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RATIONALE AND OBJECTIVES

The recruitment of platelets into aggregates is central to both hemostasis and
thrombosis, with adhesive ligands such as von Willebrand factor and fibrinogen
implicated in both processes. The role of the important adhesive ligand von Willebrand
factor in platelet aggregation, has previously been studied mostly at pathologically high
shear rates in the absence of chemical modulators, or using maximally activated platelets
at more physiological shear rates. However, different agonists and concentrations are
expected to variably drive platelet activation responses thereby modifying availability of
surface expressed secreted proteins as well as receptor numbers and conformations for
platelet aggregation. Therefore, in this study, we examined the role of von Willebrand
factor in mediating shear-associated aggregation of platelets at physiologically relevant
shear rates and under varying agonist conditions representative of normal physiology or

pathology. The participation of additional adhesive ligands is also addressed.



ABSTRACT

Von Willebrand factor (vWF) is a large multimeric protein found in plasma,
intracellular stores of platelets and endothelial cells, as well as in the extracellular matrix.
VWF has been implicated in venous and arterial thrombosis. Its importance in the primary
adhesion of platelets at sites of vascular injury, and for platelet aggregation at very high shear
rates was clearly demonstrated by other investigators. We have investigated the role of vVWF
in the recruitment of platelets activated with low concentrations of agonist, such as may be
found with partial ADP secretion or thrombin generation in vivo, at physiologic shear rates
(G) ranging from 100 - 2000 s™.

In the presence of ristocetin, soluble vWF bound to the glycoprotein Ib receptor (GPIb),
and mediated shear-associated aggregation independently of the glycoprotein IIb-IIIa
receptor (GPIIb-IIIa), with very few vWF monomer equivalents required to achieve high
capture efficiencies (ag; reflecting initial rates of aggregation). Activation of washed
platelets in the absence of soluble ligands, with low concentrations of the physiologic
agonists, ADP or thrombin, resulted in good aggregation. Participation by GPIb was shear-
rate dependent, with the extent of contribution further varying with activation conditions.
Inhibition of vWF-GPIb interactions in ADP and thrombin-induced aggregation, caused 25
and 50 % inhibition of a,; at G = 300 and 1000 s respectively. ag’s were similar for both
agonists, and showed an absolute dependence on activated GPIIb-IIIa in each case. Further
investigations using thrombin versus ADP as activator, however, revealed differences in
participation by other surface-expressed ligands, in particular Fg. Thus, antibodies against
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TSP and Fg inhibited aggregation differentially, depending on shear rate and agonist
activating conditions. Removal of catalytically-active thrombin from its receptors by
antagonists hirudin and PPACK at >1 minute following activation, allowed normal secretion
to occur from a-granules (monitored using P-selectin). However, the thrombin antagonists
significantly decreased both platelet aggregation and surface-expression of vVWF and TSP
for platelets activated at low (0.05 U/ml), but not intermediate (0.2 U/ml) thrombin
concentrations. In conclusion, all our studies demonstrated a consistently important cross-
bridging role for vWF, but multi-ligand, multi-receptor participation was required for
optimal shear-associated aggregation of platelet suspensions activated at very low agonist

concentrations.



RESUME

Le facteur von Willebrand (vWF) est une protéine multimérique présente dans le
plasma et la matrice extracellulaire, et stoquée par les plaquettes et les cellules endothéliales.
11 est impliqué dans les thromboses veineuses et artérielles. Son réle majeur dans I’adhésion
primaire des plaquettes aux sites de lésions vasculaires, ainsi que dans I’agrégation des
plaquettes a taux de cisaillement trés élevés a été clairement démontré. Nous nous sommes
intéressés a son réle dans le recrutement des plaquettes faiblement activées, comme c’est le
cas in vivo, avant la libération (ADP) ou la génération (thrombine) maximale d’agonistes, &
des taux de cisaillement physiologiques (G = 100-2000 s™') .

En présence de ristocétine, le vWT soluble se lie a la glycoprotéine Ib (GPIb) et
supporte 1’agrégation des plaquettes en flux, indépendamment de la glycoprotéine IIb-II1a
(GPIIb-IIIa). A peine quelques molécules de vWT sont nécessaire pour atteindre une efficacité
de capture (ag) élevée (ag refléte le taux initial d’agrégation). En I’absence de ligand soluble,
de faibles concentrations d’agonistes physiologiques (ADP ou thrombine) induisent une
bonne agrégation des plaquettes lavées. La participation de GPIb est dépendante du taux de
cisaillement et des conditions d’activation. Lorsque I’agrégation est induite par I’ADP ou la
thrombine, I’inhibition de I’axe vW{-GPIb entraine une baisse de o de 25 et 50% pour des
taux de cisaillement de 300 et 1000 s respectivement. Les ag sont similaires pour les deux
agonistes, et la GPIIb-Illa activée est indispensable dans chaque cas. Des études
supplémentaires en utilisant la thrombine versus I’ADP, ont cependant démontré des
différences dans la participation d’autres ligands exprimés a la surface des plaquettes, en



particulier le fibrinogéne. L’utilisation d’antagonistes comme I’hirudine et le PPACK pour
décrocher la thrombine catalytiquement active de son récepteur, a > 1 minute d’activation,
n’inhibe pas la sécrétion normale des granules “o”(verifiée par la détection de P-séléctine a
la surface des plaquettes). Cependant, ils entrainent une baisse significative de I’agrégation
plaquettaire, ainsi qu’une diminution de I’expression du vWf et de la TSP a la surface des
plaquettes, a des concentrations basses (0.05 U/ml), mais pas intermédiaires (0.2 U/ml) de
thrombine. En conclusion, dans toutes nos études, nous avons trouvé un rdle important pour
le vW{, mais la participation de plusieurs ligands et récepteurs était requise pour optimiser

I’agrégation de plaquettes en suspension, a des concentrations trés basses d’agonistes.
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PREFACE

I have chosen to write this thesis in the manuscript style. As such, I have reproduced the
following paragraphs, as required by the Faculty of Graduate Studies and Research for thesis
preparation.

Candidates have the option of including, as part of the thesis, the text of one or more
papers submitted or to be submitted for publication, or the clearly duplicated text of one or
more published papers. These texts must be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges between the
different papers are mandatory. The thesis must be written in such a way that it is more than
a mere collection of manuscripts; in other words, results of a series of papers must be
integrated.

The thesis must still conform to all other requirements of the "Guidelines for Thesis
Preparation”. The thesis must include: A Table of Contents, an abstract in English and French,
an introduction which clearly states the rationale and objectives of the study, a review of the
literature, a final conclusion and summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in appendices) and in
sufficient detail to allow a clear and precise judgement to be made of the importance and
originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate is
required to make an explicit statement in the thesis as to who contributed to such work and
to what extent. Supervisors must attest to the accuracy of such statements at the doctoral oral
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1. HEMOSTASIS AND THROMBOSIS

Blood circulates within, but under normal circumstances does not interact with, a high-
pressure complex network of vessels lined with intact endothelium. It is comprised of three
types of blood cells, present at different concentrations: red blood cells (RBC) at 4-6 x
10%/pl, leukocytes (WBC) at 4-10 x 10%/ul, and platelets (2-4 x 10°/ul), suspended in a fluid
called plasma. Plasma is composed of approximately 93 % water, various salts, fats, and
proteins including those involved in mediating cell-wall (adhesion) and cell-cell
(aggregation) mtemcﬁons, as well as unactivated coagulation factors of the hemostatic
clotting cascade. Upon vascular or cellular damage, there is vasoconstriction of vessels,
platelet plug formation, and the sequential activation of a series of coagulation factors
culminating in the formation of thrombin, which cleaves fibrinogen (Fg) to yield ameshwork
of insoluble protein, fibrin.

The regulation of the activation state of cellular receptors and hemostatic precursors
allowing participation in a hemostatic mechanism which is “hair-spring”-triggered, requires
an exquisitely balanced system to safe-guard against accidental release of pro-coagulant
cascades (cellular and chemical), but to nevertheless provide adequate protection against
hemorrhage, upon challenge by vascular injury. Platelets play a crucial role in thrombus
formation in normal hemostasis (arrest of bleeding) and in pathology (thrombosis). Micro-
environmental variations in physical determinants (flow regime) and soluble chemical
mediators may modify numbers and sizes of aggregates. Thus, upon vascular injury,
exposure of subendothelial layers, rich in collagen and in adhesive proteins von Willebrand
factor (vWF) and thrombospondin (TSP) initiate the adhesion of a primary layer of platelets
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to subendothelial matrix (Fig. 1-1), highly dependent upon vWF and platelet GPIb. Platelets
then become activated !, locally releasing granule contents including agonists (ADP) and
adhesive ligands (VWF, Fg and TSP) 2. Negatively-charged phospholipids become exposed
on platelet surfaces, and catalyze an explosive production of thrombin for further recruitment

of platelets into aggregates and for fibrin generation >.

| HEMOSTASIS | { THROMBOSIS |
PLATELET RECRUITMENT

~

RUPTURED PLAQUE J

..

Fig. 1-1. Platelet aggregation is central to both hemostasis and thrombosis. Platelet plug
formation at sites of vascular injury may be initiated by exposure of subendothelial matrix (SEM),
while the remaining atheromatous material following breakage and removal of the fibrous cap of an
atherosclerotic plaque, can also promote thrombus formation.

Thrombus formation at undesired locations in the arterial tree can lead to angina and

myocardial infarction, with cardiovascular disease being one of the major causes of death in



developed countries. In arterial thrombosis, plaques develop slowly over a period of years,
with cyclic episodes of plaque rupture and rapid platelet aggregation (white thrombus)*, as
well as intra-thrombus thrombin generation®. Thrombi in the venous circulation, while
consistin_g primarily of red blood cells and fibrin (red thrombus), can lead to the entrapment
of platelets as well®. VWF and Fg have been implicated in both venous and arterial

thrombosis’® , while TSP levels are elevated in the thickened intima in human vascular

disease’®.

2. VASCULAR WALL "

Vessel walls are generally composed of three layers, or tunicae, and are called the
intima, the media and the adventitia (TH). The innermost layer is the intima and consists of
a continuous endothelial cell monolayer and the subendothelial connective tissue, and is
bounded by the internal elastic lamina. The subendothelial layer may contain collagens,
elastin, fibronectin, laminin, microfibrils, proteoglycans, TSP, VN, and vWF, with the
specific proteins expressed varying with the vascular bed''. The major cell type is the smooth
muscle cell. This layer is important in atherosclerosis since lipid accumulation is targeted
primarily to this vessel layer. The tunica media consists of layers of smooth muscle cells, and
is separated from the adventitia by the external elastic lamina. The adventitia is made up of
fibroblasts, small vessels and nerves, and connects the vessel wall to the surrounding
connective tissue sheath. Endothelial cells serve as a selective semi-permeable barrier
between tissues and blood. There are about 10" cells which line 7 m? of vessel surface'?,
with the greatest surface area attributable to capillaries.
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There are several self-protective mechanisms which can downregulate pro-coagulant
processes. Endothelial cells (EC) produce the potent vasodilators nitric oxide (NO =EDRF)
and prostacyclin, which can both inhibit platelet activation, as well as components of the
fibrinolytic system'!. Anti-thrombin III in combination with heparan sulfate, found along
vessel walls, can inactivate locally formed thrombin'*. Endothelial cells may however be pro-
coagulant when activated. Thus, upregulation of endothelial selecting and cellular adhesion
molecules may promote the adhesion of platelets and leukocytes.

2. 1. Collagen "

The collagens are a physiologically important group of proteins which can serve as a
template for platelet adhesion and as platelet agonists. They can be subdivided into fibrillar
and nonfibrillar structureé, and can be further subdivided into several subtypes. The basic
structural unit of a collagen fiber (tropocollagen) is that of a heterotrimer composed of two
identical chains termed o 1(I) and a third chain called o2(T). Individual chains are called o-
chains, and are numbered in arabic numerals. These are organized into a triple helical
conformation (important for function), and intertwine to form a coiled-coil">. All alpha
chains have repeating Gly-X-Y sequences, but differ in the exact amino acids and chain
length. There are nineteen different types of collagen. Collagens Types I, I ,ITI, V, XI form
fibrils', with Types I, III and V being the most prevalent of vessel wall collagens. TypesIV,
VIII and X form sheets!”, and there are other heterogenous groups. The ratio of collagen
types in normal versus atherosclerotic vessel wall is different'®. Collagen type may
additionally be correlated with subcellular localization'®, thereby modulating reactivity
depending on severity of injury. Interstitial, or fibrillar collagens Types I and III are found
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in the medial layers of the aorta and are characterized by continuous and minimally
interrupted triple helices. They form insoluble fibers with high tensile strength. There are
non-collagenous parts of fibrillar collagen molecules with high hon'mlogy to adhesive
proteins like TSP '°. Collagen Type VI forms microfibrills?®®?!. It is found in the
subendothelium immediately beneath the EC layer, and co-localized with vWF 22. Collagen
Type VI has a short triple helical domain, with very large amino and carboxyl-terminus
domains, and has been modeled as a flexible anchor between collagen fibers 2. There are 11
RGD sequences and several repeats with homology to vWF A domain and to type III repeats

of fibronectin (FN)'%.

2.1.1. Platelet-Collagen Interactions

In vitro, platelets adhere to collagen coated surfaces, and form aggregates. Alternatively,
collagen may induce platelet aggregation in a stirred suspension, with processes required for
adhesion versus activation of platelets being distinct. Several lines of evidence have
suggested that there is more than one receptor for collagen on platelets, with the candidates
being: o,8, (GPIa/GPIIa; VLA2), GPIV (CD 36), and GP VI. Platelet adhesion to collagens
types I, ITI, IV and VI, using the blood of a patient lacking the o, subunit, is greatly reduced
compared to adhesion from normal patients’ blood 4. Similarly, the complete inhibition of
platelet adhesion to collagens Types I-VIII caused by a monoclonal antibody directed against
the a, subunit, under flow conditions, indicates that a,8, is the principal integrin required for
adhesion®. This adhesion is Mg?* dependent®. GPIV, although first thought to be important,
was later shown to be of minor consequence?. GP VI, although not required for platelet
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adhesion, appears to be necessary for the second, activation phase, and essential for
subsequent platelet aggregation®®. The adhesive moiecules FN and vWF may also mediate
collagen platelet interactions, by acting as bridging molecules, whereby they may attach to
collagen in the vessel wall, as well as to their respective platelet receptors®.

There are several studies which have been conducted with synthetic peptides in order
to identify highly specific reactive sequences. However, it was determined that structural
considerations were most important. Collagen-related peptides (CRP’s), composed simply
of a repeat Gly-Pro-Hyp sequence (Hyp = hydroxyproline; characteristic of collagens and
occurring with low frequency in other proteins), can spontaneously assume a triple helical
structure. These peptides can “polymerize” in solution when cross-linked by gluteraldehyde,
and are highly reactive®. By association with GPV], they may mediate platelet adhesion and
activation in a Mg**-independent manner, determined by observation of increases in
intracellular calcium, and phosphotidyl serine exposure on platelet surfaces?.

2.1.2. Platelet Collagen Interactions under Flow:

Adhesion of platelets can occur on either monomeric or fibrillar collagen under flow?!.
However, fibrillar (polymerized) collagen is more effective than the monomeric form for
inducing platelet aggregation 2. Collagen-related peptides, can support platelet adhesion
under static conditions on monomeric or cross-linked (polymeric; CRP-XL) CRP’s, but are
unable to support platelet adhesion under flow to CRP’s in either form, suggesting that
additional epitopes are required for providing resistance to shear stress®!. Platelet adhesion
to fibrillar collagen increases with shear rate, up to G 23000 s 32, and requires vWF and
platelet GPIb. Adhesion to collagen Type VI has been reported to occur at shear rates <G =
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300 s 25, although there is one report suggesting that this interaction can also occur at G as
high as 2000 s . The ability of monomeric CRP’s to minimally activate platelets in
solution®*, yet nevertheless antagonize platelet activation induced by CRP-XL or collagen
fibers, and to support platelet adhesion under static conditions when immobilized, suggests

that multivalency may be an additional requirement for platelet activation by CRP’s.

3. SHEAR & FLOW 3%
3.1. Shear and blood circulation

Blood flowing through the vessels can be modeled by Poiseuille flow. Due to frictional
forces between the vessel wall and the layer of blood immediately adjacent to the wall, there
is a no slip condition at the boundary between the two (i.e. velocity =0). Consequently, there
is a series of laminar fluid layers travelling with a parabolic gradient of fluid velocities,
generating a shearing stress, with fluid at the center of the tube travelling with maximal
velocity. The shear rates (G) will then vary with radial distance from the tube center (r), with
maximal shear rates occurring at the vessel wall, such that: G(r) =4 Q r/ n R, where Q =
volume flow rate, and R = tube radius. Table 2-1 shows the variation in average wall shear
rate as one proceeds through the vasculature. However, convective transport will convey
cellular or chemical material along streamlines parallel to the endothelial wall, and diffusion
is required for substances to reach the surface. Hemodynamic pressure gradients drive bulk
flow, but concentration gradients drive diffusion. Fluid layers layers in the vicinity of the
wall may be enriched with platelets and leukocytes at higher G as a result of red blood cell
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collisions enhancing the radial dispersion of platelets and increasing the platelet diffusion

coefficient (D). This, together, with the reduced fluid velocities in this layer, likely

encourages platelet-endothelial interactions.

