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Abstract

Driven by tissue engineering and regenerative medicine, endothelial cells are being used in
combination with biomaterials in a number of applications for the purpose of improving blood
compatibility and host integration. Endothelialized vascular grafts are beginning to be used clinically
with some success in some centers, while endothelial seeding is being explored as a means of creating
a vasculature within engineered tissues. The underlying assumption of this strategy is that when
cultured on artificial biomaterials, a confluent layer of endothelial cells maintain their non-
thrombogenic phenotype. In this review the existing knowledge base of endothelial cell
thrombogenicity cultured on a number of different biomaterials is summarized. The importance of
selecting appropriate endpoint measures that are most reflective of overall surface thrombogenicity
is the focus of this review. Endothelial cells inhibit thrombosis through three interconnected
regulatory systems (1) the coagulation cascade (2) the cellular components of the blood such as
leukocytes and platelets and (3) the complement cascade, and also through effects on fibrinolysis
and vascular tone, the latter which influences blood flow. Thus, in order to demonstrate the
thromobgenic benefit of seeding a biomaterial with EC, the conditions under which EC surfaces are
more likely to exhibit lower thrombogenicity than unseeded biomaterial surfaces need to be
consistent with the experimental context. The endpoints selected should be appropriate for the
dominant thrombotic process that occurs under the given experimental conditions.

Introduction

A vascular system to facilitate continuous nutrient delivery and waste removal is necessary to
sustain tissue viability in organisms larger than 200 microns in size due to diffusion limitations.
Furthermore enabling communication and transport between different tissues within the
organism permits the development of specialized tissues that work in a cooperative manner
without the requirement that they be in close proximity within the body. A circulatory system
in which nutrients and waste enter and leave the blood within different regions of the circuit
is efficient. However, this requires, strategies to control where and at what rate molecular
exchange occurs within the circuit, processes to allow circuit growth, and repair mechanisms
in the event of a break in the circuit i.e. a tissue wound. Endothelial cells (EC) are pivotal in
the sophisticated mechanisms that have evolved to provide these system features. A monolayer
of EC line the vasculature and through the expression and secretion of a spectrum of molecules
regulate vascular tone and permeability, inflammation, thrombosis, and fibrinolysis. The
relative expression levels of these molecules are determined by EC interactions with the
surrounding blood, extracellular matrix (ECM) and peripheral cells. The endothelium is a
dynamic interface which actively maintains blood circulation until tissue damage occurs, at
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which point the EC actively drive local thrombosis and inflammation enabling efficient wound
repair.

The sensitivity of the circulatory system to disruption or alteration is one of the limits to which
host integration of a biomaterial can be achieved. When artificial biomaterials come into
contact with blood, a number of thrombotic and inflammatory reactions occur related to what
occurs when blood is exposed to the ECM of a disrupted vessel. To prevent these reactions,
EC are being combined with biomaterials in a number of applications to improve artificial
device integration. For example, the lumens of vascular grafts have been seeded with
endothelial cells as a strategy to create an interface that “hides” the underlying biomaterial,
enabling blood contact without significant inflammation and thrombosis, and maintenance of
graft patency [1]. In the case of tissue-engineered constructs, blood must be supplied to cells
within the construct without contacting the biomaterial scaffold. Strategies have been
developed to encourage blood vessel formation within biomaterial scaffolds involving either
seeding the construct with EC prior to implantation [2] or encouraging EC in-growth from the
host post-implantation [3], both of which involve EC contact with the construct biomaterial.
The use of stents in the treatment of coronary or other artery disease also results in blood-
biomaterial contact and the incidence of thromboembolic complications of stenting. A failure
to re-endotheliaze is thought to be responsible for what is termed ”late stent

thrombosis” (thrombosis occurring after 30 days), a particular issue with the new drug-eluting
stents. [4]. The dynamic nature of EC and the complex control systems that govern their
behaviour however, create challenging problems when attempting to combine EC with an
artificial material in a controlled and precisely characterized manner.

This review briefly summarizes the reactions involved in thrombosis and the molecules
expressed by EC that mediate these; highlights the molecular profiles expected on quiescent
versus activated EC; and provides a brief overview of the mechanisms which regulate EC
behaviour. The object is to identify the basic principles which guide EC phenotype relevant to
the understanding of the effects seen in the presence of a biomaterial. In the latter half of this
review, characterization of EC behaviour on biomaterials is addressed. To date this has
primarily focused on: proliferation, relevant to vascular graft coverage and vessel development
within a scaffold; cell adhesion, important for the maintenance of a non-thrombogenic layer
on vascular grafts after implantation; extracellular matrix (ECM) secretion and substrate
remodeling; and EC thrombogenicity. Of these properties, EC thrombogenicity is the least well
studied and will be the focus here, with emphasis on a view of the dynamic and active nature
of the endothelium that underlies the maintenance of its non-thrombogenic character. The other
features of EC on biomaterials have been reviewed elsewhere [5-7]. Here a summary is
provided of the methods used to characterize EC thrombogenicity on different biomaterials
and the dominant experimental factors that have been found to influence thrombogenicity
measurements.

EC mediation of thrombosis

Thrombosis involves the activation of three interconnected regulatory systems, the coagulation
cascade, the complement cascade and the cellular components of the blood such as leukocytes
and platelets (Figure 1) [see [8,9] for a comprehensive review]. The coagulation cascade
involves a series of proteolytic reactions that convert zymogens into active enzymes, which
then catalyze the activation of zymogens further down the cascade resulting in thrombin and
finally fibrin formation. Thrombosis only occurs above a certain threshold of activated clotting
factors in localized regions. However, under normal circumstances sub-threshold levels of
cascade initiators, such as thrombin and Factors IXa and Xa, are found in the blood, prime the
system for immediate cascade initiation on exposure to tissue factor [10]. In addition to flow
(see below), several positive (e.g. thrombin, tissue factor) and negative (e.g. thrombomodulin,
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tissue factor pathway inhibitor) feedback molecular factors determine whether the “cascade
switch” is on or off, characteristic of a threshold system that must be able to switch abruptly
from one state to another when wounding occurs [11].

Cellular components of the blood, such as platelets and leukocytes, contribute to maintenance
of vessel integrity, and initiate wound healing. Platelets and leukocytes are activated by various
components of the coagulation cascade and once activated they promote further local
amplification of the thrombosis response by the generation of various factors in the coagulation
cascade, such as tissue factor. Cellular components of the blood also help to contain thrombosis
to the site of injury since for many coagulation reactions a multimolecular complex must be
formed on an anionic phospholipid membrane surface (e.g. platelets) to achieve a significant
reaction rate.

The complement system facilitates communication between the blood and the body’s immune
elements. The complement cascade involves more than twenty plasma proteins and is initiated
via the classical or alternative pathway [12], both of which result in terminal complement
complex insertion into the lipid layer of the “foreign cell” and subsequent cell damage and or
lysis. Various components of the cascade amplify inflammation and coagulation. For example,
leukocytes can be activated by low amounts of complement factors such as C5b-9. Some
coagulation factors (for example thrombin) also activate complement.

During thrombosis, flow offers a means of negative feedback by decreasing the localized
concentration of some factors and removing activated material by dilution into a larger volume.
Flow rates, which then influence thrombosis dynamics, are primarily controlled by vascular
tone via molecules such as nitric acid, endothelin and prostacylin. Fibrinolysis, the process that
enables removal of the fibrin plug after an injury, is another relevant process involving
molecules such as tissue plasminogen activator, and plasminogen activator inhibitor.

The process of thrombosis has significant redundancy and complexity with the steady state
resulting from a dynamic balance of all reactions. Such a high degree of control is necessary
in a circulatory system where locally produced pro-thrombotic factors must be rapidly
amplified yet systemic activation must not occur. Due to such interactions among each of the
involved regulatory systems [8], activation of one system likely results in some level of
disruption of the others thus creating a multifaceted system to facilitate wound healing.
Endothelial cells play a central role in mediating thrombosis by interacting with each of these
regulatory systems through several mechanisms (Table 1)[13], which are summarized briefly
here.

