by Yuan et al., (142), 

where it was found that Tiel deficiency produced greater Matrigel capillary tubule formation 

compared to control cells, and that this was associated with decreased caspase levels. These 

data conflict with those presented in this work but could be reconciled if endothelial 

proliferation were associated with the elevated baseline apoptosis presented in Figure 4.4. 

This would necessitate a higher total Tiel deficient cell number, producing more caspase 

overall than the control cells, but less caspase per individual cell. Several attempts were 

undertaken to verify if this was the case during the data collection for chapter four, but efforts 

using bromo-deoxyuridine uptake (BrdU) assays proved unsuitable for the purpose, and no 

alternative technique was available during the experimental period.

As the data presented stands, Tiel may provide a degree of baseline protection from 

apoptosis under serum flee conditions, but does lead to activated intracellular survival 

responses from Akt and MAPK following stimulation with native Ang-1 at 200 ng/ml. 

However, the majority of the anti-apoptotic effect of Ang-1 stressed endothelial cells 

necessitates functional Tie2 to be present.

Finally, the loss of either Tiel or Tie2 receptors was found to inhibit the anti-apoptotic 

impact of VEGF, with Tie2 showing the greatest influence between the two. VEGF is known 

to truncate Tiel, releasing the extracellular domain to leave a 45kD fragment consisting of the 

transmembrane and intracellular domains that persist in situ (170). The truncation of Tiel 

leads to heterodimerization with full length Tie2 and these interactions have been shown to 

enhance Tie2 activation following Ang-1 stimulation (144,171). Data implicating Tie 

receptor involvement in VEGF mediated endothelial survival in the present work 

complements other work in the same laboratory, investigating the consequences of Tie 

receptor signalling following VEGF induced Tiel truncation. It has now been established that 

Tiel truncation leads to a novel form of RTK transactivation, leading to the phosphorylation 

of both full-length Tie2 and truncated Tiel (Singh et al, submitted to Oncogene February 

2008). This serves as a possible explanation for how reduced VEGF mediated survival occurs 

following the loss of either Tie receptor, as both are likely to be required for the summative 

downstream effects of Tiel truncated heterodimeric transactivation.
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8 3  Endothelial CAM Expression and Current Sepsis Strategies:

The expression of complementary cell adhesion molecules on endothelial cells and 

circulating leucocytes is an essential step in leucocyte migration into damaged tissue. Where 

this occurs as a result of inappropriate endothelial activation in SIRS, the destructive results 

of activated leucocyte degranulation can lead to significant organ damage (4). Therefore 

inhibition of CAM expression as a part of endothelial activation is an attractive therapeutic 

target. Several reports now exist for a role for angiopoietin/ Tie signalling in a variety of 

activated endothelial responses, both in vivo and in vitro. Focussed molecular studies 

demonstrating reduced CAM mRNA synthesis following Ang-1 treatment of activated 

HUVEC (132,133), are echoed in Witzenbichler’s in vivo sepsis model demonstrating a 

reduction in inflammatory CAM expression in the presence of adenovirally expressed Ang-1 

in pulmonary endothelial tissue (46). Furthermore, Fiedler et al. recently demonstrated an 

essential role for the Tie receptor antagonist Ang-2 in firm endothelial-leucocyte adhesion in 

another in vivo sepsis model, through Ang-2 mediated endothelial sensitization to circulating 

TNFa (41). Moreover, there are now numerous reports emerging that reinforce the broader 

role of Angiopoietins in SIRS / sepsis. Clinical observational work by Ganter and Guiliano 

has shown that serum Ang-2 concentration positively correlates with the severity of 

inflammatory processes in humans, whereas Ang-1 levels have an inversely proportional 

relationship to this outcome measure (167,168,172) (Karmalioitis). This has prompted 

several studies using tools such as gene therapy to successfully effect improvements in acute 

lung injury (ALI) through the systemic administration of Ang-1 or its synthetic relatives (173- 

177).