Table 1. Mean Wall Shear Rates Encountered in the Human Circulation

VESSEL MEAN WALL SHEAR RATE | REFERENCE
(S

Ascending aorta 245 - 870 37
Femoral artery 300 38
Common carotid 200-400 36,39
Small arteries 1335 36
Arterioles 1600 36
Capillaries 265-2000 36
Veins 20-200 40
Stenotic vessels 800 - 10,000 40

Flow is a very important regulator of events within the vasculature. Regional
differences in fluid velocity (and hence shear rate) will regulate the kinetics of platelet arrival
at the endothelial surface. However, the reactivity of platelet with the wall will depend on
changes in the homeostability of endothelium, where de-endothelialization can provide de-

novo molecules. Activation of endothelial cells, will up-regulate the affinity or the numbers



of constitutively expressed molecules, upon which the adhesive potential of platelets is
greatly enhanced. Nevertheless, bond formation between travelling platelets and stationary
endothelial molecules will depend initially on the kinetics of platelet arrival, then on inm:nsic
biomechanical properties between reactants which determine contact times required for
proper molecular orientation for bond formation. Any reactive molecule on a platelet must
reach past the layer of fluid molecules which must be displaced between it and the
endothelium, and must overcome repulsive forces generated by the negatively charged outer
cellular layers. Thus, strategies adapted by cells towards this end, include the concentration
of L-selectin (LECAM-1) on tips of microvilli*!, and the formation of pseudopods upon
platelet activation. Variations in shear rate will also modify the local kinetics of convective
transport, thereby increasing frequencies of collision between cells and vessel wall, or
between two cells. Interaction between the two, however, will further depend on their
activation state. Convective transport also serves to dilute out locally generated or secreted
vasoactive substances.

For a Newtonian fluid, there is a linear relationship between the shear rate and the shear
stress (o) on a particle, such that o = nG , where n is the fluid viscosity, representing
intermolecular cohesion forces (fluid friction) which must be overcome for fluid motion.
Blood can only be considered a Newtonian fluid for G 2100 s !, since blood viscosity can
greatly increase at very low G*? due to the formation of linear and branched rouleaux of red
cells.

The relative importance of inertial versus frictional forces can be determined by
calculating the dimensionless Reynolds number, Re, where Re=2 R U p/ 1 . Thus, in small
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vessels such as arterioles, Re numbers are low and viscous forces are most important,
whereas in larger vessels where there are higher fluid velocities and Re numbers, inertial
effects pre-dominate. At critical Re numbers (approximately 2300), the laminar fluid
streamlines break down, and turbulent flow results.
3.2. Consequences of vessel geometry

There are several branch points (bifurcations), or regions of sudden expansion, which
occur in the vasculature. For high bifurcation angles, or relatively large changes in the ratio
of cross-sectional area of vessels, a=n(R; 2+ R, ?)/n R, 2, (with « in the circulation usually
< 1.3), regional flow separations and recirculation zones may occur. For instance, in the
internal carotid bifurcation*?, at a sudden expansion, fluid will suddenly decelerate. Although
fluid travelling at the center of the tube may have sufficient inertia to continue flowing, fluid
near the vessel wall will not have enough energy to overcome the adverse pressure gradient,
and will reverse and form re-circulation zones and vortices. Thus, cells will remain trapped
in these regions, with single cells or small aggregates eventually reaching a re-attachment
point and reentering the circulation. Studies have shown, that although there is minimal
cellular adhesion at the re-attachment points themselves*#°, likely due to decreased delivery
of cells, there is maximal adhesion immediately prior to or after this point. There may also
be rouleaux formation near separation and re-attachment points due to the lower shear rates
in the recirculation zones.
3.3 Pathological Consequences of ShearVariations

There have been correlations shown between vessel regions prone to atherosclerosis

and to areas where sudden changes in vessel geometry occur, resulting in low flow regions
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at bifurcations or sudden expansions, where secondary flow patterns may occur as described
above. Such vessels include the human carotid artery*?, and aortic T-junctions. Thus, it is
expected that there is reduced efflux of small amounts of cellular agonists, normally diluted
out by flow. The question however remains, as to whether fluid stasis in these areas is the
causative agent for atherosclerosis generation or secondary to it. Kornet et al** ;have shown
that a low wall shear rate near bifurcations may be associated with larger intima-media
thickness. Increased vascular permeability may be also be induced by cholesterol oxidation
products, resulting in increased cholesterol levels in the aorta, despite plasma levels within
the normal range*. High shear rates may induce increased permeability as well, through
perhaps different mechanisms. Experiments by Fry et al*’, have demonstrated increased
endothelial cell swelling and deformation leading to increases in albumin permeability, in
areas subjected to high shear stresses. Stein et al*®, have demonstrated a lack of turbulence
at the bifurcation of the abdominal aorta and common iliac arteries, using a hot-film
velocimeter, suggesting that turbulence was not a primary cause of atherosclerosis
generation, but rather that turbulence may increase further thrombus growth. Nevertheless,
atherosclerotic regions may bulge into vessels, creating stenoses. Thus there are several
consequences: 1) cells passing through stenotic regions are exposed to extremely high shear
rates for very brief periods of time, which may activate platelets*’; 2) there are new re-
circulation zones created immediately downstream of the stenoses; and 3) stresses exerted
by fluid flowing past a thrombus may cause thrombus fragmentation (embolism), which may

cause plugging of a smaller vessel.
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3.4. Cellular effects of high shear

At shear stresses between 1 - 10 dynes/cm?, there are counter-coagulant endothelial
cell protective mechanisms which are activated®. Endothelial cells can align with the flow
at high shear rates, thereby reducing tensile stress on cells. Shear has been shown to activate
Ca**, and K* channels in endothelial cells, or integrins, which may act as
mechanotransducers, resulting in up regulation of atheroprotective mechanisms, eg. tissue-
plasminogen activator (t-PA>"), nitric oxide (INO*?), or pro-coagulant adhesive ligand vWF>3,
High shear stresses however, appear to have a pro-coagulant effect on platelets. Brown et al**
have shown that platelets sheared at G = 5000 s™, may release some stored ADP, which can
locally activate platelets, or platelets may fragment at still higher G. Shear rates upwards of
G = 6000 s™' can also induce platelet aggregation®.
3.5. Experimental investigation of shear effects

Several devices have been used to study the effects of shear on cellular interactions
with the vessel wall (adhesion), or with each other (aggregation). Parallel plate perfusion
chambers have been developed where either whole blood, or suspensions of platelets or
leukocytes suspended in buffer or plasma can be perfused over slides coated with everted
aortas, SEM or purified adhesive substances®. The rate and extent of adhesion can be
determined by microscopy or by morphometric analysis. The narrow chamber width yields
a relatively constant laminar wall shear rate for a given rate of perfusion, where G = du/dy,
where u = velocity. Other devices used to examine cellular aggregation include the

aggregometer, the cone and plate viscometer, the couette (Fig. 1-2) and a tube flow device.
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Inner cylinder outer cyiinder

Figure 1-2. Microcouette. A microcouette composed of two concentric plexi-glass cylinders of
respective diameters of 10.0 mm (i.d.) and 11.0 mm (o0.d.) with a gap width h = 0.5 mm. The inner
cylinder, driven by a high precision step motor, rotates at a desired angular velocity, with respect to
the stationary outer cylinder, to yield a simple shear flow in the space between the concentric
cylinders ( from Xia et al, Biophys J 1994; 66: 2190-201, with permission).

Aggregometers coupled to a light transmission detection system were traditionally used to
investigate cell aggregation in flow. However, flow dynamics may be turbulent and difficult
to define , with shear rates generated estimated to < 100 s™'. Both the couette and the cone-
and-plate viscometer can generate uniform laminar shear flow, at shear rates in the
physiologic and pathologic ranges. Tube flow devices may be used to generate Poiseuille
flow, as described previously, with G in the physiologic range. For the experiments presented

here, we have used a microcouette device consisting of two concentric cylinders. The outer
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cylinder is maintained stationary, while the inner one is rotated at a frequency ®, and G =
or/h, for h<<r, where r = radius of the inner cylinder and h = the gap width between the
cylinders. Experimentally, the percent aggregation (% PA) of homotypic cells in suspension
can be estimated by determining the decrease in platelet number with time, i.e. % PA=(1 -
N,/ Ny ) x 100 % at a given time point, t, where N, = number of cells remaining at t, and N,
is the initial number of cells. A theoretical formulation of the frequency of a particle
colliding with a second particle to form a doublet may be derived using Smoluchowski’s
equations for the collision frequency of a dilute suspension of rigid spheres of radius a, i.e.
the two-body collision frequency per unit volume of suspension is given by (CF) =16/3 G
a> N, *”. This can be compared to the experimentally determined initial particle aggregation
for very early times when only doublets and a few multiplets are formed, and used to
calculate the capture efficiency, o , such that o = dPA/dt / CF.
4. VON WELEBW FACTOR
4.1. Synthesis and binding epitopes

von Willebrand factor (vWF) is a very large glycoprotein present in plasma at
concentrations of 5 - 15 —zg/ml. It circulates as a series of variably lengthed multimers, with
molecular weights ranging between 500 and 20,000 kDa*. Each multimer consists of
repeating subunits of approximately 240,000 Da. VWF is synthesized by megakaryocytes
(platelet pre-cursors)®® and by endothelial cells®!, where there is bipolar secretion either into
the subendothelium to associate with microfibrillar structures (collagen Type VI?), or into
the vessel lumen upon platelet activation’. The gene for vWF is on chromosome 12 %, and
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contains 52 exons over 178 kilobases®. The mRNA transcript is translated to yield a pre-pro-
vWF containing a 22-residue signal peptide, a 741-residue pro peptide (also known as vWF-
Ag II), and the mature vWF subunit of 2050 residues®*°. The signal peptide is cleaved
before entering the Golgi and the pro-vWF dimerizes via disulphide bond formation at the
carboxyl terminus end®’. Further polymerization occurs in the Golgi and requires the
presence of the propeptide®®. The propeptide is later cleaved and vWF:AgIlI can be found
non-covalently associated with the mature protein in platelet alpha (o) granules.

VWF has domain organization, with 4 distinct homology domains (A - D): three A, two
B, two C and 4 D domains®. VWF is highly glycosylated®, with about 18.7 % of the
molecular weight attributable to carbohydrate, and is cysteine rich. Each vWF subunit
contains binding sites for platelet receptors and sub-endothelial matrix proteins (Fig.1-3).
There are two binding domains for collagen, with the principal site for binding to collagen
Type VI located in the vWF Al domain®, while the principal binding site for collagen Type
III is located in the vIWF A3 domain™. There are also binding sites for heparin and sulfated
proteoglycans. vWF also functions as a carrier protein for clotting cascade factor VIII, by
protecting it from proteolysis by activated Protein C. VWF can bind to two platelet
glycoprotein receptors; GPIb and GPIIb-IIIa, depending on activation and dynamic
conditions, and will be discussed further in a later section. Much effort has gone into
characterizing interaction sites on vWF for GPIb. The binding epitope appears to be
composed of a series of discontinuous regions in and about the A1 domain. vWF binding to

the GPIIb-IIIa receptor is via an RGD site found in each vWF subunit at residues 1744-467".
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Figure 1-3. Binding sites on von Willebrand factor monomeric
subunits. The von Willebrand factor molecule is composed of a
varying number of repeating subunits. In solution, it has been shown
to exist in a mostly globular state, but it may be extended under
conditions of high shear stress. This figure also illustrates the location
of epitopes on vWF recognized by extracellular matrix proteins and
glycoprotein receptors with which it interacts.

4.2. von Willebrand factor structure

Early studies visualizing the vWF molecule by electron microscopy (EM), show vWF
to be an elongated, flexible molecule with small nodules at irregular intervals, with a length
of 50-1150 nm and width of approximately 2.5 nm”. Large variations in the shape of the

vWF molecule have been observed™. Studies including data from both electron microscopy
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(representing highly processed fixed vWF) and using quasi-electric light scattering (soluble
vWF), have suggested that the predominant structure (87%) is a “ loosely coiled ball of
yarn”, with diameter 100-150 nm, and occasionally > 300 nm™. This is similar to the patch-
like globular appearance of secreted vWF observed on the surfaces of activated platelets™.
Contour lengths are usually < 500 nm but may occasionally be > 1000 nm. More recently,
atomic force microscopy has been used to image vWF in physiological buffer solution
adsorbed onto a hydrophobic self-assembled monolayer. The vWF molecule was shown to
be globular, with major axis diameter of 106-149 nm, in good agreement with electron
microscope studies above, minor axis diameter of 77-81 nm, and height of 3.4-3.8 nM™>7S.
It appeared to be composed of overlapping globular domains, and was thus similar to the
“ball of yarn” described in EM studies. Globular domains were further classified as large (L;
66 nm major axis diameter) or small (S; 38 nm), and were shown to alternate as L-S-LL-S-L.
The tightly wound configuration of subunits was disrupted to different extents by the
application of shear forces of different magnitudes, with medium extension of the molecule
due to forces resulting from imaging with the probe tip in contact mode (7-19 pN), and full
extension upon application of shear forces of >35 dynes/cm?. Thus, it can be postulated that
exposure to such high shear forces may cause physiologically relevant unwinding of the
vWF molecule.

Due to the large size of the molecule, X-ray crystallography studies have been
conducted only on isolated recombinant A1 or A3 vWF domains. These domains are part of
an A (I-domain) homology group including LFA-1, the leukocyte integrin, CR-3 , Type VI
collagen”, and other integrins. The domain organization has also been shown to have
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topological similarity to the Ras p-21 protein’®.The solution of the crystal structure has
described an A-1 domain with an overall cuboidal shape™, which is characterized by 5
parallel B-strands and 1 anti-parallel B-strand which are centrally located, and flanked on
either side by 3 a-helices™®°. There are 6 flat faces , including a mostly basfc and a mostly
acidic one™. A salt bridge network runs around the lower rim of the A1 domain. The Al and
A3 domains are not expected to bind metal ions, unlike a,,, o,, o, , since they lack 2-3
residues directly involved in metal ion co-ordination. Molecular homology modeling studies
of the A1 domain, suggest that there is a crevice formed close to the point at which B-strands
wind in opposite directions, and is expected to represent an active site®!. This crevice
corresponds to the ristocetin binding site in the A1 domain, and the protease cleavage site
in the A2 domain. Celikel et al*’, also using X-ray crystallography, reported pairing of A1
domain molecules close to the crystallographic 2-fold axis of symmetry, with salt bridges
occurring between pairs of molecules. This raises the question of how a full-size vWF
molecule, shown to be globular, would pack in solution, and whether such salt bridges
between Al domains of neighbouring subunits could contribute towards stabilizing vWF

structure.

4.3. vWF in Pathology
4.3.1. von Willebrand Disease

Von Willebrand factor plays an important role in hemostasis, as indicated by a common
bleeding disorder first described by Erich von Willebrand in 1926, and named von
Willebrand Disease (vWD). Patients afflicted with vWD, inherited mostly as an autosomal

19



dominant, suffer from mucocutaneous hemorrhaging and epistaxis. VWD affects 5-10 out
of 100 individuals®. There are three principal types of von Willebrand disease (vWD) with
additional subtypes described. These disorders have recently been reclassified, as
summarized by Sadler et al®. In Type I, the most common form, there is normal multimeric
distribution, but reduced vWF plasma concentration. It is difficult to establish genetic defects
and only a few have been described. Type II patients have a qualitative defect of vWF
function. In Type I[TA (loss of function mutations), the large and intermediate multimers are
absent, with almost all mutations accounting for this subtype located in the A2 domain. This
domain contains a region normally exposed only at higher shear rates®, and susceptible to
cleavage by a newly described plasma protease®’. There is also a recessive form, which was
previously classified as a Type IIC. In Type I[IM, also inherited as an autosomal recessive,
plasma concentration and multimeric distribution are normal, but there is a qualitative defect
in vWF function, with mutations occurring mostly in the A1 domain. Type IIB patients are
hyper-responsive to low doses of platelet agonists (gain of function mutation). They also lack
high molecular weight multimers, and are thrombocytopenic, presumably due to spontaneous
aggregation of the very large multimers®. Mutations described for this vWD Type are
clustered in the A1 domain. Severe vWD patients, classified as Type III, show virtually no
plasma, platelet or endothelial cell vWF. Type III vWD is generally caused by gross
chromosomal changes such as deletions, nonsense mutations and frameshift mutations. Type
N vWD, or pseudo-hemopbhilia patients, have mutations in the first 100 amino acids, in the

vWF region corresponding to the binding site for factor VIIIL.
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4.3.2. vWF in Thrombeosis

Several studies have shown a correlation between plasma vWF concentrations and the
incidence of venous and arterial thrombosis’. In fact, vWF levels are increased in each of the
major risk factors for atherosclerosis, such as diabetes mellitus, and retinopathy®’. Also,
functional changes in vWF may be associated with certain stroke subtypes, where shear-
induced platelet aggregation (SIPA) occurs at shear rates below those at which platelets
would aggregate without externally-added agonist®®. In an animal model study, normal and
vWD pigs fed an atherogenic diet, were used to investigate the role of vWF in adhesion and
thrombus formation in response to mild (angioplasty) and more severe (stenosis and pinch)
injury. Decreased vWF levels in vWD pigs led to a decreased response to more severe
injuries. Accordingly, occlusive obstruction of the vessel occurred only in normal pigs,
suggesting that lowered vWF levels may afford some protection against occlusive thrombus
formation®. Very few studies have been conducted in humans relating vWD and thrombotic
events. Autopsy reports on vWD patients show that although atherosclerotic regions were
formed, there were no occlusive thrombi at the time of death, again implicating vWF in acute
thrombus growth®.