EC and coagulation

EC influence coagulation by the expression of several molecules, which initiate and regulate
the coagulation cascade [14,15], and by providing the phospholipid surface necessary for many
coagulation reactions to occur. The key initiation molecule, tissue factor (TF), is expressed on
the surface of activated EC [16-19] and is present in intracellular pools, which are released if
the integrity of the EC is disrupted [20]. EC also contribute to the three major negative feedback
mechanisms that regulate the coagulation cascade; Thrombomodulin (TM) is expressed
constitutively on the surface of un-activated EC [21,22]; tissue factor pathway inhibitor (TFPI)
is predominantly synthesized by EC and both secreted into the circulating plasma and
constitutively bound to the EC surface [23]; and heparan sulphate molecules bound to the EC
surface support antithrombin iii binding [24]. On normal, un-activated, confluent EC, TF
expression is low or absent, and TM expression is high. Activation causes a reversal of this
profile.
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EC and platelets, leukocytes and complement

EC interact with both platelets and leukocytes. EC synthesize molecules such as platelet
activating factor (PAF) [25], ectonucleotidases [26] and von Willebrand factor [27] to facilitate
interactions with platelets. Although platelets contain some von Willebrand Factor (VWF),
virtually all plasma vWF is derived from the endothelium [13]. Nitric Oxide (NO, produced
by EC) and prostacyclin (PGl»,), regulate vascular tone (see below), but also prevent platelet
aggregation [28] and, in the case of NO, also prevent platelet adhesion [29]. Leukocyte
adhesion to the EC surface is mediated by platelet activating factor [30], and cell adhesion
molecules on the EC surface [31,32] such as PECAM, ICAM-1, P-selectin, E-selectin and
VCAM-1. In addition EC express molecules involved in complement regulation and receptors
for a number of complement system proteins [33—-35]. On normal, un-activated, confluent EC,
PGl, secretion is low or absent depending on the EC location [36], NO secretion is present but
low, VWF is present within the EC but not secreted, and the number of cell adhesion molecules
expressed on the EC surface is also low. Activation causes increased secretion of NO, PGl,,
VWEF and increased expression of cell surface adhesion molecules.

EC mediation of vascular tone and fibrinolysis

Flow is an important factor in regulating thrombosis and is in turn influenced by vascular tone,
which controls blood vessel diameter. VVascular tone is regulated by the release from EC of a
combination of vasodilators [37], such as nitric oxide (NO) [38,39] and prostacyclin (PGl5),
and vasoconstrictors, such as endothelins [40,41] and platelet activating factor (PAF) [42],
which enable interaction with the underlying smooth muscle cell layer [43] and constriction
or dilation of the vessel walls. NO is secreted constitutively at low levels to maintain basal tone
but is synthesized and released locally and transiently in response to agonists such as ATP and
ADP secreted from activated platelets and molecules involved in the coagulation cascade such
as thrombin and bradykinin. PGl is also secreted by some EC at low basal levels but secretion
is increased transiently in response to agonists. Mediators such as endothelins and PAF are
secreted only in response to agonists.

Fibrinolysis, removal of a thrombus once formed to facilitate wound healing, is another
important event associated with thrombosis in which EC play an important role. EC secrete
both tPA and PAI-1 to control fibrinolysis [44]. Activation of the EC during thrombosis alters
the relative balance [45] of tPA and PAI-1 to initiate thrombus dissolution and wound healing.
On normal, un-activated, confluent EC, secretion of PAI is higher than tPA to achieve the
several fold higher concentration of PAI seen in plasma [46].

EC sources for tissue engineering

The endothelium comprises heterogeneous, metabolically active cells and the activation state
of the endothelium depends on the precise balance among the various molecules described
above. Furthermore this balance varies depending on species and anatomical location. The cell
source is therefore an important consideration when designing biomaterials/EC combination
studies. There are a number of species from which EC are readily available for tissue
engineering. Bovine, porcine, human, and rat EC are commercially available from Clonetics,
Cell Applications Inc. and others, while protocols have been established to harvest canine
[47], mouse [48], and sheep EC [49]. EC derived from hemotopoeitic stem cells [50] have been
isolated and are another cell source option. Historically bovine EC (BAEC) and human
umbilical vein EC (HUVEC) are most common for fundamental studies into EC biology while
canine cells, human saphenous vein EC (HSVEC), and human omentum microvascular
(HOTMEC) proved most popular in the vascular graft community in combination with dog
models to test graft patency. A new and currently topical EC is the circulating endothelial
progenitor cell (EPC). While EPC have only just begun to be used as a source for seeding
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vascular grafts or depositing on biomaterials [51], EPC are of great interest for cardiac and
other tissue regeneration goals, since it is thought that if they can be made to “home” or
otherwise concentrate at sites of tissue damage, the resulting vasculature and perfusion could
drive a positive healing/remodeling response [52]. There has been great interest also in the
stenting community with anti-C34 antibodies immobilized on a stent surface being used to
facilitate the deposition of these EPC and corresponding re-endothelization of the stent [53].

The choice of EC source for a particular application is important as there is considerable
phenotypic variation among EC from different sources [54,55], different locations within the
same organ [56], different locations within the same vessel [57], and different vessel sizes
[58,59]. For example, un-stimulated human umbilical vein endothelial cells (HUVEC), unlike
omentum and atrium cells do not spontaneously express TF in culture and are considered the
most useful cells for achieving a non-coagulant surface on vascular grafts [36,60,61]. For
different EC sources, variations have been reported in the expression levels of vasconstrictors
[62,63], cell specific markers [32,36] neutrophil adhesion after EC activation [64], coagulation
mediators such as protein C receptor [65] and TF [36,60,61], fibrinolysis mediators [66,67],
and ECM secreted in culture [68,69]. Differences have also been reported between sparse and
confluent cells [32] and variations in the gene expression for different EC [70,71] and between
EC in vivo versus in vitro [72] have also been observed. These differences highlight the
diversity of EC function (for example large vessel endothelium controls vasoconstriction and
vasodilatation while microvascular endothelial cells are involved in neovascularisation, blood-
tissue exchange of oxygen and nutrients) and reflect local microenvironment variations in the
extracellular matrix, paracrine/autocrine factors, cell-cell contact, and biomechanical factors
[73] (for example large vessels are surrounded by smooth muscle cells while small vessels are
surrounded by pericytes [74]). In comparing studies of EC on different biomaterials cells source
is therefore a critical consideration.

Regulation of endothelial cell phenotype

To provide a comparison for the effects of biomaterials, we first discuss briefly the factors that
influence the behaviour of EC in their natural state. In vivo, in the absence of a biomaterial,
EC growth [75], differentiation [76], barrier function [77], migration, and survival [78] are
regulated in a complex manner by a combination of the surrounding ECM [79], cell-cell
contacts [80,81], growth factors [82] and mechanical cues [76,83]. In particular fluid shear
stress resulting from blood flow over the endothelial surface, sensed via a number of
mechanosensor mechanisms [84], produces junction [85], cytoskeleton [86] and integrin [87]
re-organization which alters ECM organization [88,89], EC morphology [90], and EC gene
expression [91-93]. This further affects the expression and secretion of proteins associated
with EC function, such as regulation of vascular tone [94-96], fibrinolysis [97-99], surface
adhesion [100] and coagulation proteins such as tissue factor and its inhibitor [101,102],
thrombomodulin [103,104], prostacyclin [105,106] and von Willebrand factor [107]. Of
interest here, is that KLF-2 [108] (Kruppel-like factor), a flow responsive transcription factor
is a primary candidate as a central “switch” between quiescent and activated adult EC. The
appropriate flow conditions for the particular location of a given EC in the vasculature are
necessary to ensure correct EC function in that location. The nature of the interconnected
network of cells and matrix created when EC are cultured on biomaterials and the flow/stress
conditions of the experimental system are therefore important when considering how the
biomaterial influences cell behaviour. As will become apparent to the reader below, not all
these considerations have been carefully controlled for in most studies involving biomaterials
and EC and therefore comparing the data reported from different sources is problematic.
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Endothelial cell phenotype on biomaterials

Studies combining EC and biomaterials have characterized the resulting EC “phenotype” in a
number of ways including proliferation, adhesion, viability, and to a lesser extent
thrombogencity. Each of these measures of phenotype is considered below with a focus on
thrombogenicity since this has been the least studied to date although it offers a measure of
more specialized EC functions than the more general cell properties more commonly reported
on.

EC proliferation and adhesion on biomaterials

Static in vitro studies on tissue culture polystyrene (TCPS) coated in various ECM proteins
have focused on the effect of ECM substrate on EC proliferation, adhesion, migration and
matrix secretion. In terms of adhesion, human EC adhered to collagens I, 11l and 1V but only
formed tight junctions on type IV [109], while fibronectin coatings provided the greatest level
of initial adhesion with significant differences disappearing after 1 h in culture [110]. Cell
proliferation was higher on collagen type 111 and laminin and lower on collagen type IV
[111-113]. Capillary EC cultured on interstitial collagens tended to secrete more interstitial
collagen, while on basement membrane more basement membrane collagen was secreted
[111. The composition of the underlying substrate therefore appears to be very influential in
determining EC behaviour.