Working towards angiopoietin therapy in humans, data in chapter five documents the 

production of a simple assay for endothelial CAM expression such that the anti-inflammatory 

effects pf Ang-1 can be further investigated under defined inflammatory stimuli. Chapter 

seven took this work a step further, providing provisional data for the usage of such an assay 

in experiments on the anti-inflammatory properties of Ang-1 in the presence of human SIRS 

plasma.

To begin, inducible CAM expression was initially detected in cultured endothelial 

cells by immunohistochemistry, followed by CAM quantitation using a simple, reliable and 

high-throughput cell-ELISA system developed specifically for this project. Using the cell- 

ELISA assay, initial results using the immortalised endothelial cell lines HMEC-98 and 

EA.hy926 demonstrated the loss of phenotypic characteristics that immortalised cell lines can
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develop, with both excessive constitutive ICAM-1 expression in the former cell type and a 

lack of any II-1 induced VCAM-1 and E-Selectin expression in the latter. Therefore all further 

work was undertaken on HUVEC, which consistently proved to be a reliable and sensitive 

system for studying inflammatory CAM responses. Whilst Ang-1 was unable to reduce CAM 

expression in the presence of VEGF, it was found to be effective in suppressing the up- 

regulation of both VCAM-1 and E-Selectin in the presence of 0.03 and 0.05 ng/ml II-1. 

Moreover, using increasing quantities of Ang-1 led to progressive inhibition of IL-1 induced 

VCAM-1, reaching a 50% reduction at 800 ng/ml. E-selectin was also inhibited by increasing 

concentrations of Ang-1, but without the clear dose-dependent relationship seen with VCAM-

1. Taking this a step closer to the in vivo setting, data in chapter 7 showed that plasma from a 

patient suffering SIRS related pathology was able to induce CAM up-regulation using the 

cell-ELISA method in HUVEC. Moreover, the inhibitory impact of increasing Ang-1 on 

VCAM-1 expression in HUVEC exposed to SIRS plasma remained, and was associated with 

similar suppression of ICAM-1. It must be stressed however, that these data derive from a 

single experiment using a single patient suffering SIRS. Therefore, whilst a potential positive 

benefit of Ang-1 in a human model of CAM expression is extremely attractive, it would need 

corroboration through a much larger series of patients with comparisons drawn with an 

appropriate control population.

Finally, attempts to define a specific role for Tiel and Tie2 in Ang-1-reduced CAM 

responses were hampered by intractable transfection difficulties towards the end of the 

experimental series. Therefore several repeat observations on CAM inhibition by Ang-1 in 

properly Tiel and Tie2 deficient HUVEC will need to be made before it will be possible to 

prove or refute the assumed role of Tie2 in mediating these responses in endothelial cells 

(132).

Putting the results of the present study’s findings in context with published data on 

Angiopoietin signalling in sepsis, Ang-1 CAM reduction in the face of II-1 and TNFa has 

been reproduced, and a potentially valuable model for evaluating the clinical efficacy of Ang- 

1 using human SIRS plasma has been described. To continue these experiments further, the 

impact of Ang-2 on CAM expression and relative roles of each Tie receptor would be of great 

interest.
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Meeting Presentations -  Academic and Fundraising

Round table presentation to Healing Foundation 

Private donor

Healing Foundation, RCS, London
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Research presentation to Board of Trustees 

Healing Foundation, RCS, London
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Presentation to Freemasons on RCS regional visit 

Freemasons Lodge, Hereford

March 2006
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Healing Foundation, RCS, London
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Department o f Plastic Surgery,

Leicester Royal Infirmary
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papers:

Roles of the receptor tyrosine kinases Tiel and Tie2 in mediating the effects of Angiopoietin- 

1 on endothelial permeability and apoptosis. C S Milner, T M Hansen, H Singh, N P J 

Brindle. Accepted for publication by Microvascular Research, September 2008.

VEGF activates the Tie family of receptor tyrosine kinases. H Singh, C S Milner, N Patel, N 

P J Brindle. Submitted to FEBS letters 2008.
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