4.3.3. vWF in Other Disease States

Unusually large forms of vWF have been described in patients with thrombotic
thrombocytopenic purpura (TTP), a condition where microthrombi are spontaneously formed
in the circulation, with clearance of aggregates leading to decreased availability of flowing
platelets. The aetiology is suspected to be an absence of, or inhibition by an autoantibody
against the vWF cleaving protease®.
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4.4. Regulation of vWF-Platelet Interactions:

Von Willebrand factor can interact with platelet glycoprotein receptors GPIb and GPIIb-
IlIa, but only under appropriate conditions. Under static or physiologic flow conditions,
soluble vWF cannot bind either receptor without mediation by a chemical agonist. The
antibiotic ristocetin has been shown to mediate binding to GPIb, where risto-cetin dimers may
bridge vWF and GPIb by charge neutralization®’. A venom derived from the Bothrops
jararaca snake, botrocetin, can form a complex with vWF (residues449-728 %), thereby
allowing it to bind to the GPIb receptor. Soluble vWF binding to the activated GPIIb-IIla
receptor can be mediated by the physiologic agonists ADP and thrombin®. The physical
agonist of shear can independently “activate” vWF and/or GPIb at shear rates 26000 s!, with
initial binding of vWF to GPIb, producing a calcium influx and activation of the GPIIb-IITa
receptor’™.

In contrast to requirements for soluble vWF-GPIb interactions, platelets can directly
recognize immobilized vWF via the GPIb receptor. Even at very high shear rates, (G =
10,000 s), platelets will transiently interact with immobilized vWF, leadimg to cytoskeletal
changes® and activation of GPIIb-IIIa%, required for stable adhesion. Unacti-vated GPIIb-IIla
does not recognize immobilized vWF, unlike direct recognition of immobilized Fg*’. vWF
has also been shown to associate with thrombospondin in a purified system®?, and to mediate
platelet-fibrin interactions®*1%!,

Studies with antibodies which selectively inhibit soluble vWF bindimg to GPIIb-IIIa’
102, suggest that the binding epitope on vWF recognizing GPIIb-IIIa" is comprised of an
RGD sequence at residues 1744-1746 on vWF, as well as adjacent residues which may
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modify the presentation of the RGD sequence, shown to affect binding affinities. The
determination of domains involved in vWF-GPIb binding has been challenging, and is still
not completely resolved. Based on recent studies, it would appear that several distinct
regions in the vVWF molecule contribute to vWF-GPIb binding interactions:1) regulatory
domains 2) regions sensitive to allosteric modulation, and 3) epitopes directly constituting
contact regions.

There are several lines of evidence which suggest that specific sequences interacting
with GPIb are within the Al domain despite mutations of vWD Type IIA falling mostly
within the A2 domain. Studies by Miyata et al'®, using a recombinant A1 domain, in cyclic
or in reduced and alkylated form, showed that such domains were able to directly interact
with platelet GPIb when in a molten globule state (partly denatured), but not in a native
conformation. Similarly, antibodies against regions of GPIb have been shown to decrease
vWEF-GPIb binding mediated by ristocetin (residues 702-704)): encompassing regions 694-
708, 474-488, 514-542) or botrocetin ( 514-542). Studies by Piétu et al'®, using recombinant
epitope mapping found inhibition of vWF binding to GPIb by monoclonal antibodies against
Ser 593-Ser 678, and none by antibodies against Ser523-Gly 588. Scanning alanine
mutagenesis'® of the region composed of residues His 463-Gly 716, showed that antibodies
against sequences which disrupt recognition by the antibody NMC-4 (used as an index of Al
domain structural integrity) in the presence of ristocetin, include regions which directly
inhibit vWF-GPIb interactions: 497-511, the acidic region 687-698 and the basic region 540-
578. They concluded that there were inhibitory domains which were neutralized, or
alleviated by ristocetin in order for vVWF-GPIb interactions to occur.
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Expression of six common mutations occurring in the A1 domain of Type IIB vWD
patients by Cooney and Ginsburg'®, resulted in spontaneous binding to platelets, but with
no further increase in binding when groups of mutations were co-expressed. They concluded
similarly to Matsushita et al that there was a discrete on/off vVWF conformation, with Type
IIB vWF perpetually in the “on” state. This is partly disputed by Miyata et al'”, who argue
that constitutive transient interactions between vWF and GPIb occur in plasma, with high
association and dissociation rates representing a protective mechanism. Adsorption of vWF
would then merely align and increase surface density of binding epitopes and diminish
cellular off-rates, thereby allowing stabilization via integrins. In this model, immobilization
does not disclose cryptic sites. Immobilization of vWF on variably-sized latex beads under
different dynamic conditions have, however, suggested a dependence of vWF-mediated
agglutination of fixed platelets on conditions for adsorption of vWF'%. Differences
encountered between disruption of ristocetin versus botrocetin-mediated binding of vWF to
GPIb suggest that there may actually be multiple regulatory mechanisms of vWF-GPIb
binding, with perhaps differences in further downstream signaling.

Further insights into distinctions between regulatory and binding domains may be had
from a combination of mapping vWD mutations to distinct regions of the molecule and from
structural studies. Thus, vWD Type IIA mutations fall mostly within the A2 domain, where
positive and negative charges are more evenly distributed on the surface than in the Al
domain. Type IIA mutations mostly correspond to cryptic locations, and may therefore alter
molecular folding, exposing the protease cleavage site to proteolytic attack, or affecting
processing of vWF. Type IIB mutations are found on the lower surface of the domain, near
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the botrocetin binding site”, with many mutations located at the amino edge of the 8-sheet.
Molecular modeling studies®' show that several of the residues represent replacement of
surface-expressed loop residues. Others are mutations of small hydrophobic residues buried
in the B-strand and may disrupt the packing of the local protein structure. Type 2M mutations
may most accurately reflect actual vWF binding sites on GPIb, since mutations do not affect
plasma levels or multimerization, suggesting normal structure. Nevertheless, downregulation -
of affinity is produced by mutations occurring on loops, above the plane of the molecule and

mostly in regions of high solvent accessibility.

4.5. Compartmentalization of vWF

Specific structural and functional differences between vWF in different compartments
have been described. Although vWF can be stored in o-granules within platelets or in
Weibel-Palade bodies in endothelial cells, plasma vWF is expected to be endothelial cell
derived'®. Multimerization patterns between stored and plasma vWF are similar except that
stored vWF also includes very large multimers!'®!''°. Subendothelial vWF is composed of
dimers and small multimers'®. Dissimilar glycosylation of platelet and plasma vWF, with
sialic acid and galactose content on plasma vWF almost double that on platelet vWF, may
shield plasma vWF to a greater extent, due to differences in charge or effective diameter''°.

Functional differences between platelet and plasma vWF are reflected by differences
in the K of binding to platelets activated with different agonists. Plasma vWF was shown
to have a slightly higher affinity for ristocetin-mediated binding to the GPIb receptor, while

platelet vVWF showed a 10-fold higher affinity for binding to thrombin-activated platelets -
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than plasma vWF''%, Indeed, secreted platelet vVWF has been shown to associate primarily
with GPIIb-IIIa!!*. The extent of inhibition of thrombin-mediated vWF binding to GPIIb-IIla
by a peptide constituting the last 15 residues of the Fg y- terminus, or an RGDS peptide, also
differed for vWF from the two sources. Thus, the IC,, for inhibition by y-15 was
approximately 30-fold lower for platelet than for plasma vWF, with synergistic inhibition
by both peptides only observed for platelet vWF'!2. Binding to collagen-activated platelets
occurred with similar affinities!.

Although plasma vWF is required for the initial adhesion of platelets to subendothelial
matrix, matrix VWF has also been shown to be functionally relevant!. Platelet vWF is
required for primary hemostasis as well. Platelet transfusions were shown to further shorten
bleeding times in Type III vWD patients, lacking plasma and platelet vWF, who had received
cryoprecipitate infusion''®. Platelet vWF has also been shown to normalize bleeding time
post DDAVP treatment in Type I patients!’, and to mediate deposition onto purified
collagen at G = 1600 s', as determined by comparing platelet deposition using normal or

vWD platelets and plasma''>'6,

5. OTHER ADHESIVE LIGANDS
5.1. Fibrinogen'"’

Fibrinogen is a dimeric protein produced by the liver, and secreted into the plasma,
where it circulates at a concentration of about 7 M. It is incorporated into platelet o~
granules mostly by glycoprotein receptor IIb- IIla dependent endocytosis''é, to be secreted
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upon platelet activation. Fg is not found in the subendothelial matrix, but may be deposited
upon vascular injury''’®. Defective or absent Fg results in a bleeding disorder called
afibrinogenemia. An increased risk of thrombosis has been associated with dysfunctional Fg
lacking amino acids 9-72, which are normally involved in thrombin and plasminogen
binding'?®. Other structural variants exist, with the predominant one occurring as a
heterozygous condition, where one gamma chain has a 20-residue extension instead of the
normal 408-411 sequence!?-'%2,

Although there is homology between the three Fg chains, important differences between
them include the presence of fibrinopeptide A (FPA) and fibrinopeptide B (FPB) on the
amino terminus of chains A« (1-16) and BB (1-14), respectively. Upon treatment with
thrombin, these peptides are cleaved, leading first to fibrin monomer formation, then
protofibril assembly, and subsequent polymerization to yield an insoluble clot. Fibrin is
stabilized by cross-linkage by activaied F.XIII'>*'?, In the course of fibrin formation, new
epitopes become exposed, eg. for tPA'”. Degradation of Fg and fibrin is principally due to
cleavage by plasmin, which initially removes a 403-residue sequence from Fg, converting
Fg to Fragment X. Further cleavage yields fragments Y, D and E. The presence of D-dimers
in plasma has been used as an index of thrombin activity.

5.1.1. Fg Structure

Fg is composed of three pairs of disulfide-bonded polypeptide chains a, 8, y and has a
total MW of approximately 340,000 Da'?. Doolittle et al'?” showed that there is a Cys-Pro-
X-X-Cys sequence occurring twice in each of the three chains, with intervening 111-residue
sequences of each chain showing similar polar/nonpolar residue alterations. There is a low
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frequency of proline occurrence, suggesting a helical backbone structure. Fg chains are
intertwined into a three-stranded rope to form a coiled-coil structure of approximately 160
A, with each chain possessing an o-helical conformation. Eiectron microscopy shows a
trinodular model for Fg, with a length of 475 A, with two roughly spherical nodules 65 A in
diameter connected by thin threads to a central nodule of 50 A diameter. The axial ratio is
5:1. This is in agreement with atomic force microscopy studies, where the hydrated Fg length
is shown to range between 480 and 650 A'?*'?°, There are three high affinity calcium binding
sites on human Fg'**"3!: one in each of the gamma chains y-303-356, and another in the

central domain of the molecule.

S.1.2. Fibrinogen-Platelet and -Neutrophil Interactions:

Although there are three binding sequences per half Fg molecule potentially available
for binding to platelet GPIIb-IIla: Ao 95-97 RGDF, Ao 572-574 RGDS and y-400-411
(Fig.1-4), only the gamma terminus sequence is required for the initial binding of Fg!321,
This sequence has similarly been shown to be essential for soluble-Fg mediated aggregation
of platelets and for the adhesion of platelets to surface-immobilized Fg'**'*>. However, in
clot retraction, none of these putative sites appear to be involved'*®. Unlike differences
between platelet and plasma-derived vWF, soluble intra-granule Fg is equivalent to plasma-
derived Fg when compared by gel electrophoresis, by Kd’s for binding to activated platelets,
by the ability to support platelet aggregation, and by clottability'*’. Fg binding to platelets
is a multiphasic process, with irreversible binding increasing with time, as determined by
dissociability with excess Fg or with EDTA , although this phenomenon is less obvious for
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binding to fixed platelets'*®!3. There are binding domains for thrombospondin at Aa. 92-147

and BB 113-126 ',

Studies examining the efficiency of platelet-Fg interactions have shown that the
optimum shear range for soluble Fg-mediated interactions is between 50 and 600 s .
Platelet adhesion to immobilized Fg can occur in the absence of platelet activation”,
although adhesion efficiency in flow increases with activation'¥!. mmediate arrest of
interacting platelets on Fg optimally occurs at uniform laminar shear rates between 50 and
500 s! % . Fg can also mediate platelet-neutrophil interactions. Thus, soluble Fg can bind

GPIIb-IIIa° on platelets as well as MAC-1" or p150/95° on neutrophils'#?. It can also mediate

monocyte-endothelial cell interactions by bridging MAC-1 on monocytes to ICAM-1 on

endothelial cells!*.
MAJOR AXIS DIA (nm)
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Fig. 1-4. The adhesive ligands vWF, Fg and TSP. Comparison of relative molecular sizes and
shapes of the adhesive ligands vWF, Fg and TSP based on rotary shadowing electron microscopy
and atomic force microscopy (for vWF and Fg).
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5.2. THROMBOSPONDIN '+

Thrombospondin (TSP) is a large glycoprotein of 450 kDa, which is synthesized by
various cells including endothelial cells (EC), smooth muscle cells, fibroblasts, epithelial
cells and several tumour cell lines. It is incorporated into the ECM in a vascular bed-specific
manner °. Although it is found at very low concéntrations in plasma (< 200 ng/ml), it is one
of the principal proteins (by conceniration) stored in platelet alpha granules (~100 ng/ 10°
platelets).

5.2.1. TSP Structure and binding domains

TSP is composed of three identical chains. Rotary shadowed electron microscopy
shows the TSP molecule as having a central globular region connected by thin filamentous
regions to three other globular regions'*’. The conformation of TSP is extremely calcium
sensitive; there are 12 potential calcium binding sites per chain'*5, and its adhesive potential
is strongly modulated by calcium availability'¥’. Electron microscopy studies have indicated
that a doubling in length of the connecting regions can occur in the absence of calcium, as
well as a decrease in the diameter of the globular regions. These conformational changes
occurring at low calcium concentrations dispose TSP to cleavage by thrombin'4.

There is a heparin binding domain (HBD) at the amino terminal end of the molecule,
followed by a series of repeating sequences referred to as the Type I, II and III regions,
respectively. Due to the plethora of possible association sites on TSP, there is some
controversy regarding binding sites for TSP on platelets, with Fg (with which it can form a
stable complex), GPIV, integrin associated protein (IAP), and GPIIb-IIIa proposed. A direct
association with vWF has also been shown in solid phase assays®. Purified GPIIb-IIla was
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shown to interact with TSP in a solid-phase system'#’, likely via an RGDA sequence located
in the last Type III repeat. TSP appears to co-localize with Fg and GPIIb-IIIa on activated
platelets', but requirements for Fg and GPIIb-IITa have been questioned since there is
normal expression of TSP on the surfaces of platelets from patients with severe
afibrinogenemia'*'or Glanzmann’s Thrombasthenia, where both GPIIb-Illa and alpha-
granule Fg may be absent'*?. Peptides with the sequence RFYVVMWK, corresponding to
a region in the carboxyl terminus of TSP, can also bind to platelets via IAP'>?, and directly
induce platelet aggregation and activation, as defined by phosphorylation of P47 protein '*%.

TSP is a multifunctional protein which can participate in both coagulant and fibrinolytic
events, wound healing and angiogenesis and can interact with cancer cells'*. TSP binds
matrix proteins heparin, collagen Type V, and fibronectin, and TSP levels are increased in
the thickened intima in vascular disease’. TSP can also modulate fibrin clot structure,

promoting the formation of a finer clot in its presence'*.

5.2.2. TSP modulation of platelet adhesiveness

Peptides derived from the HBD of TSP reduce secretion by up to 50 %, suggesting that
TSP can function to amplify platelet signaling processes in ADP and thrombin activated
platelets'*. It is however unclear if this is a direct response, or secondary to inhibition of its
interaction with Fg, mediated by the same domain. TSP was previously implicated in
maximizing macro-aggregate formation and stabilization, in ADP-activated platelets.
Specific domains in the HBD may be involved, with some inhibition of aggregation
produced by antibodies against epitopes residing within the Type Il repeat regions'*’. Again,
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it is unclear whether this is due to disruption of native TSP conformation, or if these are sites
directly required for platelet aggregation. Monoclonal antibodies against the region
interacting with IAP do not inhibit platelet aggregation induced by several agonists'*3. We
have now demonstrated a role for platelet-secreted TSP in microaggregate formation at
laminar shear flow rates between G = 300 -2000 s!, for platelets activated with threshold
concentrations of thrombin (Chapter 5). Immobilized TSP has previously been shown to
support adhesion in a Ca**-dependent manner. Agbanyo et al'*” have shown that while
adhesion of platelets from whole blood to Ca?*-depleted immobilized TSP shows anti-
adhesive properties, adhesion to Ca*-replete TSP can support platelet adhesion, with

maximum efficiency occurring at G = 1500 s, and dropping sharply with increasing G.