A study by Underwood et al. [114] however, highlighted the difficulty of separating the effects
of ECM proteins from the effects of cell shape on observed cell behaviour. The influence of
cell shape on cell behaviour was first proposed by Folkman and Moscona [115] and
subsequently it has been shown that the shape and extent of cell spreading on a surface controls
cell behaviour [116]. Cell spreading/shape and cytoskeleton arrangement, which influence
intracellular signaling and hence behaviour, has also been shown to differ depending on the
ECM on which the cells are cultured [117]: for example the distribution of spectrin (fodrin), a
high molecular weight heterodimer that appears to link surface receptors to actin filaments,
was different in EC cultured on fibronectin compared to collagen [118]. Cell size/shape has
also been shown to correlate with the extent of cell attachment and spreading to a particular
substrate and was inversely correlated with proliferation and cell migration [119,120].
Underwood et al., however removed the cell shape effects from their experiments by
demonstrated that optimal cell spreading can be reached on all ECM protein substrates but
different concentrations are required. When different concentrations of each ECM were used
(each concentration used to achieve optimum spreading) no differences in cell morphology or
growth rate were observed among different coatings. However the type and amount of ECM
deposited by the cells still differed with differences in ECM substrate and time in culture
[114]. This suggests that ECM composition alters cell shape, cytoskeletal organization and
integrin binding. Such changes in turn control the ECM deposited around the EC and their
proliferative and migratory behaviour. Hence it is possible that the effects previously
documented as matrix chemistry effects on cell behaviour were more related to differences in
the extent of cell spreading at the ECM compositions tested. It is difficult, therefore to draw
definitive conclusions from data involving ECM coated TCPS.

Variation in EC adhesion has also been characterized on biomaterials, other than TCPS.
Introducing biomaterials other than TCPS into culture with EC is of particular interest in the
development of vascular grafts. When biomaterials are coated with components of ECM, a
common strategy that improves the adhesiveness of EC on to vascular grafts, trends, similar
to ECM coatings on TCPS, were seen. Assuming surface topography and porosity are similar
for all surfaces, initial adhesion is determined by the conformation and amount of protein
intentionally or unintentionally (from serum), adsorbed on the material surface (which is in
turn dependent on underlying material chemistry). Fibronectin produced the highest initial
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adhesion [121], while at later time points, when cell confluence was attained, no difference
was seen on different ECM component coatings [122-125]. It is worth noting here that many
studies on polymer grafts were confounded by variations in graft porosity or surface roughness,
which alter the local stress state sensed by the EC. Moreover most studies assess the number
of EC retained on the surface either after 1 h or after a few days. This, in our opinion, gives
more of a measure of EC retention on a surface, rather than the adhesion force attaching the
confluent monolayer to the surface; hence, conclusions about the effect of underlying chemistry
on the adhesion of a final monolayer to the synthetic material are not clear.

EC thrombogenicity on biomaterials

Despite the numerous studies into EC adhesion and proliferation on biomaterials there have
been far fewer which consider the function of EC when cultured in vitro. The vascular tone
related properties of EC have been studied primarily in the context of in vivo pathology and
the treatment of vascular disease, with a focus on signaling pathways, or in co-culture studies
addressing the effect of vasoconstriction molecules on SMC behaviour. Vascular tone
properties are not considered further here, but reviews are available [126,127]. Here we focus
on the thrombogenic function of EC in vitro.

EC thrombogencity has been characterized under static conditions using a number of
approaches both in terms of anti-thrombotic function and anti-fibrinolytic function. The term
thrombogenicity has been used loosely and it is perhaps misleading to use this term to cover
both thrombosis and fibrinolysis considering one relates to the ability of the EC to prevent
thrombus formation while the other relates to the ability of the cells to dissolve a thrombus
once formed. This is an important distinction. In the context of the devices being designed
using EC, in which the function of the layer is to provide a non-thrombogenic surface, the
former of these functions is likely more relevant.

Thrombogenicity can be probed in three ways, with increasing degree of complexity and
experimental sophistication; the expression and activity of individual molecules which
influence thrombosis; studies exposing EC to components of blood, the outcome of which is
dependent on the combination of molecules being expressed by the EC; or studies exposing
EC to whole blood, the outcome of which again depends on the balance of EC molecules
expressed and the interactions among the different processes which occur in thrombosis. While
the first two strategies are useful diagnostic tools (eg to probe mechanisms), only whole blood
studies give an overall measure of biomaterial substrate associated EC thrombogenicity. Whole
blood studies (and some of the other approaches) can be compromised by loss of EC (eg due
to poor adhesion) so that the underlying thrombogenic substrate can contribute to the
experimental outcome. This may explain why experimental studies in the past have focused
on cell adhesion and biomaterial coverage. Despite the experimental difficulties in assessing
EC thrombogenicity some data has been reported using each of the 3 experimental strategies
described above.

Molecular expression studies

Overview of key trends—Analysis of different molecules provides information on different
aspects of the EC thrombogenicity. Table 2 compares the different molecular tests that have
been typically used to assess EC thrombogenicity on biomaterials and distinguishes what aspect
of thrombogenicity each measures. Tissue factor (TF) and thrombomodulin (TM) are
commonly characterized molecules as they are key players in the initiation of the coagulation
cascade. Most TF studies have been performed on EC cultured on tissue culture polystyrene
using ELISA, to characterize expression, or chromogenic substrate assays, to characterize
activity (ability to convert FX to FXa), and have found low or undetectable levels of TF in
non-stimulated confluent layers of HOTMEC [128], HUVEC [129-131], and BAEC [132].
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TF was also observed to be low or undetectable in un-stimulated HUVEC on gelatin coated
TCPS [133] and fibronectin coated TCPS [134]. Thrombomodulin expression (ELISA) and
activity (ability to activate protein C in the presence of thrombin) was high on non-stimulated
HUVEC [130,135-137] and BAEC [132] on TCPS and fibronectin coated TCPS [134] and
decreased significantly on activation with an agonist. Thrombomodulin gene expression was
also found to be high in HUVEC on TCPS and fibronectin coated TCPS [134,137]. Very few
studies on the molecular expression profiles of EC in porous scaffolds, for tissue-engineering
applications, have been reported. Work done in our lab measured the TF and TM expression
and activity on HUVEC cultured on the surface of endotoxin-free collagen modules. These
modules were subsequently assembled into a modular tissue-engineered porous construct
[138,139]. TF was found to be low and TM was found to be high consistent with the previous
studies described above. The combination of high TM and low TF suggests the EC exhibit a
non-thrombogenic phenotype on these biomaterials.

As an alternative strategy to characterize thrombogenicity, Von Willebrand Factor (vWF),
prostacylin (PGl5) and the cell adhesion molecules VCAM-1, ICAM-1, PECAM and E-selectin
have been measured as an indicator of endothelium adhesiveness towards platelets and
leukocytes. Measurements suggested EC in culture exhibited a non-activated (non-
thrombogenic) phenotype. vVWF secretion was found to be low in non-stimulated HUVEC on
TCPS [140] and on fibronectin coated polystyrene sodium sulfonate microcarriers [141].
Similarly PGl secretion, measured using immuno- or radio-immuno- assays, was low in non-
stimulated HUVEC and BAEC cultured on plastic microspheres (Biosilon®) and dishes
[142,143] and carbodiimide crosslinked gelatin and albumin gels [144]. HUVEC, analyzed by
flow cytometry after removal from TCPS, Dacron, and Teflon showed no E-selectin and low
levels of VCAM-1, independent of substrate, and HOTMEC showed no VCAM-1 and low
levels of E-selectin. PECAM and ICAM-1 levels were similar in both cell types [145]. The
process required to remove the cells from the initial culture substrate however complicates
drawing conclusions from this flow cytometry study. Treatments of the cells to enable
molecular measurement have the potential to alter the phenotype of the EC and distort results.
Nonetheless the trends implied from the combination of all these studies suggest that non-
stimulated EC in culture are non-adhesive to platelets and leukocytes.

Finally another alternative set of molecules to assess thrombogenicity is tPA and PAI-1. tPA
and PAI-1 secretion are commonly measured to assess the fibrinolytic capacity of EC on
biomaterials. It is important to note that tPA levels in un-activated EC are expected to be low
and PAI-1 levels high, mimicking what is seen in vivo where only 20% of the tPA present in
plasma is active due to the large excess of PAI-1. In addition it is interesting to note that tPA
and PAI are usually measured by assessing their secretion into the culture medium. However,
on some substrates PAI is released into the ECM and not into the culture medium. The ECM
bound PAI still remains active [146] however. Invitro levels of secreted PAI-1 are in significant
excess of tPA levels in human retinal EC [147] and HUVEC [148-150]as seen in vivo,
suggesting a non-fibrinolytic and un-activated EC phenotype in culture.