5.3. Fibronectin'

Fibronectin (FN) is a large asymmetric molecule of MW 500,000 Da with globular
domains, and composed of two similar subunits which are disulfide linked. It can be
synthesized by a variety of cells in vitro including fibroblasts, endothelial cells, smooth
muscle cells and epithelial cells. It is also incorporated into platelet alpha granules, and
released upon platelet activation. It plays an important role in cell adhesion, morphology and
cytoskeletal organization, and is involved in interactions of cells with the extracellular
matrix. FN has binding sites for collagen, heparin, actin, F. XIII and fibrin. Thus, FN actually
becomes covalently linked to fibrin by F. XIII", providing sites for cells involved in tissue
repair, such as fibroblasts, and for adhesion to the clot. There is also an RGDS site, which
may be recognized by platelet GPIIb-IIIa or VN receptor aB8;. Platelet adhesion to
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immobilized FN is supported under static conditions, and under flow conditions. Under flow
conditions, purified FN mediates platelet adhesion optimally G at 300 s™ , and promotes only
<5% surface coverage at G =1000 s™' '*°. However, one study suggests subendothelial FN
may be important even at G = 1300 s 2, The adhesion observed is dependent upon vWF

and GPIb™.

54. Laminin 14

Laminin is the major non-collagenous glycoprotein component of basement membranes,
where it binds preferentially to Type IV collagen'®. It is a very large molecule (MW
approximately 800 kDa), composed of at least three protein chains associated by disulfide
linkages. Rotary shadowing electron microscopy depicts it as a twisted cruciform structure
with three short arms and a long arm, with globular domains at extremities of each arm. This
form is similar to that observed with atomic force microscopy’¢!, where the molecule was
assigned a length of approximately 50nm and 76 nm, for the short and long arms,
respectively. Additionally, they showed that there was considerable flexibility of the arms,
suggesting movement. Laminin has been shown to play arole in cell attachment, cell growth,
tissue development and differentiation. Adhesion to purified laminin requires Mg?* and Ca**

, and is shear-rate dependent, with maximum coverage occurring at G = 800 s '¢2,

6. PLATELET AGONISTS '
6.1. Adenosine diphosphate (ADP)
Adenosine diphosphate (ADP) is a physiological activator of platelet GPIIb-IIIa, and
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causes one or all of: platelet shape change, reversible aggregation's, and alpha and dense
granule release, in a concentration-dependent manner'®®>. Calcium is required for ADP-
mediated aggregation and secretion. Using antagonists of ADP such as ticlopidine,
clopidogrel'® orapyrase's’, ADP was shown to be physiologically relevant in the recruitment
of platelets in thrombosis. It is also required for shear-induced platelet aggregation (SIPA)
[68. .

There are two pools of nucleotides in platelets (comprising ADP and ATP): within
dense granules or within a cytoplasmic pool. Only nucleotides in the cytoplasmic pool are
readily labelled, suggesting that there is no exchange between pools'®. The ADP
concentration in dense granules is approximately 653 mM, while for ATP it is 436 mM '7°,
and these may be released upon platelet activation. Upon adhesion of platelets to exposed
matrix at sites of vascular injury, platelets become activated and may secrete alpha and dense
granule contents, thereby activating nearby platelets in solution and amplifying the
aggregation response. Shear rates of G > 5000 s™', may induce leakage of platelet stored
ADP*.

Platelet activation responses (shape change, secretion, receptor activation) are energy
dependent and consume ATP through enzymatic hydrolysis!'”’, to yield primarily ADP and
AMP for conversion to cAMP. Presumably some ADP generated by degradation of ATP
may also contribute to activation of platelets, since the t,, for ATP in plasma is
approximately 1.5 minutes, while for ADP in plasma it is approximately 4 minutes. ADP is
converted to AMP, then to adenosine, which inhibits platelet activation and can shut down
the platelet response. Erythrocytes may also release ADP for platelet activation, from
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damaged or fragmented cells, presumably by compression experienced when flowing past
stenotic regions. A physiologic role for RBC’s may be postulated based on the increase in

bleeding time (reflecting status of primary hemostasis) in patients with low hematocrits 2.

6.1.1. Receptors and signalling

Although ADP binding to platelet surfaces has been acknowledged for some time,
identification of the receptors involved in ADP-mediated platelet responses has happened
only recently. Some of the confusion stemmed from the effect of ADP on up regulation of
both adenylyl cyclase, and of platelet activation and aggregation in flow, and has been
resolved by the discovery of at least two distinct G-protein coupled receptors of the family
of P, purinergic receptors (classified by their preference for a variety of nucleotide analogue
agonists, versus ones recognizing adenosine (P, receptors)). These have been determined
using antibodies against the cloned P2Y, receptor, as well as competitive inhibitors such as
2-methylthio-AMP (2MeSAMP). The first receptor, P2Y , coupled to G, and phospholipase
C, activates mobilization of [Ca **]; and mediates shape change'”. The second receptor
(P2,0)is coupled to G; and is inhibited by ticlopidines and ATP. It mediates the decrease in
c-AMP levels, and inhibits the binding of [°’H] -2-MeS-ADP. Both receptors are required for
mediating platelet aggregation. A third potential ADP receptor, P2X1, has been identified
and its function remains to be characterized'™.

ADP also induces cytoskeletal changes in platelets required for shape change and
activation of GPIIb-IIIa receptors'’>'?, with PI3Kinase involved in the signaling pathway
174 Several studies have suggested that ADP removal from its receptors can reverse GPIIb-

35



IHa activation, suggesting a requiremeﬁt for sustained signaling. Activation of platelets with
ADP can result in the downstream production of DAG and IP3'7, with subsequent liberation
of arachidonic acid (a platelet agonist), and production of eicosanoids (thromboxanes) which
are extremely strong agonists. ADP stimulation may also cause an increase in cytosolic pH
mediated by a Na+/H+ exchanger, a transient rise in free Ca?" concentration, and
phosphorylation of myosin light chain'”®. Activation of protein kinase C does not appear to

play an important role in the primary phase of ADP-induced aggregation of human platelets
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6.2. Thrombin'®-!%!

Thrombin is one of the strongest and most important agonists known. It can regulate
both fibrinolytic (activation of protein C), and pro-coagulant responses (activation of
hemostatic clot cascade proteins F. V, F. VIII, F. XIII) via its serine protease activity. The
precursor for thrombin, prothrombin, is converted to the active form through the sequential
activation of clotting cascade proteins, culminating in the assembly of the prothrombinase
complex to yield thrombin, on activated platelets!®?, endothelial cells'**, and monocytes'®.
Thrombin can amplify its own generation via a positive feedback circuit'®>. Locally formed
thrombin then cleaves fibrinogen, with release of fibrinopeptides A and B, thereby initiating
fibrin polymerization, required for formation of a stable platelet plug for hemostasis.
Additionally, thrombin can activate platelets, neutrophils, endothelial cells and smooth
muscle cells, and promote both mitogenic and migratory responses. Due to its many
functions, thrombin has the potential to greatly influence major events in the thrombotic
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process. As such, much effort has gone into the development of antagonists against it.
6.2.1. Thrombin structural domains

Thrombin is a 37 kDa. Protein. It is an ellipsoid of approximately 45x45x50 A. There
are two positively-charged anion-binding domains, referred to as Exosites I and II, which
largely determine initial recognition of substrates by thrombin. A proteolytic site found in
a large groove, is defined by the catalytic triad consisting of His 57, Ser195 and Aspl102.
Fibrinogen, fibrin monomer'®, and a seven-transmembrane thrombin receptor'®” and the
thrombin antagonist, hirudin, have been shown to bind to exosite I. Exosite II is the site of
binding for heparin'®%, chondroitin sulfate!® and prothrombin fragment SPII'®. The exosite
which interacts with GPIb has not been definitively determined, as evidence for binding to
either exosite exists'’!"'92. Additionally, small substrates may bind directly to the active site.
Peptides corresponding to the carboxyl domain of hirudin have been used to show that for
larger proteins, the first interaction between substrate and protein is via the exosites, required
to modulate affinities for interaction with the catalytic site'”. Labeled peptides have been
used to show that allosteric changes may be induced in the active site of the molecule
following engagement of exosites's*. Similarly binding of hirudin peptides to Exosite I can
displace prothrombin SPII fragments from Exosite II, and vice versa, suggesting reciprocally
regulated conformation of exosites'?.
6.2.2. Thrombin platelet receptors

Thrombin can bind to at least two types of receptors on platelet surfaces (Fig. 1-5).

There is ample evidence showing a direct interaction between glycoprotein receptor GPIb
and thrombin (see section in glycoprotein receptor GPIb). GPIb is generally considered to
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be the high affinity receptor for thrombin, with a K, 0of 0.3 - 0.5 nM, and with approximately
50 -200 sites per platelet. Two protease-activated receptors (PAR) have also been detected
on human platelets; PAR-1'% and PAR-4'"7. PAR-1 is expected to be the medium affinity
receptor for thrombin, with a Kd of approximately 2 - 40 nM, and 200 - 2000 sites per
platelet'®8. The Kd for thrombin binding to PAR-4 is an order of magnitude greater'”. The

existence of an additional receptor for mediating high affinity binding has been proposed®®.

THROMBIN PLATELET RECEPTORS

Fig. 1-5.Thrombin platelet receptors. Thrombin can bind to at least two types of binding sites on
human platelets: 1) GPIb, where the binding site is immediately adjacent to but distinct from the
vWEF binding site, and 2) members of the protease-activated receptor family, PAR-1 and PAR-4. A
third distinct receptor has been proposed by Hayes et al to function as the high affinity receptor and
is thus far uncharacterized.
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A great deal of controversy is associated with assignment of degree of affinity of
thrombin for these receptors. Monoclonal antibodies against GPIDb sites, or proteolysis by
Serratia marcescens protease (which preferentially cleaves GPIb over PAR-1), selectively
reduce intracellular Ca?* mobilization induced by low thrombin concentrations'*®. However,
the B, expected to reflect numbers of high affinity binding sites, is very low compared to
total GP Ib receptors reported on the platelet surfaces (~25,000). The existence of a subclass
of GPIb receptors which mediates thrombin interactions, possibly in a dimerized state, has
been proposed to account for this discrepancy?’!. Alternatively, moderate affinity binding to
glycocalicin (a soluble extracytoplasmic portion of GPIb comprising the thrombin binding
site) has been described. This affinity was similar to that determined for thrombin binding
to platelets at 4° C rather than at 37° C, where binding is fully reversible, suggesting that
previous determinations of K, ‘s had not been done under true equilibrium binding
conditions, and obviating GPIb’s high affinity status?®2.

A very recent report has suggested that full platelet activation responses can be
accounted for by PAR-1 and PAR-4, as full blockage of responses could be achieved using
antibodies against these two receptors alone'*. However, some cross-inhibition of thrombin
high and moderate affinity responses occurs by antagonists directed against either receptor.
Peptides against GPIb have been shown to inhibit low thrombin-concentration-mediated
activation as well as responses mediated by SFLLRN (thrombin activating peptide, derived
from PAR-1 sequences immediately post cleavage site)*®. Similarly, antibodies against
PAR-1 can inhibit low thrombin activation responses®®. Thus, there is an additional concern
over antagonist specificity. Nevertheless, some strong evidence in favour of the glycoprotein
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GPIb receptor as the high affinity thrombin platelet receptor, stems from studies comparing
Bernard Soulier syndrome patients, having giant platelets and lacking the GPIb receptor,
with May-Hegglin patients, having giant platelets but normal GPIb. In these experiments,
aggregation in response to low concentrations of thrombin was greatly decreased with BSS
patient platelets, despite normal or increased surface expression of PAR-1 receptors on
platelet surfaces®”. Additionally, surviving knock-out mice lacking the PAR-1 receptor
appear to have relatively normal hemostatic function?®, corroborating the role of other
thrombin surface receptors. Atany rate, we have shown that qualitative differences in platelet
function occur at discrete thrombin-concentrations, also consistent with the existence of

more than one receptor mediating platelet responses induced by thrombin ( Chapter 4, 5).

6.2.3. Signalling via thrombin r&eptom

Platelet thrombin receptors are associated with signaling molecules, as well as with the
cytoskeleton. The cytoplasmic tail of glycoprotein GPIb is associated with the cytoskeleton
via actin binding protéin (ABP), and with a phospholipase A2, 14-3-3 zeta isoform as
discussed in section 7.1 on glycoprotein GPIb. Thus activation of platelets through GPIb may
proceed via liberation of arachidonic acid, and activation of p42/44 ™ and pp60s™ 2°!.
Downregulation of GPIb receptors upon activation with increasing thrombin concentrations
may occur at low Ca? levels?"2%, Signaling transduction mediated by the PAR-1 receptor
is associated with activation of phospholipase C, generation of inositol phosphates and
activation of protein kinase C*®. Differences in activated protein kinase C signalling at low
(0.05 U/ml) versus high thrombin concentrations (0.5 U/ml), have been invoked to explain

40



differences in maintenance of the activated state of unoccupied GPIIb-IIIa receptors '°.

6.3. Epinephrine

Epinephrine may be released into the circulation from the human adrenal medulla
during stress?!!. Increased catecholamine levels in early morning have been correlated with
the frequency of onset of myocardial infarction, and an increase in platelet aggregability
212213 Epinephrine can inhibit adenylyl cyclase?'* by binding to a,-adrenergic receptors,
which are linked to adenylate cyclase, and coupled to a G-protein?'°. There are approximately
270 receptors per platelet, and binding occurs with a K of 2.5 nM 216,

The response to epinephrine by platelets is highly variable. Epinephrine has been shown
to synergize with other agonists such as ADP?", or high shear?!® to activate platelets. In fact,
in previous studies where epinephrine was thought to have induced aggregation, ADP
present in platelet preparations was likely a co-agonist, since for platelets washed in the
presence of prostacyclin and resuspended in buffer containing apyrase, no shape change,
serotonin secretion or macroaggregates were detectable in response to epinephrine®'’.
However, relatively low epinephrine concentrations (20 nM), have been shown to induce
microaggregate formation, redistribution of filamentous actin, and GPIIb-IIIa activation??°.
A functional chloride transport system is also required for epinephrine-mediated aggregation
21 At higher epinephrine concentrations (4 uM), low levels of protein tyrosine
phosphorylation, and Syk activation occurred. Moreover, epinephrine down-shifted the
thrombin concentrations required to promote more extensive signaling responses, as well as
platelet aggregation’?. Treatment with the tyrosine kinase inhibitor, genistein, inhibited the
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synergistic effect of epinephrine. In hypercholesterolemic patients, epinephrine may induce

significantly greater platelet aggregation than in control subjects?.

6.4. Thromboxanes

The thromboxanes are part of the family of eicosanoids, which are newly synthesized
in response to specific agonists or physical perturbation, from arachidonic acid liberated from
platelet membranes by phospholipases. Thromboxane A2 (TxA2) is extremely labile, with
a t,, of 30 minutes in protein-free aqueous media*. It is in turn enzymatically converted to
Thromboxane B2, which is stable, but without known biological activity. TxA2 inhibits the
stimulation of platelet adenylate cyclase, thus lowering cCAMP. Its production can be
inhibited by cyclo-oxygenase antagonists such as indomethacin and by nonsteroidal anti-
inflammatory drugs like aspirin®?.

Thromboxane may induce its biological effects by promoting dense granule secretion
of ADP?%, sﬁce a full aggregation response cannot be obtained upon enzymatic removal of
ADP. Nevertheless, endoperoxides can potentiate aggregation induced by an arachidonic
acid derivative, in patients with storage pool disease, where storage granules lack ADP?.
An increase in thromboxane metabolites has been observed in patients with unstable

ischemic coronary syndromes®, suggesting a role for thromboxane in thrombosis.
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7. GLYCOPROTEIN RECEPTORS
7.1. Glycoprotein (GP) [b2°>°

The glycoprotein receptor, GPIb, is composed of two disulfide-linked chains, GPIba
and GPIbB, with approximately 25,000 receptors detectable on platelet surfaces. It is tightly
but not covalently associated with GPIX and less strongly with GPV. Members of the
complex are present in a ratio of 2:1:2 (GPIb(c,B): GPV:GPIX). Molecular weights are 145,
22,82 and 17 kDarespectively. All are transmembrane proteins with large extracytoplasmic
domains and short cytoplasmic tails. Approximately 70 % of the total GPIb is linked to the
platelet membrane cytoskeleton via actin binding protein (also known as filamin)?!, with
which GPIb associates through its cytoplasmic tail residues Thr 536 - Phe 568 2. This
association apparently does not require any externally added platelet activators. A
phospholipase A2 (14-3-3 zeta isoform) is associated with the last five residues of the
carboxyl domain of GPIba®*?** and interacts with GPIb8 as well®5. All members of the
complex have in common a leucine rich region (LRR) which may be involved in protein-
protein interactions. X-ray crystallography studies with ribonuclease inhibitor>¢ suggest that
by homology, these regions may form an arc in GPIba (6 LRR repeats), and a horseshoe in
GPV (15 LRR repeats), and may be important in maintaining the structural integrity of the
receptor. These LRR are found in the proximal region of the amino terminal 45kDa domain,
anterior to two disulfide-linkage determined loops representing binding sites for vWF and
thrombin.

Rotary shadowed electron microscopy studies by Fox et al®*’, have depicted GPIb as a
flexible rod with a globular domain at either end. The total length is approximately 60 nm,
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with approximately 50 nm representing the extracytoplasmic domain. There is extensive
glycosylation, mostly found in the 84 kDa macroglycopeptide region, where it accounts for
about 59% of the weight, on a molar basis?*%. The dense carbohydrate coverage is thought
to provide a barrier to macromolecules, and to maintain ligand domains extended well
beyond the platelet surface. Proteases which cleave GPIb close to its membrane insertion
site, release the large extracellular portion, referred to as glycocalicin®??%. Glycocalicin can
be found circulating in plasma at concentrations between 1-3 xg/ml**!, suggesting that there
is ongoing catabolism of GPIb in vivo.

Under normal circumstances, correct intracellular assembly of GPIba and optimal
surface expression of the complex is dependent upon GP IX and GPIb8%%?%3, although
GPIba can be singly expressed on model cells when linked to ICAM-12%. This surface-
expressed GPIba can support ristocetin- or botrocetin-mediated binding of vWF in the
absence of other complex members. In platelets, GPIb can be found associated with the
plasma membrane, OCS and a-granule membranes?*®. Several groups have detected GPIb
on endothelial cells in vivo and in vitro®*$?*’ with all four members of the complex (GPIb
a,B, GPV, GPIX) being expressed in the same ratios as on platelets**®. However, mRNA or
endothelial surface expression of GPIb were not detected by at least one group?*?, suggesting
that differences in experimental conditions may influence detectability of this protein.

The members of the GPIb-IX-V complex are susceptible to, and may be individually
regulated by proteolysis. GPV may be cleaved by thrombin during activation with release
of a 69 kDa fragment®°, while GPIba may release glycocalicin upon cleavage by neutrophil
cathepsin G 2°!. Both agonists induce reversible redistribution of the remainder of the
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complex from the platelet surface to membranes of the OCS. Such cleavage events may
occur during close contact between platelets and neutrophils during thrombosis or
inflammation events.

There are three bleeding disorders associated with deficient or defective GPIb: Bemnard
Soulier syndrome, platelet-type von Willebrand disease and velocardiofacial syndrome®2.
Bernard Soulier syndrome (BSS) is characterized by thrombocytopenia, giant platelets, and
functionally defective, or almost absent GPIb receptors®™, suggesting a link between
megakaryocytopoiesis and GPIb expression. Several BSS mutations occur either in the LRR
of GP IX or in GPIba®?%, suggesting that structural modifications may result in
inappropriate processing of the molecule. In platelet type vWD, single amino acid
substitutions within a narrow region of GPIba, yield a protein with affinity for vWF
sufficiently increased to allow interactions to occur in the absence of additional agonists®>,

thereby promoting intravascular clumping.

7.1.1.GPIb function

The principal adhesive ligand of the glycoprotein Ib receptor is von Willebrand factor.
Thus, platelet adhesion is mediated by two sources of vWF: one is present within the
extracellular matrix, exposed upon vascular injury, and a second is plasma vWF adsorbed
onto matrix collagens. GPIb and vWF have been implicated in thrombin generation'®* and
in promoting platelet incorporation into polymerizing fibrin®'°!. The GPIb receptor is also
required for mediating shear-associated processes such as the aggregation of weakly
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activated platelets”® (Chapters 2-5), and the rolling of platelets on immobilized purified vWF
%. In the latter case, an intact GPIb-IX-V complex is necessary?’.

As mentioned previously, there is a binding site for thrombin on GPIb, to which
thrombin binds with a K, of 0.3 - 0.5 nM, and a B, of 50-200 sites '9%258, However, the
status of GPIb as the thrombin high-affinity receptor has lately been questioned based on
irreversibility of the GPIb-thrombin interaction and affinities for glycocalicin?®?, Other
experiments by Hayes et al>”, suggest that platelet surface localizations of GPIb and of anti-
hirudin peptide antibodies are different, where a hirudin carboxyl terminus peptide is
expected to represent the high-affinity site. The full expression of the GPV receptor, although
not itself expected to constitute the binding site for thrombin, is nevertheless required for-
highest affinity binding®®, perhaps accounting for differences in thrombin affinity for
glycocalicin versus for the intact complex on platelet surfaces.

Studies using monoclonal antibodies and peptides suggest that epitopes associated with
thrombin binding encompass a large region circumscribed by residues 216 and 285. This
overlaps regions important for vWF binding, which occur between residues 233 and 287 2,
Antibodies exist which inhibit GPIb interactions with both (e.g. TM-60 2¢") or only one of
262263 thrombin and vWF. Snake venom-derived proteins which recognize GPIba, may also
regulate binding of ligands and aggregation mediated by this receptor. Thus, alboaggregins
can bind to platelets and induce platelet agglutination, as well as competitively inhibit vWF
binding to GPIb**, Echicetin, similarly to some antibodies, affects several GPIb functions;
inhibiting thrombin binding to GPIb, and platelet aggregation mediated by alboaggregins,
or botrocetin and soluble vWF?552%_ Mutations in the LRR region of GPIba can also disrupt
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vWF-GPIb interactions®’, as indicated by studies of human-dog chimeras. This may occur
by affecting the structural integrity of the receptor, or by directly disturbing a section of the
binding epitope for vWF.
7.2. Glycoprotein (GP) IIB-IIIa 2532

Glycoprotein IIB-IIa (cy,B;) is a member of the integrin family, a group of receptors
important in mediating adhesive interactions. GPIIb-IIIa is specifically required for platelet
aggregation, firm adhesion, spreading and clot retraction, and participates in platelet-
leukocyte interactions®®. As such, it has been assessed as a therapeutic target against
thrombosis. Defective or absent GPIIb-IIla leads to a bleeding disorder, Glanzmann’s
thrombasthenia, characterized by va;iably severe hemorrhaging, absent clot retraction and
absent platelet aggregation in response to several agonists.

GPIIb-IIIa is the most abundant integrin on platelet surfaces, with approximately 50,000
uniformly distributed molecules detectable on the surface of resting platelets, with <100,000
on maximally activated platelets*”®. GPIIb-IIa is a heterodimer of non-covalently associated
o and B; chains. It shares the B, subunit with the vitronectin receptor, oy3;. The alpha
chain (allb or GPIIb), is a disulfide-linked dimer consisting of a heavy chain (GPIIb,-125
kDa) and a light chain (GPIIbs-25 kDa). The transmembrane domain and a small cytoplasmic
domain (26 residues) are found within the light chain. In the heavy chain, there are four
extracellular cation binding sites, which are required for most ligand interactions. The beta
chain (8; or GPIIIa; 105 kDa) also has a transmembrane domain. There are 56 cysteine
residues in the intact complex, yielding a tight and globular molecule. Electron microscopy
studies have indicated that the structure of GPIIb-IIIa includes a globular head domain of
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approximately 10 nm, and two 18 nm flexible tails?’'?”2. Association between o and 8
subunits is cation dependent, and required for receptor ligand recognition, mediated by the
N-terminal region of both subunits?®”. Peptides derived from the cytoplasmic tails of oy, and
B, may also interact, shown using fluorescence quenching and terbium luminescence
techniques?™.
7.2.1. Activation-dependent changes and ligand binding

GPIIb-IIIa may be considered to exist in at least three conformational states: unactivated,
activated but not ligand occupied and, activated, ligand occupied . Thus, upon activation,
GPIIb-IIIa undergoes a conformational change in the extracellular domain (detectable using
activation-dependent antibody PAC-1%7%, and resonance energy transfer>. It thereby greatly
increases its affinity towards, and becomes competent to bind, soluble Fg as well as other
RGD-containing adhesive ligands vWF, vitronectin (VN), and fibronectin (FN). Subsequent
to ligand binding, new epitopes are exposed on the receptor (ligand-induced binding sites,
LIBS), and may be detected by monoclonal antibodies. Upon' activation with thrombin,
ligand binding may even occur directly within granules, as detected using monoclonal
antibody AP-6 7.

Unactivated GPIIb-IIIa can only recognize small peptides, or molecules containing an
RGD, KDG or RYD sequence positioned at the tip of a recognition loop, or immobilized on
a bead, and protruding 14 - 32 A from the protein core?”?™. Thus, the binding pocket of
unactivated GPIIb-IITa is postulated to resemble a narrow cavity buried 10-20 A within the
protein, axid to interact with larger molecules solely upon agonist-induced changes in its
quaternary structure. Specific recognition sites for the dodecapeptide sequence of Fg on
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GPIIb-IIIa have been cross-linked to residues 294-314 on GPIIb?*°, whereas the ubiquitous
RGD sequence has been cross-linked to residues 109-171 on GPIIIa?®! (Fig. 1-6). A peptide
derived from residues 211-222 on GPIIIa has also been shown to inhibit Fg binding®2.
Binding of GRGDSP peptide and y-chain dodecapeptide to intact GPIIb-IIla complex,
however, are mutually exclusive, suggesting that these two regions are spatially or
conformationally related?®>. Alternatively, it has been suggested that there may be two GPIIb-

MTa -ligand binding pockets, which are allosterically associated 2.

mKELETAmeNS TALIN ._:

Fig. 1-6. Activated GPIIb-IIIa receptor. Following activation, GPIIb-IIIa can recognize RGD
sequences in adhesive ligands as well as the gamma terminus of Fg. A fraction of GPHb-IIIa
receptors also become associated with the membrane skeleton. The cytoplasmic tail of GPIIb-IIIa
is involved in the regulation of its affinity state, with the binding of B-3 endonexin (B3-ENDO)
positively and mutations at residue 752, negatively regulating affinity state.
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7.2.2. Regulation of affinity; signaling complexes

GPIIb-IITa receptor ligand interactions are regulated by affinity modulation, transduced
by signaling molecules following agonist activation, or by accessibility to conformationally
appropriate ligand recognition sequences, as discussed above. The process leading to
receptor activation following agonist binding to platelets, is referred to as “inside-out”
signaling. Additional changes following ligand binding result in “outside-in” signaling. The
specific signal-transducing molecules are incompletely known. However, activation by
different agonists appears to converge in a common pathway, possibly the phosphorylation
of protein kinase C?2!%2% to lead to GPIIb-IIIa activation. Investigation of specific receptor
domains involved in each signaling process indicates that mutations in the cytoplasmic tail
can alter binding affinity. Thus, the point mutation S752P in GPIIIa has been shown to block
inside out signaling, and to prevent receptor activation®®. In contrast, 8,-endonexin binding
to GPIIIa can positively regulate GPIIb-IIIa affinity state, as shown using transfected CHO
cells. The increased affinity state could be inhibited by co-expression of the B; tail or H-ras,
thus indicating that second messengers were likely involved in affinity upregulation®’.
Structural mutations in « or B cytoplasmic domains, affecting a salt bridge in a hinge region
comprised of both chains, can alter inside out signaling and yield GPIIb-IIla in a
permanently activated state?®®. A functional sodium/calcium exchanger also appears to
function in inside-out signaling *°, as inhibitors of this exchanger reduced agonist-induced
platelet aggregation. Phosphorylation of pleckstrin or myosin light chain were not affected.
Antibody binding to LIBS epitopes or to resting GPIIb-IIIa may also cause increases in
cytosolic Ca ?* levels*® or kinase activity?®!. Signaling may be attenuated by phosphatases.
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A fraction of the GPIIb-IIIa in resting platelets is associated with cytoskeletal proteins
talin, and vinculin®2. However, approximately 50 % of receptors in megakaryocytes move
freely within the plane of the membrane, shown by fluorescence-recovery after
photobleaching®?. Upon activation, another 25 % become immobilized. This is likely due
to a transfer of GPIIb-II1a from the membrane skeleton to associations with cytoplasmic actin
filaments?**.

GPIIb-IIIa receptors may be activated and remain monodisperse?®®. Clustering of GPIIb-
IIIa receptors, occurs only after ligand binding®*, thereby increasing the valency, and
therefore avidity of the reaction. Events subsequent to ligand binding and aggregation
include outside-in signaling?*6?®?, activation of calpain®*® and formation of focal-adhesion-
like complexes®?, similar to contacts formed between cells and extracellular matrix.
Different signaling molecules may be implicated following activation alone, as compared to
afteraggregation. The signaling molecule ppS YK becomes phosphorylated following ligand
binding, whereas pp125 FAK becomes phosphorylated only after ligand binding and platelet
aggregation®®. Different signaling pathways may affect the stability of activated GPIIb-IIIa
conformations, depending on agonist and concentration. Thus, GPIIb-IIla receptors on
platelets activated with ADP or low thrombin concentrations (0.05 U/ml), will maintain their
activated conformation for only a few minutes in the absence of bound ligand before
reverting to the resting conformation, and are not resisfant to closure of sites by PGL,. This
is in contrast to activation at higher doses of thrombin (0.5 U/ml), where sites remain open
for at least 20 minutes?'°.

The targeting sequence NPXY on the cytoplasmic region of GP IIIa has been postulated
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to participate in the regulation of integrin affinity states’®, and in the internalization of Fg
and vWF through clathrin coated-pits''®. The co-immunoprecipitation of GPIIb-IITa with AP-
2 adaptor proteins, involved in the formation of clathrin-coated vesicles, suggests a
mechanism for vesicle-mediated trafficking of this receptor’®'. Loss of receptor due to

internalization may also regulate ligand interactions.
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Introduction to Chapter 2

A previous study by Dr. Goldsmith et al indicated that in the absence of exogenous soluble
ligands, the aggregation of platelets activated with low concentrations of ADP (0.7 M), in tube
flow, was shear-rate dependent and mediated by a surface-expressed protein other than
fibrinogen. In this study, we investigated the eventuality that von Willebrand factor was a
candidate for mediating this aggregation. The participation by the glycoprotein receptors Ib and
IIb/IIIa was also assessed. The results of this study were published in Thrombosis and
Hemostasis 1997; 77: 568-76, and are presented in Appendix 1 following the main body of the

thesis’.

* Please note. I have chosen to add this section as an appendix since my contribution to this
manuscript was partial, and I do not have the original computer files for adaptation to the format
employed in the rest of the thesis. This format for presentation was approved by the Thesis
Office, in verbal communication with Sylvia. My contribution to this study consisted of
conducting a series of experiments examining the participation of the glycoprotein receptors
GPIb and GPIIb-IIIa in the shear-associated aggregation of platelets activated with ADP.
Monoclonal antibodies were used, with the antibody against GPIb specifically targeted against
the von Willebrand factor binding site. The role of the receptors was examined at two shear rates.
I feel that I have also contributed to some of the ideas presented in the discussion section. This
section may also be considered to form an integral part of my studies of the role of vWF under
varying agonist and shear rates.
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Chapter 2
Surface-Secreted von Willebrand Factor Mediates Aggregation of ADP-

Activated Platelets at Moderate Shear Stress: Facilitated by GPIb but
Controlled by GPIIb-IIIa
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Introduction to Chapter 3:

As we had been able to demonstrate a shear-dependent role for surface-expressed vWF in
ADP-mediated aggregation under shear flow conditions in Chapter 2, we decided to
examine specifically vWF-GPIb interactions in a shear-flow regime. Aggregation of
platelets mediated by vWF and GPIb in the presence of a modulator, ristocetin, had
previously been examined only under poorly defined dynamic conditions, in the stirred
vials of an aggregometer. In the present study, we isolate the kinetics of ristocetin-
mediated vWF-GPIb aggregation in shear flow using ristocetin, as a function of platelet-
bound soluble vWF . Investigation of the role of surface-expressed vWF in shear-
associated aggregation was extended to another physiologic agonist, thrombin. Thrombin
concentration dependence for aggregation, vWF and P-selectin surface expression as well
as GPIIb-1lIa activation were correlated. Results of this study were published in

Thrombosis and Hemostasis 1998; 80: 428-36.
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Chapter 3

Ristocetin and Thrombin-induced Platelet Aggregation at Physiological

Shear Rates: Differential Roles for GPIb and GPIIb-IIIa Receptor
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Abstract

We recently reported that washed platelets (WP) activated with ADP and expressing
surface-bound vWF aggregated in flow through small tubes or in a cylindrical couette device
at physiological shear rates of G=300s"- 1000 s™! in the absence of exogenous ligands, with
GPIb-vWF partially, and activated GPIIb-IIIa totally required for the aggregation. We have
now extended these studies to aggregation of platelets “activated” with ristocetin or
thrombin. Washed platelet suspensions with added soluble vWF and ristocetin (0.3 - 0.75
mg/ml), or activated with thrombin (0.01 - 0.5 U/ml) but no added ligand, were sheared in a
coaxial cylinder device at uniform shear rate, G =1000 s™.. The collision capture efficiency (o)
with which small aggregates form (= experimental/calculated initial rates of aggregation) was
correlated with vWF platelet binding assessed by flow cytometry. The vWF-GPIb interaction
was exclusively able to support ristocetin-mediated shear aggregation of metabolically active
platelets, with very few vWF monomer equivalents bound per platelet (representing<10
molecules of 10 million Da) required to yield high capture efficiencies (c¢g=0.38 +.02; n=11),
suggesting rapid and stable bond formations between vWF and GPIb. However, platelet
surface-expressed vWF, generated by addition of thrombin to washed platelets, was found to
mediate platelet aggregation with ag = 0.08 = .01 (n=6), surprisingly comparable to that
previously reported for WP and ADP activation . Blocking the GPIIb-IIIa receptor decreased
ag by 95 + 3% (n=3), while a monoclonal antibody to the vWF site on GPIb caused a 49 = 7%
(n=8) decrease in ag. The partial role for GPIb thus appears to reflect a facilitative function for
increasing contact time between flowing platelets, and allowing engagement of the GPIIb-IIIa

receptor to yield stable attachment.
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1. INTRODUCTION

Von Willebrand factor(vWF) is well adapted to a cross-bridging role between platelet
and vessel wall, or platelet and platelet, due to its multimeric structure, with each repeating
subunit containing binding sites to ECM proteins and to platelet glycoprotein receptors GPIb
and GPIIb-IIIa. Metabolically active platelets adhere transiently to immobilized vWF, at
shear rates up to G= 6000 s "' via GPIb, with activated GPIIb-IIIa required for stable
attachment (1), or through only the GPIb receptor if vWF is immobilized on a collagen-
coated surface (2). Soluble vWF can mediate platelet aggregation in the absence of chemical
agonists at shear rates of G26000 s ! via both GPIb and GPIIb-1IIa (3,4). However, below
these “pathological” shear rates, an external agonist is required. Ristocetin, or botrocetin
mediate the binding of soluble vWF to GPIb on formalin-fixed platelets, while platelets
activated with agonists such as ADP, thrombin or collagen, have been shown to bind soluble
vWF via activated GPIIb-IIla receptors, with vWF-mediated agglutination/aggregation in the
stirred suspensions in the vials of the aggregometer, hereafter referred to as “stir” (5-9).
Typical shear rates generated in aggregometer vials are estimated to be low (G< 30s')(10),
with variable flow patterns precluding theoretical calculations of shear aggregation kinetics
and capture efficiencies. To date, the role of both soluble and secreted vWF, in the mediation
of platelet aggregation at well-defined intermediate physiological shear rates in the presence
of low levels of agonist, has not been investigated.