Taken together, these molecular characterization studies suggest that on certain biomaterials,
certain EC appear to have a non-thrombogenic phenotype. Activity studies, when possible, are
likely more useful than expression values since it is the relative amounts of many different
molecules that determine the thrombogenic state of the EC. Furthermore it is important to be
aware of the sensitivity of the measurement technique. Measuring zero activity or expression
of a particular molecule may result from a lack of sensitivity in the measurement technique
used to quantify it. Regardless, the main difficultly in drawing conclusions from this sort of
data is how “low” or “high” molecular expression/activity on the cultured EC relates to the in
vivo non-thrombogenic or activated situation respectively. It is thus not possible to rule out the
conclusion that cultured EC may be partially activated in the presence of the biomaterial. It is
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thus not possible to rule out the conclusion that cultured EC may be partially activated in the
presence of the biomaterial. Systematic studies comparing molecular expression profiles on
different materials are therefore necessary to rigorously quantify what is “low” and what is
“high” and to determine the effect of an underlying biomaterial.

Effect of biomaterial substrate on molecular expression—A limited number of
studies have systematically investigated the effects of biomaterial substrates on EC
thrombogenicity (all under static conditions). Some reports have concluded there is no effect
of substrate (Table 3) while others suggested that the substrate is influential (Table 4). Drawing
definitive conclusions about the effect of surface composition on thrombogenicity from many
of these studies is troublesome, however, as often a number of confounding factors have not
been controlled.

Surface topography has been shown to be a key influence on EC behaviour. For example,
different levels of ELAM are expressed on HUVEC cultured on knitted versus woven Dacron
[151] and different neutrophil adhesion [152], tissue factor and prostacyclin levels have been
observed on Dacron grafts versus smooth films [153]. The goal of many of the studies listed
[154-163] was to compare particular vascular graft materials, with or without different ECM
coatings, to TCPS, and thus differences can potentially be attributed to topography rather than
surface chemistry.

EC function has also been shown to depend on cell density and level of confluence [140]. A
number of studies have noted significant differences in initial EC function dependent on the
underlying substrate, which become insignificant when confluence is reached [140,144,164,
165]. For example, bovine and porcine EC cultured sparsely on TCPS, coated with different
concentrations of poly(HEMA) to vary adhesiveness, showed variations in F-actin and cell
shape which correlated with levels of prostacyclin [166]. This is consistent with data reporting
an initial dependence of prostacyclin secretion on substrate material. Initially cell spreading,
and hence prostacyclin secretion, was dictated by the surface properties of the biomaterial,
while post confluence, when cell density influences shape more than the underlying material,
differences in secretion levels among substrates became insignificant. This observed
dependence of EC function on the level of cell confluence introduces uncertainty into much
of the reported data in the literature. Many investigators have reported substrate dependent
differences in pre-confluent samples without normalizing secretion levels for the different cell
densities reported for each of the test substrates [167—169]. Even in cases where enough time
is given to allow confluence to be reached on all the materials [149] being compared, changes
in EC junction composition [149] that occur after confluence may result in differences which
confound any effects seen among different substrates.

The absence or presence of serum in the culture medium to perform the experiments can also
confound the molecular measurements. ECM controls EC function in part through a balance
of alterations in cell shape, cytoskeletal organization and integrin binding. Available EC
binding sites on a biomaterial substrate are dependent on the layer of proteins that adsorbs on
the surface either from serum in the culture medium or if the surface is coated prior to use with
a particular ECM component. Most biomaterial studies are performed in medium containing
serum, resulting in deposition of vitronectin (VVn) [170]. This could account for the lack of
substrate dependence seen in some studies where no other ECM coating layer was deposited
on the biomaterial and binding sites on the surface are provided only by the protein adsorbed
from the culture medium. For example, when human aortic and pulmonary artery EC and
dermal microvascular EC were cultured on 2 different plasma polymers (gamma-butyrolactone
and N-vinyl-2-pyrrolidone) of varying hydrophilicity no differences in levels of TM, TF or
monocyte chemotactic protein-1 were reported [171].
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In cases where an intentional ECM coating was deposited on the biomaterial surface to provide
binding sites for cell adhesion, differences in EC thrombogenicity have been attributed to the
availability and type of binding sites, presented by the particular ECM coating and adsorbed
protein surface layer, for cells, growth factors and other mediating molecules. The surface
properties of the underlying biomaterial determines the conformation of the adsorbed ECM
coating, and hence the available binding sites and EC behaviour, at least up until a time point
when the ECM is remodeled by the EC. For example, confluent HUVEC seeded on ammonia
plasma modified PTFE coated with fibronectin, collagen | or gelatin exhibited different levels
of PGl,, PAI-1 and tPA among coatings and on unmodified versus modified PTFE [148]. In
aseparate study HUVEC cultured on fibronectin coated PTFE and polyurethanes secreted more
PAI and tPA than on fibronectin coated TCPS [149]. The general explanation of these kinds
of observations is that the particular ECM coating composition defines the potential binding
sites available. In another example, HUVEC seeded on vitronectin or fibronectin coated TCPS,
cultured in medium depleted of both factors to prevent alterations of the culture surfaces by
adsorption, showed significant differences in PAI-1 secretion. On vitronectin PAI-1 was bound
within the ECM, while on fibronectin PAI-1 was secreted into the culture medium [172]. In
yet another example, BAEC seeded on fibronectin, gelatin or laminin coated TCPS produced
variable levels of prostacyclin (PGl,) both pre- and post-confluence. Varying the laminin
concentration controlled sub- and post-confluence secretion levels while antibody blocking of
the fibronectin receptor resulted in a 43% reduction in post confluent secretion levels [173].
Furthermore, consistent with these kinds of findings is the result that collagen cross-link
density, which should not significantly alter the available binding sites at the surface, did not
alter the secretion of PG, tPA or PAI-1 [150]. Not all molecules were sensitive to the
underlying substrate. VCAM-1 was different in HUVEC cultured on fibronectin coated
polystyrene and TCPS compared to uncoated polystyrene or TCPS. ICAM-1 however, was not
dependent on the substrate. The authors attributed this difference to the integrin sensitive nature
of VCAM-1 compared to the nature of ICAM-1, which is more dependent on complement
products in the culture medium serum [174]. The sensitivity of different molecules to ECM
substrate composition likely varies, depending on the signal transduction pathways that control
their expression.

Overall molecular studies suggested that confluent EC display a non-thrombogenic profile of
molecules on the majority of biomaterials tested. At sub-confluent densities however, EC
appeared to be more thrombogenic. Different substrate chemistries did not produce
significantly different EC behaviour when using a biomaterial with no ECM and serum-
containing medium. In light of the studies into cell adhesion and growth discussed previously,
it is likely that biomaterial chemistry dictates the compaosition and conformation of the protein
layer deposited on the surface from the culture medium. This in turn dictates cell shape,
cytoskeletal organization, integrin binding and ultimately cell thrombogenicity. Biomaterials
coated in different ECM did show some variation in the resulting EC thrombogenicity to some
extent, at least at some time points. However, the underlying mechanisms that result in one
ECM/biomaterial combination producing slightly different levels of a particular molecule to
another ECM/biomaterial combination have not been elucidated. The utility of this information
in terms of principles of biomaterial design is therefore limited. Furthermore, despite these
somewhat systematic studies, the issue of “low” and “high” measured molecular expression/
activity values are on the cultured EC relative to the in vivo situation and the question of how
much these measured values reflect the EC behaviour when in contact with blood remains
unclear.

Studies exposing EC to components of blood

While the study of individual molecules gives a reasonable prediction of EC thrombogenicity,
tests considering the consequences on blood, or components of the blood, in contact with EC
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seeded biomaterials reflect the combination effect of several molecules. On the other hand,
molecular studies, especially those based on microscopy, are less compromised by incomplete
substrate coverage issues. They enable prediction of expected molecular behaviour were there
no defects in coverage, but do not account for the complexities of thrombosis. Simplified test
systems, incorporating only selected components of blood, are useful for diagnosing the
isolated contribution to thrombosis of the different reactions which can occur, while whole
blood studies more closely reflect overall thrombogenicity resulting from the contribution of
all thrombosis reactions and the interplay among them. In this section we consider data from
experiments based on selected blood components; in the next section, we discuss whole blood
studies.