We have previously reported that ADP-activated washed platelets (WP), exhibiting
increased surface-bound vWF can aggregate in the absence of exogenously-added ligands
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at physiological shear rates, with a facilitative function postulated for GPIb, and an absolute
requirement for GPIIb-IIIa (11). A role for surface-bound secreted fibrinogen(Fg) had been
excluded in experiments by Goldsmith et al, where f (ab’), fragments of a polyclonal
antibody against Fg failed to inhibit aggregation of ADP-activated WP in Poiseuille flow
(12). A recent report has also demonstrated the dependence of aggregation on vWF-GPIb
interactions in ADP and epinephrine activated platelets at pathologically high shear rates
(G=10,800 s™), in addition to a GPIIb-IIIa dependence, even in the presence of plasma Fg,
with only a minimal role for the GPIb receptor found at the more physiological shear rate of
G = 1200 s (13). However, the role of secreted proteins was not evaluated. In the present
study, we have extended our initial investigations using ADP and platelet surface-expressed
protein mediated aggregation, to activation of WP with low concentrations of ristocetin,
used to model vWF-GPIb interactions. Thrombin, an important physiological agonist
expected to drive secretion to a greater extent than ADP, was also used to examine the
relative roles of vWF-GPIb, and of vWF-GPIIb-IIla interactions in supporting cross-

bridging of platelets in laminar shear flow, under varying flow conditions, between G= 100 -

1000 s™.

2. MATERIALS AND METHODS

2.1. Reagents

Ristocetin A grade, ADP, a-thrombin and hirudin were purchased from Sigma Corp. USA;
glutaraldehyde, electron microscopy grade, from Polysciences Inc.; paraformaldehyde from
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Fisher Scientific Co., Fairlawmn, NJ; human fibrinogen from Enzyme Research Laboratories
Inc., South Bend, IN; H-Gly-Arg-Gly-Asp-Ser-Pro-OH peptide(GRGDSP) peptide, used to
block the binding pocket of GPIIb-IIIa (14), from Calbiochem Corporation, La Jolla, CA;
fluorescein-isothiocyanate (FITC; Isomer I) from Boehringer Diagnostics, La Jolla, CA).
RO 44-9883, a non-peptidic analog, with greater specificity for GPIIb-IIIa than GRGDSP
(15), was a gift from Dr. Beat Steiner from Hoffman-La Roche Ltd., Basel, Switzerland
(called RO hereafter); ZK 36 374, a stable prostacyclin analog (16), was a gift from Dr. T.
Krais, Schering Co., Berlin, Germany. Monoclonal antibodies (MoAbs) 6D1 , an IgG against
the vWF binding site on GPIb (17), and 10ES, an IgG against the GPIIb-IIIa receptor (18),
were kindly donated by Dr. Barry S. Coller, State University of New York at Stony Brook;
MoAb S.12,anIgG1, directed against platelet membrane CD-62P, P-selectin (19), was a gift
from Dr. Rodger McEver, Oklahoma Medical Research Foundation, Oklahoma City, OK;
MoAbs 2.2.9., an IgGl, recognizing an epitope, non-interfering with vWF binding to
platelets, between residues 1366-2050 of vWF (8), and LJ-1b1, an IgG; * recognizing the
vWF i)inding site on GPIb(20) was generously provided by Dr. Z. Ruggeri, Scripps Institute,
LaJolla, CA. Aurin tricarboxylic acid (ATA; 2900 Da. fraction), (21) which intereferes with
the vWF-GPIb interaction (22) was provided by Dr. M. Weinstein (FDA, CBER, Rockville
Pike, MD). Calibration beads, Quikcal: 7.1 um, used for fluorescence intensity calibration
of FITC-labelled proteins, were obtained from Flow Cytometry Standards Corp, Research

Triangle Park, NC.
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2.2 Preparation of von Willebrand factor

von Willebrand factor was purified from outdated cryoprecipitate obtained from the
Canadian Red Cross according to established protocols (23). Briefly, a series of
centrifugation steps was followed by application of the end supernatant to a Pharmacia
Sepharose CL-4B column 100 x 0.9 cm. Fractions eluted at the void volume, comprising the
ascending peak only, were pooled and the multimer distribution was verified with 1%
agarose gels (24,25). 5% polyacrylamide gels of reduced vWF showed a predominant band

at approximately 240,000 Da.

2.3 Preparation of washed platelets

Washed platelets(WP) were prepared by a one-step wash procedure from human citrated
whole blood as previously described (12), involving acidification of platelet rich plasma
(PRP) to pH 6.5 and by addition of 50 nM ZK, to inhibit platelet activation. The remaining
pellet after centrifugation at 800xg for 15 minutes, was resuspended in half the original
volume, in a modified Tyrode buffer (BAT:136 mM NaCl, 2.7mM KClI, 11.9 mM NaHCO;,
0.35 mM NaH,PO,, 1.0 mM MgCl,, 5.6 mM glucose, 0.35% BSA). Platelet suspensions

were kept at 37° C under a mixture of 95% air and 5% CO, to maintain pH 7.4 (26).

2.4 Labelling of vWF and monoclonal antibodies

vWF was labelled with FITC according to the methods of Goto et al. (8). Briefly, vWF was
diluted to 0.5 mg/ml with PBS (159 mM NaHPO,, 37.8 mM NaH,PO,, 145 mM NaCl), pH
8.5 . FITC- Isomer I at 0.1 mg/ml, was added to vWF (0.1 mg. FITC per mg. protein),
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incubated for 15 minutes, then dialysed against PBS. Protein concentration was calculated
from absorbance measurements : OD,g, - 0.35 OD 45/ 0.7, to yield mg/ml. Fluorescein to
protein ratios (F:P) were calculated by dividing the molar concentration of FITC by the

molar concentration of FITC-vWF monomer equivalents (MW monomer =240,000 Da):

F:P = moles fluorescein = [OD,ps+5.56 x 10-?]
moles protein [FITC-vWF monomer equiv] o,

Labelling of vWF resulted in molar F/P ratios between 1.1 and 3.5, thus producing good
signal to noise ratios while maintaining high affinity ristocetin-mediated binding (8).
MoAbs S.12, 2.2.9, were labelled at concentrations of approximately 1 mg/ml., using
FITC in DMF at ratios of 0.2 mg FITC per mg. protein, at a pH of 8.5 (27). Protein
concentrations in mg/ml were calculated according to the formula OD 55, - 0.35 OD /1.4,
with F:P ratios calculated as above. Fibrinogen was labelled with FITC-Isomer I on Celite
10%, at pH 8.5, as previously described (28), and concentrations were calculated using the

formula: OD 4, - 0.286 OD 4,/ 0.7, with F:P ratios calculated as above.

2.5 Binding experiments
Unless otherwise stated in Results, all binding studies of soluble vWF or antibodies to

platelets were done under non-shear conditions.

2.5.1. Ristocetin-induced binding of soluble vWF to platelets; determination of numbers

of vWF monomer equivalents bound at shear sampling times. Addition of ristocetin to
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a suspension of washed platelets containing soluble vWF, results in rapid binding of vWF
to platelets (29). Calculations of numbers of vWF monomer equivalents bound following
10-20 seconds of shear, were based on handling times required for addition of ristocetin/vWF
to platelet suspénsions, transferring of the suspension to the microcouette, zero-time and 10
s subsampling, corresponding typically to an additional 30 seconds ( total of ~ 50 s for 20
s of shear). Since we expected that the low concentrations of ristocetin and vWF used for
shear would result in low fluorescence values for bound vWF, we estimated numbers of vWF
bound in two steps: determination of 1) maximal equilibrium binding with the actual
concentrations of vWF and ristocetin used for shearing, and 2) percentage of maximal
binding at actual subsampling times following shear, using the time-course binding of a
higher concentration of FITC-vWF (15 ng/ml) yielding measurable fluorescence values for

FITC-vWF bound.

2.5.2. Equilibrium binding. Washed platelets (WP) at a concentration of 104/ul, in BAT
buffer, with 1 mM Ca?*" added immediately prior to incubation, were incubated for 30
minutes with decreasing concentrations of ristocetin as used for shear experiments: 0.75, 0.5
or 0.3 mg/ml, and 5 1.g/ml vWF, to allow equilibrium binding. The reaction was arrested by
diluting platelets with 10 volumes of BAT buffer and the average fluorescence per platelet
particle was read immediately on a flow cytometer, FACScan (Becton Dickinson,
Mississauga, Ont), as previously described (30). Platelet samples were analysed for 3,000
cells. Samples were excited using an air-cooled argon ion laser emitting light at 488 nm.
Lysis II software was used to calculate forward scatter (FSC), side scatter (SSC) and FITC-
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fluorescence (FL-1) data. Platelets were identified on the basis of characteristic FSC/SSC
profiles and gates were set to exclude aggregates from platelet populations used to generate
fluorescence histograms. Numbers of FITC-vWF monomer equivalents bound (with
monomer equivalent weights =240,000 Da), were determined from average fluorescence
valués, using MESF Quikcal calibration beads, from the equation: 220(fluorescence) - 1099/
F:P, as previously reported for FITC-Fg (28) . The specificity of FITC-vWF binding to
platelets was ascertained using MoAb 6D1, which completely inhibited all ristocetin-
mediated binding, as did addition of an excess of unlabelled vWF. In the case of binding
experiments at ristocetin concentrations of 0.3 mg/ml, the fluorescence values were at the
limit of FACScan sensitivity, i.e. <5 Fl units. Hence, application of the above equation
would result in negative values, prohibiting calculation of the numbers of monomer
equivalents bound. In these cases, numbers of vWF monomer equivalents bound are

indicated as < 300, which corresponds to FL = 6.

2.5.3. Time-course binding. To WP (10 ¢ /ul) were added Ca?* (1 mM), ristocetin (0.5
mg/ml) and FITC-vWF(15ug/ml) in a total volume of 20 ul, and incubated at room
temperature for 10, 30, 60 seconds or 2,3,5,10,20,40 minutes. The reaction was arrested by

a 10-fold dilution with BAT buffer, and results were read immediately on the FACScan.

2.5.4. Binding to thrombin-activated WP. In order to assess effects of activating WP with
different concentrations of thrombin, FITC-2.2.9, FITC-S.12 and FITC-Fg, were used to
report on the amount of surface-expressed vWF (SE-vWF), a-granule secretion and platelet

102



GPIIb-IIIa activation state, respectively. Sul of WP, at 4 x 10 ¢ /ul in BAT buffer, were
added to FACS tubes with thrombin at concentrations between 0.008 U/ml to 0.5 U/ml and
incubated for 20 minutes in a total volume of 201, containing buffer, ImM Ca?" and either
530 nM FITC-2.2.9, or 273 nM FITC-S.12. For binding with Fg, thrombin-activated WP
were first incubated for 10 minutes, neutralized with hirudin at a ratio of 4:1, and 0.54M
FITC-Fg was then added and incubated for a further 20 minutes. Following incubation,
suspensions were diluted with 10 vols. of Ca?" -free BAT buffer, and analysed immediately
on the FACSCAN. The binding of fluorescently-labelled ligand to WP for each thrombin
concentration was determined for FITC-2.2.9, FITC S.12, and FITC-Fg. Subpopulations
showing bound FITC-2.2.9 or FITC-S.12 expressed maximal numbers of surface-bound
vWF or P-selectin respectively, or in the case of FITC-Fg, subpopulations expressed
increasing numbers of FITC-Fg bound as a function of increasing thrombin concentration.
The fraction of platelets expressing fluorescence values greater than control levels for
unactivated platelets, will henceforth be referred to as the percentage activated platelet
population (%P#*). In a separate series of experiments, WP prepared from the same donor
were used to compare the response to increasing concentrations of thrombin by evaluating
in parallel, the surface expression of vWF, as reported by MoAb 2.2.9, in the absence of
shear, as well as shear-associated aggregation.

To examine inhibition of thrombin-induced binding of vWF to the platelet surface, as
reported by FITC-2.2.9, incubation conditions were as above, except that inhibitors were
added immediately prior to addition of 0.05 U/ml thrombin: 67 nM 6D1, 67 nM 10ES, 500
nM RO or 29 uM polymeric ATA, 2900 Da fraction, concentrations which we had
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determined to effectively block ligand-GPIIb-Illa or ristocetin-mediated vWF-GPIb

interactionsr . Results were read on the FACScan as above.

2.6. Aggregation in flow device

Aggregation of washed platelets in laminar shear flow was tested in a microcouette
(coaxial cylinder device), with dimensions and properties similar to those previously
described (31), but with outer and inner (R1) cylinder of radius 7.3 and 7.0 mm respectively.
The inner cylinder was rotated at variable angular velocity, ®, corresponding to shear rates
G, given by G = R,0/h, from 1 -1000 s (h<<R), by means of a high precision step motor.
Subsamples were collected at fixed time intervals of shear (0, 10, 20, 60 sec) after arresting
the motor. They were drawn from a port on the outer cylinder situated just above the base
of the inner cylinder. The first 6 ul, constituting dead volume, were discarded, then twenty
microliter aliquots were drawn and immediately fixed in 10 vol of 0.8% glutaraldehyde.
These samples were further diluted 7-fold with isotonic saline, to permit analysis of particle
number with the FACScan, by counting the number of particles acquired in twenty seconds,
assuming a constant flow rate. Platelet aggregation(PA) was calculated by determining the
decrease in particle number with time: % PA = (1 - N/Ny) x 100%, where N, = platelet
particle number at time t, and N, is the initial platelet number. As previously described (31),
platelet collision capture efficiencies, o; , defined as the ratio of the rate of two-body
collisions resulting in aggregate formation to the total rate of two-body collisions, were
computed using equations given by Smoluchowski (32), assuming dilute suspensions of rigid
spheres, from the ratio of experimental/calculated initial rate of aggregation.
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2.6.1. Aggregation of WP induced by ristocetin or thrombin. Washed platellet suspensions
of 5 x 10%ul were pre-mixed in Eppendorf tubes with BAT buffer containing 1mM Ca?,
5 ug/ml vWF, and 0.3, 0.5 or 0.75 mg/ml ristocetin, then immediately tramsferred to the
microcouette for shear experiments. For activation with thrombin, platelets were incubated
with varying concentrations of thrombin for 10 minutes, then transferred to the microcouette,
since the longer incubation was previously demonstrated to result in higher binding of
secreted vWF to platelets (33), and confirmed by us to result in an increased extent and rate
of aggregation. In inhibition studies, platelet suspensions were pre-incubated for 0.5 - 5
minutes in the presence of either 67 nM 6D1, 67 nM 10ES5, 100-600 ..g/ml polyclonal anti-
vWF or isotypic control, 500 nM RO 44-9884 or 29 1M polymeric ATA, 2900 Da fraction,

prior to addition of agonist.

3. RESULTS

3.1. Aggregation mediated by ristocetin

Washed platelets, to which 0.3, 0.5 or 0.75 mg/ml ristocetin had beem added, were
sheared in the presence of Sug/ml vWF in the microcouette at shear rates G = 100, 300, and
1000 s™'. At any given shear rate, the maximum extent of aggregation followimg 60 seconds
of shearing was the same at each of the three ristocetin concentrations tested, but varied with

increasing shear rate (Fig.3-1), from 50 + 4%(n=10)at G=100s",t0 75 + 1%(n=9) atG
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=300s" *, to 86 = 1%(n=11) at G = 1000 s! * (* = p<.001), where data have been pooled
for experiments at the three ristocetin concentrations. Capture efficiencies, o , determined
from initial rates of shear-associated aggregation of WP and soluble vWF, were also
independent of ristocetin concentration, but oz was significantly lower (by 16 %) at G =
1000 s compared to G = 100 s™, the values being ag = 0.45 £+ .01(n=9), 0.43 = .01(n=8),
0.38 £ .02(n=11)**(**=p <0.05) at G =100, 300 and 1000 s respectively. These capture
efficiencies are surprisingly high for all shear rates tested, even at G = 1000 s, where for
fibrinogen-driven shear aggregation, o values had previously been shown to be about six-

fold lower (31).
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FIGURE 3-1. Maximum platelet aggregation of washed platelets (WP) with varying ristocetin
concentrations and shear rates. WP were pre-mixed with BAT buffer, vWF and 0.3, 0.5 or 0.75
mg/ml ristocetin, then transferred to a microcouette for shearing at G = 100, 300 or 1000 s™'. Bars
show mean +SEM of at least 3 separate experiments, done in duplicate.
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From the measured time-course of diffusion-driven FITC-vWF binding, we expect <10
% of maximal vWF to bind in the ~ 30 s delay following ristocetin addition before the onset
of shear, and < 30% of maximal binding in the first 10- 20 s of shear. From Table 3-1,
correlating capture efficiencies and numbers of vWF monomer equivalents bound after 20
s of shear, we can see that there is at least a 3-fold increase in the number of vVWF monomer
equivalents bound at 0.3 vs 0.5 mg/ml ristocetin (F1 values: <300 vs 990 + 105 (n=3)) and
a further doubling at 0.75 mg/ml ristocetin (2035,(n=2)). Surprisingly, vWF is able to cross-
bridge platelets with the same high efficiencies, even at the lowest numbers of vVWF

monomer equivalents bound : <300, corresponding to<10 molecules of 10 million Da.

Table 3-1. Relation between number of vWF monomer equivalents bound per platelet

and the capture efficiencies (a) for ristocetin-mediated shear aggregation®.

RISTOCETIN VWF BOUND?® CAPTURE
CONCENTRATION | pER PLATELET EFFICIENCY
(mg/ml) (o)

0.3 <300 0.449 + 0.003

0.5 990 + 105 0.425 +0.016

0.75 2035+409 0.422 £ 0.022

* Washed platelets were sheared at G = 1000 s ! in the microcouette with ristocetin and
soluble vWF. a; was calculated as described in the Methods.Results are presented as mean
+ SEM.

®- Estimated as vWF monomer equivalents bound, after 20 s shear.
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3.1.1. Inhibition of platelet receptors. Washed platelet suspensions to be used for
aggregation were incubated with monoclonal antibodies 6D1 and 10ES to block the vWF-
binding site on GPIb and the RGD recognition site on GPIIb-IIIa, respectively; with
polymeric ATA, 2900 Da fraction, to block vWF-GPIb interactions (22) and having possible
anti-GPIIb-IIIa effects (34); or with RO 44-9883 (RO), to specifically block the GPIIb-IIIa
receptor (15). Blockers of the GPIIb-IIIa receptor had no effect on WP aggregation mediated
by soluble vWF and ristocetin (fig.3-2); % Inhibition ( %I) = 0 and 4% for MoAb 10ES and
RO respectively, suggesting that within 60 seconds of shear , the aggregation of WP was
entirely independent of the GPIIb-ITIa receptor. Pre-incubation of platelets with ristocetin
and vWF for up to 10 minutes did not change the inhibition characteristics (results not

shown). In contrast, the 6D1 MoAb completely blocked platelet aggregation, suggesting
that the ristocetin-mediated aggregation, cha.r-acterized by a high capture efficiency, required

vWF interaction with the GPIb receptor alone.
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FIGURE 3-2. Time-course of vWF-ristocetin-mediated shear aggregation of WP at G = 1000 s™, and
effect of inhibitors. Platelet suspensions were incubated for 3 minutes with buffer (@), or with inhibitors
RO 44-9883 (ROX V) or MoAb 10ES5 (M), against glycoprotein GPIIb-ITTa; MoAb 6D1 (O) against
glycoprotein GPIb; or polymeric ATA 2900 Da. fraction (&), with effects expected against vWF-Ib
interactions, and possibly against GPIIb-IIIa interactions. vWF and ristocetin were then added and the
whole suspension was transferred immediately to the microcouette for shearing. A negative control was run
with ristocetin and no vWF (4), vWF and no ristocetin (a ), and ristocetin and vWF but no shear (OJ );.
Samples were drawn at t=0, 10, 20 and 60 s. Data represent means =SEM of 3 separate experiments, done
in duplicate.

110



3.2. Platelet activation and aggregation mediated by thrombin:

Studies by Frojmovic et al (11) have shown that ADP activated WP have increased
surface-bound vWF and can aggregate in a uniform shear field, with an absolute requirement
for GPIIb-IIIa and a partial requirement for GPIb. Here, we have extended the work to
washed platelets activated with thrombin. WP pre-incubated with thrombin concentrations
between 0.008 to 0.5 U/ml were sheared at G = 1000 s in the microcouette, in order to
investigate the dependence of aggregation on thrombin concentration. At thrombin
concentrations < 0.01 U/ml, the aggregation observed (<10%) was not significantly different
from control runs without thrombin (Fig. 3-3). At concentrations of ¢.05 (or 0.02 U/ml; not
shown, depending on the donor), concentrations at which thrombin is expected to activate
platelets mostly through its high affinity binding sites on GPIb (35), there was a threshold
response, with %0PA = 61 £ 7% (n=4), representing 83% of the maximum % PA obtained at

0.5 U/ml.

FIGURE 3-3. Kinetics and extent of platelet
aggregation as a function of thrombin
concentration. Washed platelet suspensions
(4x 10* /ul), were activated with thrombin
at concentrations between 0.008 U/ml to0 0.5
U/ml}, and incubated for 10 minutes in
Eppendorf tubes, prior to transfer to the
microcouette for shearing at G = 1000 s !,
Results shown are mean +SEM for four
» experiments, done in duplicate.

% PLATELET AGGREGATION

TIME (SEC)
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3.2.1. Effect of thrombin on platelet secretion, surface-bound vWF and activation state
of GPIIb-IIIa. The effect of shear on the expression of epitopes for MoAbs 2.2.9 and LJ-
1bl, reporting on SE-vWF and GP-Ib, was evaluated for WP activated with 0.05 U/ml
thrombin, in suspensions too dilute for aggregation to occur over the time period tested (<
6000/ ul; PA,,. < 5 %). Exposure of platelets to shear rates between G = 300 - 2000 s for
60s, resulted only in -7 % and 8 % (n = 2) differences in SE-vWF and GPIb receptors,
respectively, relative to unsheared platelets.Thus further binding studies were done under
non-flow conditions.

Washed platelets were incubated under equilibrium binding conditions with varying
thrombin concentrations and either FITC-labelled MoAbs 2.2.9 to report on surface-bound
vWF, MoAb S.12 to report on a-granule P-selectin, reflecting fusion of a-granule membrane
with the plasma membrane and secretion of granule contents, or FITC-fibrinogen (Fg) to
report on the activation state of the GPIIb-IIla receptor, to determine if we could find a
correlation between the minimum thrombin concentration required for platelet aggregation,
and a significant, sudden threshold increase in binding of either antibodies or of Fg. Indeed,
as illustrated in Fig.3-4 for a representative donor, there was a strong correlation between the
threshold response of FITC-2.2.9 binding and that of the capture efficiency, both occurring
at the minimal thrombin concentration required for aggregation (0.02 to 0.05 U/ml thrombin,

depending on the donor).
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FIGURE 3-4. Percent dose- response
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1000 s !, as described for fig. 3-3
above, and for binding studies ( 1 x 10 4/ ul) with vWTF reporting antibody FITC-2.2.9. P*_, . represents P*
corrected for background fluorescence of FITC-2.2.9 on untreated platelets. Capture efficiencies varied

between 0.08 and 0.162 depending on the donor. Figure is representative of results obtained for 3 donors.

Thus, the % of activated platelets exhibiting maximal surface-expressed vWF (%P¥*),
increased at the threshold point from 15 £3%(n=3)(no thrombin) to 73 +4% (n=3) with 0.02 -
0.05 U/ml thrombin. Furthermore, the % P* was consistently larger than the % of platelets
showing a-granule secretion (P, expression)(19 +6%(n=3)), or GPIIb-IIIa activated receptors
(29+13%(n=3)), the latter determined by FITC-Fg binding at 0.02 - 0.05 U/ml thrombin (Fig.
3-5). In addition, EC, thrombin concentrations were two and three-fold lower for FITC

2.2.9 than for FITC S.12 and for FITC-Fg, respectively (Table 3-2).

113



Table 3-2. EC ,, for thrombin causing surface-bound vWF secretion and GPIIb-IIIa

activation as reported by FITC 2.2.9, S.12 and Fg binding to platelets.

DONOR | ECg* FOR THROMBIN-INDUCED BINDING OF:

FITC-2.2.9(U/ml) | FITC-S.12(U/ml) | FITC- Fg(U/ml)

1 0.012 0.038 0.058

2 0.031 0.041 0.037

3 0.017 0.03 0.043
X+SEM@) | 0.020£0.605 | 0.03620.003(*)" | 0.046+.005 (*)

2 Washed platelets were incubated with monoclonal antibodies FITC-2.2.9 and FITC- S.12,
or FITC-Fg to report on surface-bound vWF, P-selectin (indicating a- granule secretion) and
GPIIb-IIIa activation respectively. The effective concentration ( EC 4, ) for thrombin was
determined for these parameters, incubated with WP as described for Fig.6.

® Paired t- test, compared with FITC-2.2.9; * corresponds to P < 0.05
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FIGURE 3-5. Thrombin-induced changes in parameters of platelet activation, represented as % population
showing maximal response (%P*). FITC-2.2.9, FITC S.12 and FITC-Fg were used to report on the amount
of secreted, surface-bound vWF, platelet P-selectin (indicating a-granule secretion) and GPIIb-IIIa activation
state, respectively. WP (1 x 104/ ul) were activated with increasing concentrations of thrombin and incubated
with labelled MoAb’s 2.2.9 and S.12 approx. 20 minutes, or with Fg following 10 minutes of thrombin
activation and 5 minutes neutralization with hirudin. Data shown are mean +SEM of 3 separate experiments,
done in duplicate.

3.2.2. Inhibition of thrombin-induced aggregation: Platelets were pre-incubated with 0.05
U/ml thrombin and with inhibitors for ten minutes before being transferred to the
microcouette and sheared at G = 1000 s!. MoAb 10E5 and RO, which block the adhesive
domains on GPIIb-IIIa receptors for ligands like vWF and Fg, essentially reduced the
aggregation capture efficiency from o = 0.08 £.01(n = 6) to virtually zero, reflecting a

complete inhibition of initial rates of aggregation (%I =97 = 3% (n=3), and 98 % (n =2)
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FIGURE 3-6. Inhibition of captire efficiency for thrombin-induced shear agpregation at G=
1000 s. Washed platelets were pre-incubated with inhibitors against GPIb and GPIIb-1IIa (as
used inFig. 2), and 0.05 Ul thrombin for 10 mirsites in Eppendarftubes, prior to tranfer to
the microcouette for shearing, Capture efficiencies were caladated as described in "Methods”,
with control platelet runs lacking inhibitor set to ac=100% (06 =0.08=+ 01 ). Data shownare
means £SEMfor 2 to 3 separate experiments, done in duplicate.
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respectively; Fig.3-6). ATA was equally effective, inhibiting a by (94%(n=2)). The MoAb
6D1 was also able to reduce o by 49+7% (n=8), pointing to the importance of the GPIb
receptor for initial capture of platelets at this intermediate shear rate, similar to that
previously reported for ADP-induced aggregation of WP (11). Control shear experiments
testing for a platelet concentration dependent inhibition by MoAb 6D1 of sheared WP
activated with 0.05 U/ml thrombin, showed < 10% difference in the extent of inhibition by
MoADb 6D1 of initial rates of aggregation, between platelets at an initial concentration of 5
x 104/ul versus 1x 10°/u1. No loss of 6D1-GPIb complexes as a result of interalization of
GPIb receptors was expected, since at the low thrombin concentrations used, the GPIb
receptor was not downregulated, as determined via MoAb LJ-1B1 (results not shown).

A polycicnal anti-vWF antibody showed a dose-dependent inhibition of platelet
aggregation at G = 1000 s™!, with a maximum inhibition of a at 600 ng/ml (83+6 %), and

no inhibition using an isotypic control or buffer (Fig.3-7).

FIGURE 3-7. Dose-dependent inhibition of
capture efficiencies for ristocetin (RIS) and
thrombin (THR)-induced shear aggregation of
WP at G = 1000 s' by polyclonal anti-vWF
antibody. Antibody (or control IgG) was added
to platelet suspensions immediately before
addition of agonist, then either transferred
immediately to the microcouette for ristocetin-
mediated shear experiments, or incubated for
10 minutes with thrombin prior to
] i i . . ] shearing Capture efficiencies (og) in the
¢t e W e s e T absence of inhibitor were 0.45 £ .02 (n=3) and
ANTIBODY CONCENTRATION (UG/ML) . . .
0.09 £ .02 (n=4) for ristocetin and thrombin
experiments, respectively.

% INHIBITION o,
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This was compared with the inhibition of o for vWF-ristocetin-mediated aggregation by
the antibody where, in a solely vWF-mediated system, it is expected to block aggregation.
At 600 wug/ml, the % max inhibition was 99%, but the isotypic control also inhibited
aggregation by approximately 19%. Thus, the net inhibition of the ristocetin-vWF system
was only about 80%, similar to that for thrombin-induced aggregation of WP under shear,
and we could not determine whether this was due to non-specific interactions of ristocetin
with the high levels of antibody, or to other causes. Nevertheless, it is clear that at the shear
rate tested, and for washed platelets activated at low thrombin concentrations, it is vWF
which is the predominant cross-bridging protein, rather than some other surface-bound

secreted protein, with both GPIb and the GPIIb-IIIa receptors playing an important role.

3.2.3. Effects of inhibitors of GPIb and activated GPIIb-IIIa on thrombin-induced
surface-bound vWF. We incubated washed platelets activated with 0.05 U/ml thrombin
with various inhibitors under non flow, equilibrium conditions. Monoclonal antibody
(MoAb) 6D1, interfering with the vWF-GPIb interaction and used at concentrations which
we found inhibited ristocetin-mediated binding, had little effect on 0.05 U/ml thrombin-
induced binding of vWF reporting MoAb FITC-2.2.9 (%I = 11 £+ 7 (n=6); results not shown),
while inhibiting the GPIIb-IIIa receptor with the MoAb 10ES or with RO resulted only in a
9 + 4 %(n=5) decrease and a 5 + 3% (n=3) increase in FITC-2.2.9 binding respectively.
Polymeric ATA, with effects on GPIb and GPIIb-IIIa, essentially blocked all FITC-2.2.9

binding, as indeed it had blocked platelet aggregation (Fig. 3-6).
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4. DISCUSSION

The shear regime to which cells are subjected may dictate cell interactions directly
through a physical modification of receptors or ligands (36). Alternatively, shear flow may
affect the times épent by colliding cells in close proximity, and thereby affect the relative
importance of specific proteins mediating capture of cells, depending on their ligand-receptor
affinities and relative rates of bond formation (1,10,37) In the absence of exogenously added
chemical agonists like ADP or thrombin, soluble vWF plays a predominant role in cross-
bridging platelets at pathologically high shear rates ( G2 6000 s - )( 3,4,38). In this study,
we have attempted to investigate vWF-platelet interactions at more physiological shear rates,
and to specifically isolate the kinetics of vWF-GPIb mediated shear aggregation using
ristocetin. We then investigated the aggregation kinetics of amore physiological system with
thrombin activation, in the absence of exogenous proteins, but with major secretion and

surface expression of ligands like vWEF.