Overview of key trends—Table 5 lists the typical blood component studies that have been
used to characterize EC thrombogenicity. The most popular methods were platelet and
leukocyte adhesion and activation studies performed under static conditions. Static conditions
reduces the chance of losing attached EC, which could lead to confounding results from the
exposed underlying substrate material. Surprisingly, plasma recalcification times, commonly
used to characterize the thrombogenicity of biomaterials, have been rarely used in studies
involving EC. Table 6 summarizes blood component studies performed on different
biomaterials and indicates the flow conditions used for each study. These studies suggested
overall that EC exhibit a relatively non-thrombogenic phenotype on a number of common
polymer substrates with or without ECM coatings. Limited platelet adhesion and activation
(serotonin release and spreading) occurs on non-stimulated HUVEC cultured on TCPS [175—
177], fibrillar collagen [178], crosslinked albumin heparin gels with [179] and without heparin
[180], thermanox coverslips [181] and fibronectin coated polyethylene [182]. Similar trends
were also observed for BAEC cultured on TCPS [183,184], and for sheep pulmonary artery
EC cultured on gelatinized polycarbonate or TCPS [185]. In a study by Dekker et al. similar,
low platelet adhesion was observed on both HUVEC and human smooth muscle cells in a
perfusion flow experiment [182], however on activation of the platelets, prior to perfusion
through the circuit, significant deposition was induced only on the smooth muscle surface
suggesting that inhibiting platelet-deposition is a property unique to endothelial cells. Low
neutrophil adhesion was reported on non-stimulated ovine pulmonary artery EC cultured on
TCPS [186] and BAEC cultured on microcarrier beads [187] (polymer unknown).

In our lab, plasma recalcification time on HUVEC seeded on collagen modules was compared
to that on lipopolysacharide activated HUVEC-collagen modules and on collagen modules
alone (unpublished data, manuscript in preparation). Such modules can be used to form
modular tissue-engineered constructs. Activated HUVEC modules consistently showed shorter
recalcification times for both platelet rich and platelet poor plasma. No difference in
recalcification times was observed for collagen only and non-activated HUVEC-collagen
modules. We attribute this latter result to the test surface:background material surface ratio
that results from performing this in a 96 well plate and to the inappropriateness of the assay to
compare a material surface versus a cellular surface (see discussion below on "experimental
complexities” in whole blood section).

As in the molecular characterization studies, a similar problem exists of how “low” adhesion/
activation levels on the non-activated EC are relative to the in vivo situation. In most studies
the control to which non-activated EC are compared is lipopolysaccharide or tumour necrosis
factor alpha activated EC. Such comparisons allow only limited conclusions regarding the
biomaterial effect to be made from the already limited data.

Dominant factors influencing thrombogenicity measurement—The composition of

the underlying biomaterial does not appear to have a significant effect on EC thrombogenicity
based on the limited data available from studies using blood components. For example BAEC
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and corneal EC cultured on TCPS coated with fibronectin, collagen I, 111, IV and V showed
similar, low platelet adhesion with any exposure of the ECM producing platelet aggregation
[188]. Low platelet adhesion and activation is characteristic of EC from a number of sources
on a number of common polymer substrates. Some differences were observed in
polymorphonuclear neutrophil adhesion to HUVEC cultured on knitted Dacron coated with
fibronectin compared to TCPS, however, EC coverage on the materials differed [189].
Systematic studies on different biomaterials, controlling for the level of cell confluence,
coverage and the roughness of the substrate, are necessary to confirm any conclusions regarding
the effect of a biomaterial on EC behaviour in contact with blood components. Various reports
highlight the importance of carefully controlling a number of factors to ensure comparisons
among different experimental groups are valid (see below).

Cell density is a critical factor in determining thrombogenicity, as was also suggested by the
molecular characterization studies. For example non-confluent HUVEC cultured on
thermanox, showed a linear relation between EC numbers seeded and adherent platelets
[190]. In a different kind of assay measuring fibrin deposition from blood plasma, canine aortic
EC on both TCPS and microporous polymer (fluropore filter) with and without a fibronectin
coating showed reduced fibrin deposition, that was dependent on the proliferative state of the
cells [191]. Moreover in pre-confluent EC cultures platelet adhesion has been observed not
just in regions of the exposed underlying matrix but also on the non-confluent EC themselves
[176,178,179,183,185] suggesting that the EC are thrombogenic at non-confluent densities.

Experimental set-up is a critical factor influencing the thrombogenicity measurement. Most
experiments described above are static, involving the incubation of an EC surface with a
mixture of blood components, which does not mimic the transport dynamics of in vivo
thrombosis. Since platelet adhesion dominates at high shear, a static system measuring platelet
adhesion may not be an accurate measure of EC thrombogenicity. For example, different results
on the same EC have been observed using rocking versus laminar flow experimental systems
[192]. Furthermore alterations in platelet adhesion with shear level have been seen in a capillary
flow circuit using HUVEC cultured on fibronectin coated polyethylene [182]. Another
influential component of experimental set-up is blood source and anticoagulant used. Some
studies have suggested differential adhesion of human leukocytes on human and non-human
EC [190,193]. Although trends are not clear, immune reactions between EC and leukocytes
from different species also have the potential to alter EC behaviour in response to any other
blood components in the test system. For example the importance of leukocytes in EC response
was highlighted by Rose et al. who demonstrated significantly decreased plasma recalcification
times for EC treated with activated leukocytes [194].

Overall studies measuring EC function using blood component studies suggest that EC exhibit
a non-thrombogenic phenotype, at least relative to activated EC, and that the underlying
biomaterial, assuming 100% coverage of the cells, does not influence the EC thrombogenicity.
However, systematic studies are necessary to confirm these latter conclusions due to the limited
data available. Furthermore in our experience it is not clear that the resolution of the current
experimental assays is sufficient to elucidate significant differences among different substrates.
More precise blood component assays to quantify thrombogenicity may therefore be necessary
to observe such a relationship.

Studies exposing EC to whole blood

Experimental studies using whole blood offer the most realistic measurements of overall
thrombogenicity. There are a number of possible experimental systems and endpoint
measurements, of varying logistical difficulty, which have been used to assess different aspects
of the thrombosis process. Blood can be supplied from a fresh reservoir, directly from the blood
donor, from an ex vivo shunt, or from a direct connection, in vivo, to a blood vessel. A fresh
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reservoir is logistically easier but requires the addition of an anticoagulant to prevent blood
thrombosis in the reservoir container. A blood supply directly from the donor removes the need
for an anticoagulant but requires a blood draw from the donors for the duration of the
experiment and there is limited control of blood flow rate into the test system. Ex vivo and in
vivo experimental systems are likely more clinically relevant but are experimentally more
complex and require animal models.

Exposure of the endothelial cells to the blood can be done under static conditions, with gentle
rocking or stirring, or under continuous flow. Furthermore the time of blood exposure to the
endothelial cells can be continuous, flow with recirculation or flow with a one-time pass only.
Static conditions are experimentally simpler but do not recapitulate the dynamics of
thrombosis. Rocking or shaking setups enable some motion of the blood while remaining
relatively simple to perform. Flow studies, while most accurately recapitulate the dynamics of
thrombosis, are complicated to develop and perform and risk loss of EC from the surface
resulting in exposure of the underlying substrate material.

There are also a variety of endpoint measurements. Table 7 describe the characteristics and
endpoint measurements of different systems and highlight the advantages and difficulties of
each. Ideally an experimental system, while maximizing logistical simplicity, should
incorporate some element of flow to mimic the transport dynamics that occur during a natural
thrombotic event, use minimal or no anticoagulant, and minimize the time that blood is out of
contact with an endothelium surface.

Overview of key trends—Table 8 outlines whole blood studies of different complexity
performed on EC cultured on a variety of substrates. In general these studies suggested that
non-stimulated EC provide a less thrombogenic surface than their underlying ECM substrate.
HUVEC cultured on gelatin [60,195,196] or fibrillar collagen [197] coated thermanox slides
connected directly to an antecubital vein (non-anticoagulated blood source) exhibited low
levels of fibrin (< 1% coverage), platelet (<2% coverage) and leukocyte (< 5 cells/10mm cross
section) deposition; and TAT (<5 ug/L), F1+2 (<1.5 nmol/L) and FPA (<10 pg/L) generation.
Similarly human umbilical, human omentum microvascular, and human aortic EC cultured on
fibronectin coated ePTFE connected directly to an antecubital vein (non-anticoagulated blood
supply), showed reduced platelet aggregation, fibrin deposition and FPA (<700 ng/mL after 5
minutes min) compared to unseeded grafts [198]. The presence of HUVEC cultured on Biosilon
microcarriers, with a high EC surface to blood volume ratio, reduced levels of TAT, F145, FPA,
by 88, 47 and 81% respectively and reduced thrombin activity (to almost 0 u.mL), FXa (to
almost 0 pg/mL) and kallikrein (to almost 0 PEU/mL) [199,200] compared to uncoated
microcarriers. Moreover, in vivo models using canine [201-204], baboon [205] and human
[206] EC seeded grafts report reduced platelet adhesion, prolonged platelet survival times and
reduced thrombus deposition. In activated EC, fibrin, leukocyte and platelet deposition and
TAT levels increased as expected. TF antibodies have been shown to block fibrin and platelet
deposition and decrease TAT levels [60,61] but not block leukocyte adhesion [196], consistent
with molecular characterization studies which indicate that EC activation results in up-
regulation of tissue factor and leukocyte specific receptors on the EC surface.

Few whole blood studies have been performed on porous tissue-engineered constructs. Studies
performed in our lab, involving rocking HUVEC covered collagen modules or collagen only
modules in slightly heparanized whole blood, demonstrated significantly longer thrombosis
times when HUVEC were present [138]. Furthermore perfusion with slightly heparinized
whole blood of a modular construct assembled from HUVEC covered collagen modules
resulted in minimal platelet loss relative to background (no construct present) [138]. This
indicates that the seeded HUVEC were behaving in a non-thrombogenical fashion (at least
relative to the control) within the modular construct.
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There have been few systematic studies investigating the effect of EC substrate on EC
thrombogenicity using whole blood testing. Most studies have been conducted in the context
of vascular graft development whereby EC are seeded in serum containing medium, on
fibronectin or collagen coated polymers or vascular grafts pre-clotted with blood. Few studies
have characterized EC phenotype on other ECM components, likely due to the logistical
difficulty involved in performing reproducible whole blood experiments. Moreover most
experiments that incorporate flow are conducted over a 5-10 min duration, which provides but
a limited indication of EC thrombogenicity.

Despite the experimental complexities of whole blood studies, these data are the most
compelling evidence that a confluent layer of EC cultured on a biomaterial displays a non-
thrombogenic phenotype. As with the other types of study, comparative measures are generally
not made between the in vitro and in vivo situations (unless in vivo implantation studies are
being used to assess EC function) but comparing performance with and without the presence
of EC is likely a better control than comparing activated and non-activated EC. In order to
draw the correct conclusions from the data reported it is important to appreciate the
experimental complexities involved in designing a useful whole blood study that accurately
reflects EC thrombogenicity.

Experimental complexities—From the limited data available, thrombosis initiation has
been found to depend on passage number [207], for example thrombosis initiation time
decreased from passage 5 to 12; and the EC surface area to blood volume ratio [208], for
example increasing the ratio of EC area to blood volume by a factor of 2 resulted in a 5 fold
reduction in thrombin generation. EC coverage is also important, for example, in dogs with an
implanted Dacron vascular graft seeded with canine eternal jugular vein EC, platelet survival
times were only completely restored to normal levels in animals with grafts exhibiting 100%
cell coverage [209]. These observations are consistent with trends observed in molecular
characterization and blood component studies.

The flow regime implemented in the experimental set up is perhaps the most dominant factor
shown to influence whole blood thrombogenicity measurements. On activated EC or exposed
ECM, at lower flow rates (100 s1), thrombi tend to be rich in fibrin [198]. On the other hand
at high flow rates (>400 s1) fibrin deposition is reduced [60,61], perhaps due to a reduced
residence time at the endothelium surface, and platelet adhesion is increased [197]. The end
point measurement must be appropriate to the type of thrombotic response expected under the
flow regime of the test system. For example, in a static system, comparing platelet adhesion
to EC cultured on different substrates is less reflective of thrombogenicity than measures of
fibrin generation.

The appropriate choice of endpoint is dependent is also on the surfaces being compared. For
example, if EC are being compared to activated EC, measurements of platelet activation (under
high flow conditions) or measurements of different components of the coagulation cascade,
which reflect fibrin generation, (under low flow conditions) are both appropriate. However, if
EC are being compared to unseeded biomaterial surfaces not all measurements are appropriate.
On unseeded biomaterials thrombosis initiation is driven primarily by the activation of platelets
and leukocytes, as opposed to tissue factor driven fibrin generation that occurs on the EC
surface. Therefore, under experimental conditions that favour platelet rich thrombi over fibrin
rich thrombi, EC are more likely to perform better. Specifically high flow rate platelet studies
will generate the most significant differences between seeded and unseeded surfaces, while
static studies measuring fibrin generation are less likely to demonstrate significant differences
in thrombogenicity, particularly if endpoint measurements are made after only a short period
of blood exposure. This is consistent with our observations (see above) that static plasma
recalcification studies show no difference in the thrombogenicity of HUVEC covered collagen
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modules relative to collagen only modules, while whole blood flow studies do show a
significant difference in thrombogenicity.

In most experimental studies, the presence of an EC monolayer on a biomaterial surface almost
completely prevented platelet adhesion but only reduced, rather than fully suppressed, fibrin
generation i.e. fibrin generation eventually occurred within the system even when the EC were
present. This was perhaps due to the low EC surface-to-blood volume ratios used for many
experiments. In vivo the average EC surface-to-blood volume ratio is between 560 and 1440
cm?/mL [199]. Initiators of the coagulation cascade are present in low concentrations within
the blood priming the system. EC must therefore, actively prevent initiation of fibrin generation
by the secretion and expression of several molecules discussed in earlier sections. A sufficient
number of anti-thrombogenic molecules must be available per mL of blood to maintain the
balance of factors in the blood and prevent initiation of the coagulation cascade. Platelet
adhesion and activation is likely much less sensitive to this ratio however. Platelet activation
is not actively prevented by EC under non-stimulated conditions. Therefore, when the EC
surface area-blood volume ratio is low, experiments using platelet related end point
measurements are more likely to demonstrate low EC thrombogenicity. Alternatively high
surface area-volume ratios should be used. For example EC cultured on microspheres produced
complete fibrin suppression [208].

EC also adapt to flow while biomaterial surfaces do not. For example, decreased thrombin
generation is observed at high shear (650 — 2600 s 1) on EC surfaces but not material surfaces,
likely due to changes in TFPI and TM. Experiments performed at a shear stress, which
optimizes the anti-thrombogenic properties of the EC, are therefore more likely to demonstrate
low EC thrombogenicity.

Considering each of these issues, the experimental conditions under which EC surfaces are
more likely to exhibit lower thrombogenicity than unseeded biomaterial surfaces, can be
identified. In experiments using platelet associated endpoint measurements, performed at high
flow rates, where platelets deposition is more dominant than fibrin deposition, EC are more
likely to appear less thrombogenic than unseeded biomaterial surfaces. The key point is that
the endpoint measurements selected should be appropriate for the dominant thrombotic process
that occurs under the given experimental conditions. If the appropriate endpoint measure is not
selected the utility of the conclusions may be somewhat limited.

Summary and Conclusions

The endothelium is a dynamic interface which when quiescent actively prevents thrombosis
and when activated drives thrombosis by mediating each of the underlying thrombosis
processes. Because thrombosis must be actively inhibited in the un-activated state, the system
is primed such that faster local amplification is achieved when activation occurs. Different
processes dominate the thrombosis response at different flow rates appropriate to the extent of
repair necessary for the injury. For example in large arteries, under high pressure and flow, a
greater platelet component is required to seal the wound than in a small capillary. Furthermore,
because platelet deposition and fibrin generation are controlled by a different combination of
molecules, EC in different vascular locations are specialized to mediate the thrombotic
processes that occur under the flow regime of their particular location.

EC seeding of biomaterial vascular grafts and scaffolds to improve device thrombogenicity is
a popular strategy, which presumes that EC cultured on biomaterials will express a non-
thrombogenic phenotype. In vivo EC behaviour is controlled by mechanical and chemical cues,
generated by the ECM, peripheral cells, growth factors and other signaling molecules, and
forces imposed by the flowing, pressurized blood. On a biomaterial surface, the number and
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type of cell binding sites on the material surface, created using ECM coatings or by protein
adsorption from the culture medium, initially mediate the chemical and mechanical cues which
determine EC thrombogenicity. Over time the secretion of ECM from the EC layer and the
attainment of cell confluence alter the relevant mechanical and chemical cues and the resulting
cell thrombogenicity. Once cell confluence has been reached it is not clear whether the
underlying biomaterial has any significant effect on the seeded EC phenotype. Indeed, there
is no unequivocal data in the literature which clearly indicates that the biomaterial substrate
has an effect on confluent EC phenotype and particularly EC thrombogenicity. The biomaterial
substrate may influence the time to reach confluence, if confluence is reached at all, or it may
influence the retention of the cells under flow, but not the phenotype of the attached confluent
cells, at least in the absence of activating blood components. In the literature, characterization
of EC phenotype has focused primarily on cell adhesion and spreading. The underlying
assumption that EC will display a non-thrombogenic phenotype when cultured on a biomaterial
seems to have been assumed, perhaps due to early success observed with seeded vascular grafts.
The task of generating a confluent layer to provide 100% coverage of the material thus became
the focus of experimental efforts. Much of the data from cell adhesion studies is however
inconclusive and difficult to compare due to the use of different experimental systems, and to
a lack of control over experimental variable that are now know to be important. It is critical
that studies in the future take account of these parameters and that the community decide on
common quantitative measurements to report such that different studies are easily compared.

EC thrombogenicity has been measured in only a limited number of studies with different
degrees of complexity. Molecular studies provide information on individual molecules. Blood
component studies allow the different processes that occur during thrombosis to be studied
separately under simplified conditions. Whole blood studies provide a more global picture,
which results from a combination of all molecules and the interactions among the different
processes that contribute to thrombosis. The advantage of studies using blood components or
whole blood is the potential to incorporate flow into the experimental test system. Studies
performed under static conditions have been popular for EC thrombogenicity characterization
due to their logistical simplicity, but are not necessarily reflective of the surface
thrombogenicity under flow conditions where reactant and product transport is highly relevant.
An important conclusion is that the endpoint parameter selected should be appropriate for the
process of thrombosis occurring under the flow regime used in the experiment. Inappropriate
endpoints may result in conclusions of limited utility.

Molecular characterization studies suggest that confluent EC exhibit a non-thrombogenic
phenotype when cultured on a number of biomaterials. These are consistent with the general
trends reported for blood component and whole blood studies, which indicate that EC display
a surface non-adhesive to platelets and leukocytes; and that minimal fibrin deposition occurs
on EC seeded surfaces. Few studies however, have considered the phenotype of cultured EC
relative to EC in vivo and therefore it is unclear how non-thrombogenic EC actually are. A few
studies have attempted to compare EC thrombogenicity on different biomaterials. While some
molecular studies have suggested an influence of the underlying polymer substrate, the
precision of the quantification methods used in blood studies are unlikely to show significant
differences among EC cultured on different polymers and ECM. Furthermore, the significance
of the underlying polymeric substrate properties when confluence has been reached remains
unclear as many studies are confounded by variations in surface texture and cell density.
Methods of quantification and standardized formats of reporting data to enable true comparison
both among different biomaterials (with different surface structure) within a single study, and
among different studies, remains an issue that must be addressed before such relationships can
be determined. Furthermore an understanding of the underlying molecular mechanisms that
produce particular EC phenotypes will be critical if specialized biomaterial surfaces, enabling
a specific EC phenotype, are to be rationally designed. For example studies of EC gene
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expression on different biomaterials at different cell densities and under different states of
activation may prove insightful.

Nothwithstanding the experimental complexities, the most compelling evidence that EC
display a non-thrombogenic phenotype on artificial materials comes from the whole blood
data. Unfortunately, significant experimental infrastructure and personnel is necessary to
perform blood experiments to a high standard and to observe subtle differences in results.
Careful in vivo studies of blood vessel thrombogenicity, after initial molecular and blood
component studies, may therefore be the most appropriate strategy for the future.

Taken together, the general trends reported suggest that the formation of a confluent non-
thrombogenic EC layer on the surface of an artificial biomaterial is possible. This is critical to
the success of EC seeding strategies for the development of clinically effective vascular grafts
and tissue-engineered constructs. However, non-thrombogenic is measured relative to a control
consisting of activated cells or the unseeded biomaterial. It is likely that there is a spectrum of
possible EC activation states, ranging from fully non-thrombogenic through to varying degress
of pro-thrombogenic. It therefore remains unclear from the current literature if the EC are non-
thrombogenic enough for the clinical applications envisioned. Ultimately, an understanding of
artificial tissue integration and tissue and material remodeling during the process of wound
healing will be necessary to achieve the level of product integration likely required to produce
normal tissue function.
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Systems with which EC interact to regulate thrombosis
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Table 1
Molecules expressed by endothelial cells for control of hemostasis.
Molecule Function Location Expression characteristics Ref.
CoagulationThrombomodulin Binds and inactivates Expressed on cell Expressed constitutively and 21,
thrombin surface down regulated when cell 22
Catalyzes thrombin activated
associated activation of
protein C (APC); once
activated APC enables
inactivation of FVa,
FVIlla and PAI-1
Endothelial cell protein C receptor Increases interaction Membrane bound 210,
(EPCR) between protein C and (present in much 211
thrombin bound to greater
thrombomodulin to concentration on
increase anti-coagulant large vessel EC)
effect of APC
Tissue Factor (thromboplastin) Receptor for FVII to Membrane bound Expressed in response to 16,
enable conversion of agonist 17,
prothrombin to thrombin 18,
19,
20
Tissue factor pathway inhibitor Inhibits TF activity Secreted by EC and Constitutively expressed 23,
membrane bound 212
Antithrombin I11 Inactivates thrombin Plasma protein, Constitutively expressed 9
bound to EC surface]
via GAG molecules
Heparan sulphate Binds antithrombin 111 Membrane bound Constitutively expressed 24
Blood cellsEctonucleotidase enzymes Terminate pro- Luminal surface of 26
aggregatory action of EC
ADP on platelets
Von Willebrand factor Enables platelet adhesion| Stored in Weibel Secreted on activation in 13,
to exposed ECM Palade bodies and response to agonist 27
Stabilizes FVIII in secreted when
coagulation cascade required
I-CAM, V-CAM, PECAM Enable binding and Surface bound Expression increases in 31,
diapedesis of leukocytes response to agonist 32,
to and through 213
endothelium
Nitric oxide (NO) Inhibits platelet Secreted Expression increases in 29,
aggregation and adhesion| response to agonist 214,
to the vessel wall.
Vasodilator
Prostacylin (PG12) Inhibits platelet Secreted Expression increases in 28,
aggregation response to agonist 36
Vasodilator
Platelet activating factor (PAF) Stimulates platelets and On EC mainly Expressed in response to 25,
leukocytes membrane bound agonist 30
Vasodilator with small portion
secreted. Also
secreted by other celll
types.
Complement
C1 inhibitor, factors H and | Complement inhibitors Secreted Constitutively expressed 33,
34,
35
CD46, CD55, CD59 Inhibit complement Surface bound Constitutively expressed 33,
activation by favouring 34,
the decay of the C3 35
convertase (CD55),
inhibiting the formation
of the C3 convertase
(CD46), or preventing the|
assembly of MAC
(CD59).
C3, C1 s, factor B and all the terminal Involved in complement Secreted Secreted from activated EC 33,
complex components activation 34,
35
Fibrinolysis
Tissue plasminogen activator (tPA) tPA activated by binding Stored and secreted Constitutively secreted and 44,
to fibrin causing plasmin rapid secretion in response to| 45,
generation enabling locall agonist 46
thrombus fibrinolysis
Plasminogen activator inhibitor-1 Inhibits action of tPA Secreted into blood Constitutively secreted at 44,
(PAI-1) preventing fibrinolysis and basement low levels and increased 45,
membrane matrix when activated. 46
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Molecule | Function | Location | Expression characteristics Ref.
Vascular tone
Nitric oxide (NO) See blood cell section
above
Prostacylin (PG12) See blood cell section
above
Platelet activating factor (PAF) See blood cell section
above
Endothelin-1 Acts on smooth muscle Secreted into Secreted in response to an 40,
cells to produce basolateral agonist or increased shear 41
vasoconstriction compartment
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Table 2

Methods for characterization of particular molecules

Page 32

Molecule Function Expression in Common Test Method
non-activated
EC
Prostacyclin (PGI,) anti-platelet aggregation| Low Radio-immunoassay or enzyme immunoassay

Von Willebrand factor (VWF)

platelet adhesion

High storage but
low secretion of

Immunostaining (expression and location)
ELISA on supernatant (amount secreted)

active VWF
I-CAM, V-CAM, PECAM blood cell adhesion Low Western blot (total expression)
Confocal, ELISA, flow cytometry (expression on
cell surface)
Thrombomodulin (TM) anti-fibrin generation High Immunostaining, ELISA (expression on cell surface)
Chromogenic assay (activity)
Endothelial cell protein C anti-fibrin generation High Western blot (total expression)
receptor (EPCR) Immunostaining, ELISA (expression on cell surface)
Tissue Factor (TF) fibrin generation Low Immunostaining, ELISA (expression on cell surface)
Chromogenic assay (activity)
Tissue factor pathway inhibitor anti-fibrin generation High Chromogenic assay (activity)
(TEPD)
Tissue plasminogen activator fibrinolysis Low Western blot (total expression)
(tPA) ELISA (amount secreted)
Chromogenic assay (activity)
Plasminogen activator anti-fibrinolysis High Western blot (total expression)

inhibitor-1 (PAI-1)

ELISA (amount secreted)
Chromogenic assay (activity)
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Table 3

Molecular based studies suggesting substrate does not affect EC thrombogenicity.

Page 33

Molecules tested Cell type Substrate material Results | Ref.
TF and PGl, Human umbilical vein Dacron, PET graft No difference between materials| 153
but surface roughness had an
effect
TF, TM, MCP-1 Human aortic Fibronectin and*two plasma No difference among materials 171
Human pulmonary treated polymers  of different but cell source had an effect
Human dermal hydrophobicity
microvascular
™ Human umbilical vein ePTFE No difference between materials 154
Human omentum TCPS but cell source had an effect
microvascular
™ Human saphenous vein| ePTFE No difference between materials 155
TCPS but surface roughness had an
effect
tPA, PAI-1, VWF Human aortic Polymers of different Differences seen on Fn substrates 164
hydrophilicity with or without Fn| only at early time points but no
coating differences at confluence
VWF and TF Human umbilical vein EDC-NHS crosslinked No differences 165
heparinized collagen
TCPS
VWF Human umbilical vein Fn coated heparin like No differences 141
microcarriers
TCPS
tPA, PAI-1 PGI, Human umbilical vein EDC-NHS crosslinked No differences 150
heparinized collagen with
different concentration of
crosslinks
PGl, Human umbilical vein Carbodiimide crosslinked gelatin| Reduction in PGI, over time in 144
and albumin gels culture with no differences
between materials by day 5
VCAM, ICAM, Human umbilical vein Dacron No differences 151,
PECAM, ELAM TCPS 163

*

gamma-butyrolactone and N-vinyl-2-pyrrolidone

Fn = fibronectin, PS = polystyrene, TCPS = tissue culture PS, EDC = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide, NHS = N-hydroxysuccinimide
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Table 5
Characterization methods using blood components

Page 35

Blood component

Function characterized

Result for non-activated EC

Combination of molecules
dominating response

Recalcified plasm

Fibrin generation

Long recalcification time

TE TFPIL TM, AT

Platelets Platelet adhesion Platelet Low platelet adhesion and spreading and lo Prostacyclin, vVWF, NO,
activation (serotonin) release PECAM
Leukocytes WABC adhesion WBC activation Low adhesion and activation V-CAM, I-CAM, E-selectin,
PECAM
Fibrin dissolution Fibrinolysis Functional EC will lyse clot tPA, PAI-1

AT Antithrombin

TFPI Tissue factor pathway inhibitor

TM Thrombomodulin
TF Tissue factor

NO Nitric oxide

tPA Tissue plasminogen actiator

PAI-1 Plasminogen activator inhibitor type 1
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Table 7

Endpoint measurement options in whole blood experiments

Page 38

End point

Related characteristic

Measurement methods

Clot time/flow rate

Thrombus formation

Observation and timed collection

Blood viscosity.

Thrombosis initiation and progression

Rheometer

Analysis of exposed surface

Platelet adhesion and spreading

Platelet adhesion and activation

SEM, radio-labeling

Leukocyte adhesion and spreading

Leukocyte adhesion and activation

SEM, radio-labeling

Fibrin/thrombus deposition

Thrombus accumulation

SEM, radio-labeling

Analysis of exposed blood

Fibrinopeptide A

Fibrin production

Chromogenic substrate

Thrombin-antithrombin complex (TAT)

Thrombin production

Chromogenic substrate

Prothrombin fragment (F, ,,)

Prothrombin conversion (i.e. thrombin generation)

Chromogenic substrate

Thrombin activity

Thrombin activity

Chromogenic or fibrinogen substrate|

Platelet activation

Platelet activation

Flow cytometry, serotonin secretion

Microparticle formation

Platelet activation

Flow cytometry

Leukocyte activation

Leukocyte activation

Flow cytometry
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Page 39

Table 8
Whole blood studies used to assess EC thrombogenicity.
Cell type Substrate material Test system Measurements Result Ref
Bovine aortic EC on luminal surface of | Re-citrated blood added to tube lumen | Viscosity measured with EC prolonged blood coagulation to ~35 minon coll 1and | 193 207
glass tube coated with damped oscillator rheometer IV but only 20 min on coll 1. Time to clot initiation
collagen |, Il or IV. decreased with increasing passage number.
Human umbilical vein Coliagen adsorbed Blood drawn directly from donor (non- | FPA, F..,, TAT, thrombin EC reduce FPA, Fy,z, TAT, FXa, Kallikrein and thrembin 199 200
coated microcarriers anticoagulated) onto beads and then activity, activated partial activity compared to non-endothelialized beads and 20‘8
transferred to polypropylene tube for prothrombin time, kallikrein, increasing surface area of EC decreased thrombin !
5-60 min. FXa activity further. Thrombin activity increased in pre-
confluent EC.
Human umbilical vein Gelatin coated Blood drawn directly from donor (non- | Fibrin, platelets and leukocyte | On un-stimulated EC low fibrin, platelet and leukocyte 60.195.
thermanox anticoagulated) into flow perfusion deposition and FPA and TAT deposition. TAT, FPA and TF on unstimulated EC. TNF 19‘6 ‘
chamber at 50 s 65 s"‘ 100s”, 650 5" | levels at chamber exit caused large increase in deposition. TF antibodies and
'or 26008 for 3, 3.5 0or 5 min. (one thrombin inhibitors blocked this deposition increase for
pass) latelets and fibrin only
Human umbilical vein Fibrillar collagen coated | Blood drawn directly from donor (non- | Platelet, fibrin deposition, TAT, | On unstimulated EC no platelet or fibrin deposited , 197
thermanox anticoagulated) info flow Ferlusion FPA and Fy.. independent of shear rate but TAT 5x higher and FPA
chamber at 50 5™, 650 s™ and 2600 s™ 20x higher from inlet fo outlet with no change in F,z
for 5 min. (one pass) detected. On activated EC fibrin deposition decreases
with increasing shear.
Humen omentum Fn coated ePTFE Either drawn directly from donor (non- | F:.2 and FPA measured and For EC surfaces increase in Fis2 , (higher in aorta EC). 198
microvascular, umbilical anticoagulated) and 100 s™ for 5 min SEM analysis of surface No increase in FPA seen at 5 or 10 minutes. Low fibrin
vein and aortic or use anticoagulated (heparin) blood and platelet deposition on EC. On ePTFE extensive
re-circulated at 400 s for 10 min. fibrin and platelet deposition and increases in FPA
Canine jugular vein ePTFE pre-filled with Canine implant model (1, 4, 10, 12 Graft patency, fibrinogen and Patency increased with EC seeding and platelet and 201,
whole blood weeks) platelet deposition, thrombus thrombus deposition decreased. 203
coverage.
Canine jugular vein ePTFE pre-filled with Dog shunt model ( 30 min or 4h) or Platelet adhesion Reduction in adhered platelets from 30 min to 4h in 218
whole blood coated with | implantation (14 days) shunt model. No differences seen in either model among
Fn, Lm and coll IV in coatings
different combinations
Canine jugular vein Dacron pre-filled with Canine implant model (4h, 24h, 1, 2-3, | Patency, platelet, leukocyte EC increased patency and reduced platelet and 202,
whole blood 3-T months) and thrombus deposition, thrombus deposition. Platelet survival normal by 4 204.209
platelet survival weeks. Fibrin and leukocyte attachment slower than !
platelet attachment. '
219
Sheep jugular vein Dacron pre-filled with Sheep implant model (4h) Platelet, leukocyte and fibrin EC seeding did not alter deposition of platelets, 220
whole blood deposition leukocytes or fibrin.
Baboon cephalic vein Dacron pre-filled with Baboon implant model (5 weeks) Thrombus coverage and EC seeding reduces platelet and thrombus accumulation | 205
whole biood coated platelet levels but does not increase patency at 5 weeks.
Human vein ePTFE pre-filled with Femoro-popliteal bypass in humans (1 A number of fibrinolytic, EC seeding produced no change in platelet activation 221
whole blood year follow-up) platelet activation and fibrin factors and fibrin degradation products but reduced FPA
degradation factors levels.
Human saphenous vein Dacron pre-filled with Aortic bifuracation in humans (1 and 4 | Platelet accumulation and EC seeding reduced platelet accumulation by 1 month 206
whole blood manths) survival
Canine jugular vein Fn coated ePTFE and Canine implant model {1 and 24h) Patency, platelet and fibrin EC retention superior on PE. At 24h more ePTFE grafts 222

polyester

deposition

remained patent but greater platelet and fibrin deposition
present.
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