4.1. Role of the GPIb receptor in soluble vWF-ristocetin-induced aggregation:

We have shown that in the presence of a modulator, ristocetin, and soluble vWF, very
few vWF monomer equivalents bound to platelets are required for cross-bridging at
physiologically intermediate shear rates between G = 100 - 1000 s -'. The shear aggregation
observed is independent of GPIIb-IIIa, as evidenced by the inability of RO and MoAb 10ES
to inhibit the reaction, but is completely inhibited by an antibody blocking interactions with
the glycoprotein receptor GPIb-IX-V, strongly suggesting that vWF-GPIb interactions alone
are sufficient to maintain aggregation of metabolically active platelets. These findings are
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perhaps surprising since ristocetin-mediated binding of vWF to the GPIb receptor can cause
signalling and activation of the GPIIb-IIla receptor (39), and a requirement for GPIIb-IITa
for maintenance of stable aggregates was shown in stirred suspensions of Glanzmann’s
Thrombasthenia patient platelets “activated’” with ristocetin (40). However, under shear flow,
there may be exposure of both additional vWF subunits and specific epitopes for GPIb due
to shear-induced uncoiling of vWF(36), so that an initially weak ristocetin-mediated vWF-
GPIb interaction, may be strengthened by multiple interactions with vWF repeating subunits.
Thus, within the time frame of exposure to shear (< 1 min), the ristocetin-vWF mediated
aggregation can be expected to provide a valid model of an exclusively vWF-GPIb system
(similar to GPIb-only adhesion of platelets under shear to vWF-coated onto collagen (2)),
with capture efficiencies (o) calculated accordingly reflecting only vWF-GPIb interactions.

The a ‘s obtained at G = 1000 s ! (=0.4) for ristocetin-soluble vWF mediated platelet
aggregation, indicate that vWF-GPIb interactions, as modulated by ristocetin, allow capture
of colliding platelets with high efficiency. This efficiency is approximately six times higher
than for ADP-fibrinogen mediated aggregation at similar shear rates (31). It thus appears that
vWF-GPIb bonds must be rapidly formed in order to mediate capture of platelets in flow,
since mean contact times available between two platelets at G = 1000 s ! are estimated to be
short, t. =5m/6G= 2.6 msecs, assuming spherical geometry (41). The ability of vWF and
GPIb alone, to mediate surprisingly efficient aggregation without participation of GPIb-IIIa,
but with appropriate vWF conformations, could provide a paradigm for vWD Type IIB
patient thrombocytopenia, where increased affinity of vWF may allow spontaneous binding
to GPIb, efficient cross-bridging of platelets, and hence stable aggregation in shear.
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4.2. Role of the GPIb and GPIIb-IIIa receptors in thrombin activated WP :

Surface-expressed vWF has been shown to be involved in the mediation of aggregation
of washed platelets activated with 5uM ADP (11), in the absence of exogenous ligands,
where there was a complete requirement for the activated GPIIb-IIla receptor, and a partial
requirement for the GPIb receptor. Here we extended these studies to the investigation of
thrombin activated washed platelets, where, under non-flow conditions, soluble vWF
reportedly binds exclusively to the GPIIb-IIIa receptor (8,35).

We have shown that for washed platelets activated with thrombin and sheared in the
absence of exogenous soluble proteins: 1) there is a thrombin concentration threshold for the
onset of aggregation at physiologically intermediate shear rates; 2) this threshold is
correlated with the % of platelets having maximal surface-expressed vWF (%P*-vWF), but
relatively low % of platelets with a-granule membrane fusion (probed for P-selectin
expression) or activation of GPIIb-IIIa; 3) under shear flow, initial rates of aggregation are
at least partly dependent on GPIb and totally on GPIIb-IIIa; and 4) vWF is the predominant,
if not exclusive, adhesive protein mediating aggregation via surface expression on the
activated platelet.

The existence of a threshold concentration for the onset of thrombin-induced aggregation
in stirred suspensions (aggregometer) of PRP or WP was previously reported (42) and
verified in our lab, but hitherto had not been tested at the physiologically intermediate shear
rates examined here in couette flow. We found that the threshold occurred at thrombin
concentrations similar to those reported in the aggregometer, unlike the case for ADP, where
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Bell et al. have shown that five-fold lower concentrations of ADP were sufficient for driving
aggregation of PRP under Poiseuille flow at 22° C than in the aggregometer at 37° C (43,44).
This difference was not attributable to temperature, since the kinetics of aggregation in the
aggregometer were shown to be similar at 37° C and 22° C (45).

The necessary role for vWF in thrombin-mediated aggregation is supported by the greater
than 80% inhibition of aggregation obtained with a polyclonal anti-vWF antibody. It was
previously shown that aggregates of washed platelets activated with thrombin and stirred in
aggregometer vials showed minimal released fibrinogen at sites of close platelet contact in
the first 20 s following thrombin-induced aggregation (46,47), suggesting that secreted
fibrinogen was not important for initiating cross-bridging of platelets, although Fg appeared
by 40 s and GPIIb-IIIa complexes were continually located between adjacent surface
membranes throughout the aggregate. Thus, the possible role of protein ligands other than
vWEF, like Fg and TSP, is currently being investigated. The lack of intiibition of expression
of vWF on the platelet surface by specific anti GPIIb-IIIa antagonists, indicate that they did
not affect thrombin-induced aggregation via any direct inhibition of surface-expressed vWF
on individual platelets, but rather by occupying free sites on GPIb or GPIIb-IITa.

The similarities in capture efficiencies (¢ ) and their inhibition by the anti-GPIb MoAb
6D1, for shear aggregation studies with ADP and thrombin-activated WP, suggest that
similar mechanisms are operating in both systems at intermediate shear rates: vWF likely
interacts with GPIDb to facilitate capture of platelets with subsequent cross-bridging via vWF-
GPIIb-IIIa. The rapidly formed but easily ruptured vWF-GPIb bonds, have been shown to
be an efficient means of capturing platelets in flow, either in our ristocetin-mediated
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aggregation of platelets at moderate shear rates (o =0.4), or for surface-immobilized vWF
at shear rates tested in excess of 6000 s ! (1). We propose therefore, that at intermediate to
higher G, vWF pre-bound to GPIb or GPIIb-IIla can initially cross-bridge via the GPIb
receptor, thereby increasing contact time between platelets, and allowing more stable, but
slower occurring bonds to form between vWF and GPIIb-IIla. Although soluble vWF is
considered to be unable to bind to GPIb at shear rates below G= 6000 s without intervention
by an agonist (4,8), the surface-bound secreted vWF, essentially in an “immobilized”
conformation, is expected to present epitopes for recognition by GPIb on another platelet.
Direct physical forces due to shear may play a role as well. In studies by Dong et al. (48),
CHO cells expressing recombinant GPIb-IX, were shown to agglutinate in the presence of
soluble vWF without ristocetin, when strongly agitated, due to physical forces alone.

The more “sensitive” exposure of surface-bound vWF on washed platelets activated with
threshold thrombin concentrations, prior to full secretion of other proteins, as suggested by
delayed P-selectin exposure, and prior to GPIIb-IIIa activation (Fig.3-5), could allow vWF
to access optimal numbers of unoccupied GPIb and GPIIb-IIIa receptors for mediating
platelet aggregation. The surface-expressed vWF may be secreted pre-bound to GPIb, since
vWF has been shown to co-localize with GPIb receptors in - granule membranes and in the
surface-connected canalicular system (49), or may be derived from a non a-granule vWF
pool, e.g. of cytoplasmic or surface-connected canalicular system origin (50,51).The
differential secretion of vWF may even be a result of an asymmetric budding from -
granules for fusion with plasma membrane, of vWF-containing regions, where vWF is
eccentrically localized as tubular structures (49). This would yield low P-selectin to vWF
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ratios expressed on the platelet surface, as we have actually observed.

Thus, we have shown that vWF plays an important role in cross-bridging of platelets in
ristocetin-mediated shear aggregation, through the GPIb receptor exclusively, with low
numbers of soluble vWF monomer equivalents bound (representing< 10 molecules vWF of
10 million Da). Additionally, surface-expressed vWF expressed on platelets activated by low
concentrations of thrombin, can mediate cross-bridging at intermediate shear rates in the
ai)sence of exogenous proteins, dependent on both GPIb and GPIIb-IITa receptors. This is in
contrast to the minimal role described for the GPIb receptor in studies at G= 1200 s, for
ADP and epinephrine activated platelets (13), where the contribution from secreted proteins
is likely less, though this was not directly evaluated. Thus, thrombin-induced surface-
expressed VWF may provide an additional highly efficient mechanism for platelet
aggregation in the early stages of hemostasis where only very low concentrations of

thrombin are present to activate platelets.

5. ACKNOWLEDGEMENTS

The Canadian Medical Research Council for financial support; Dr. Van de Ven and the
machine shop of the Pulp and Paper Research Institute of Canada for construction of the
14/14.6 mm microcouette flow device; Dr. Solymoss for providing technical assistance in

running the vWF agarose gels; and Dr. Harry Goldsmith for useful suggestions.

124



6. REFERENCES

1. Savage B, Salvidar E, Ruggeri ZM. Initiation of platelet adhesion by arrest onto
fibrinogen or translocation on von Willebrand factor. Cell 1996; 84: 289-97.

2. Lankhof H, Wu YP, Vink T, Schiphorst ME, Zerwes HG, deGroot P, Sixma JJ. Role
of the glycoprotein Ib-binding A1 repeat and the RGD sequence in platelet adhesion to
human recombinant von Willebrand factor. Blood 1995; 86: 1035-42.

3. Ikeda Y, Handa M, Kamata T, Kawano K, Kawai Y, Watanabe K, Kawakami K,
Sakai K, Fukuyama M, Itagaki I et al. Transmembrane calcium influx associated with von
Willebrand factor binding to GPIb in the initiation of shear-induced platelet aggregation.
Thromb Haemost1993; 69: 496-502.

4. Moake JL, Turner NA, Stathopoulos NA, Nolasco LH, Hellums JD. Shear-induced
platelet aggregation can be mediated by vWF released from platelets, as well as by
exogenous large or unusually large vWF multimers, requires adenosine diphosphate and
is resistant to aspirin. Blood 1988; 71: 1366-74.

5. Fujimoto T, Hawiger J. Adenosine diphosphate induces binding of von Willebrand
factor to human platelets. Nature 1982; 297: 154-6.

6. Gralnick HR, Williams SB, Coller B. Fibrinogen competes with von Willebrand
factor for binding to the glycoprotein IIb /IIla complex when platelets are stimulated with
thrombin. Blood 1984; 64: 797-800.

7. Scott, JP, Montgomery RR, Retzinger GS. Dimeric ristocetin flocculates proteins,

binds to platelets, and mediates von-Willebrand factor-dependent agglutination of

125



platelets. J Biol Chem 1991; 266: 8149-55.

8. Goto S, Salomon DR, Ikeda Y, Ruggeri ZM. Characterization of the unique
mechanism mediating the shear-dependent binding of soluble von Willebrand factor to
platelets. J Biol Chem 1995; 270: 23352-61.

9. Ruggeri ZM, De Marco L, Gatti L, Bader R, Montgomery RR. Platelets have more
than one binding site for von Willebrand factor. J Clin Invest 1983; 72: 1-12.

10. Taylor AD, Neelamegham S, Hellums JD, Smith CW, Simon SI. Molecular dynamics
of the transition from L-selectin to 8,-integrin dependent neutrophil adhesion under
defined hydrodynamic shear. Biophys J 1996; 71: 3488-500.

11. Frojmovic MM, Kasirer-Friede A, Goldsmith HL, Brown EA. Surface-secreted von
Willebrand factor mediates aggregation of ADP-activated platelets at moderate shear
stress: facilitated by GPIb but controlled by GPIIb-IITa. Thromb Haemost 1997; 77: 568-
76.

12. Goldsmith HL, Frojmovic MM, Braovac S, McIntosh F, Wong,T. Adenosine
diphosphate-induced aggregation of human platelets in flow through tubes. ITI. Shear and
extrinsic fibrinogen-dependent effects. Thromb Haemost 1994; 71: 78-90.

13. Goto S, Ikeda Y, Salvidar E, Ruggeri ZM. Distinct mechanisms of platelet
aggregation as a consequence of different shearing flow conditions. J Clin Invest 1998;
101: 479-86.

14. Plow EF, Pierschbacher MD, Ruoslahti E, Marguerie GA, Ginsberg MH. The effect
of Arg-Gly-Asp-containing peptides on fibrinogen and von Willebrand factor binding to
platelets. Proc Nat Acad Sci USA 1985; 82: 8057-61.

126



15. Kouns WC, Kirchofer D, Hadvary P, Edenhofer A, Weller T, Pfenninger G,
Baumgartner HR, Jennings LK, Steiner B. Reversible conformational changes induced in
Glycoprotein GP ITb- ITIa by a potent and selective peptidomimetic inhibitor. Blood
1992; 10: 2539-47.

16. Schor K, Darius H, Matzky R, Ohlendort R. The antiplatelet and cardiovascular
actions of a new carbaxylic derivative (ZK 36374)- equipotent to PGI, in vitro. Arch
Pharm 1981; 316: 252-5.

17. Coller BS, Peerschke EI, Scudder LE, Sullivan CA. Studies with a murine
monoclonal antibody that abolishes ristocetin-induced binding of von Willebrand factor
to platelets; additional evidence in support of GPIb as a platelet receptor for von
Willebrand factor. Blood 1983; 61: 99-110.

18. Coller BS, Peerschke EI, Scudder LE, Sullivan CA. A murine monoclonal antibody
that completely blocks the binding of fibrinogen to platelets produces a thrombasthenic-
like state in normal platelets and binds to glycoproteins IIb and/or ITla. J Clin Invest
1983; 72: 325-38.

19. Shattil SJ, Cunningham M, Hoaxie JA. Detection of activation platelets in whole
blood using activation-dependent monoclonal antibodies and flow cytometry. Blood
1987; 70: 307-15.

20. Handa M, Titani K, Holland LZ, Roberts JR, Ruggeri ZM. The von Willebrand
Factor-binding domain of platelet membrane Glycoprotein GPIb. J Biol Chem 1986; 261:
12579-85.

21. Weinstein M, Vosburgh E, Phillips M, Turner N, Chute-Rose L, Moake J. Isolation

127



from commercial aurin tricarboxylic acid of the most effective polymeric inhibitors of
von Willebrand factor interaction with Glycoprotein Ib. Comparison with other
polyanionic and polyaromatic polymers. Blood 1991; 78: 2291-8.

22. Girma JP, Fressinaud E, Christophe O, Roualt C, Obert B, Takahashi Y, Meyer D.
Aurin tricarboxylic acid inhibits platelet adhesion to collagen by binding to the 509-695
disulphide loop of von Willebrand factor and competing with Glycoprotein Ib. Thromb
Haemost 1992; 68: 707-13.

23. Ruggeri ZM, Zimmerman TS, Russell S, Bader.R, deMarco L. Purification of von
Willebrand factor. Methods in Enzymology 1992; 215: 265-8.

24. Ruggeri ZM, Zimmerman TS. The complex multimeric composition of factor
VIII/von Willebrand factor. Blood 1981; 57:1140-3.

25. Zaleski A, Henriksen RA. Visualization of the multimeric structure of von Willebrand
factor using a peroxidase-conjugated second antibody. J Lab Clin Med 1986; 107: 172-5.
26. Tang SS, Frojmovic MM. The effects of pCO, and pH on platelet shape change and
aggregation for human and rabbit platelet-rich plasma. Thromb.Res. 1977; 10: 135-45.
27. The TH, Feltkamp TEW. Conjugation of fluorescein isothiocyanate to antibodies. .
Experiments on the conditions of conjugation. Immunol 1970;18: 865-73.

28.Xia Z, Wong T, Liu Q, Kasirer-Friede A, Brown E, Frojmovic MM. Optimally
functional fluorescein isothiocyanate-labelled fibrinogen for quantitative studies of
binding to activated platelets and platelet aggregation. Br J Haematol 1996; 93: 204-14.
29. Williams SB, McKeown LP, Krutzch H, Hansmann, Gralnick H. Purification and
characterization of human platelet von Willebrand factor. Br J Haematol 1994; 88: 582-

128



91.

30. Frojmovic MM, Mooney RF, Wong T. Dynamics of platelet glycoprotein IIb-Illa
receptor expression and fibrinogen binding. I. Quantal activation of platelet
subpopulations varies with adenosine diphosphate concentration. Biophys J 1994; 67:
2060-8.

31. Xia A, Frojmovic MM. Aggregation efficiency of activated normal or fixed platelets
in a simple shear field: Effect of shear and fibrinogen occupancy. Biophys J 1994; 66:
2190-201.

32. Smoluchowski M von. Versuch einer mathematischen Theorie der
Koagulationskinetik kolloider Losungen. Z Phys Chem 1917; 92: 129-68.

33. Harrison RL, McKee PA. Comparison of thrombin and ristocetin in the interaction
between von Willebrand factor and platelets. Blood 1983; 62: 346-53.

34. Azzam K, Cissé-Thiam M, Drouet L. The antithrombotic effect of aurin tricarboxylic
acid in the guinea pig is not solely due to the interaction with the von Willebrand factor-
GPIb axis. Thromb Haemost 1996; 75: 203-10.

35. Greco NJ, Jones GD, Tandon NN, Kornhauser R, Jackson B, Jamieson GA.
Differentiation of the two forms of GPIb functioning as receptors for alpha-thrombin and
von Willebrand factor: Ca?* responses of protease-treated human platelets activated with
alpha thrombin and the tethered ligand peptide. Biochem 1996; 35: 915-21.

36. Siedlicki CA, Lestini BJ, Kottke-Marchant K, Eppell SJ, Wilson DL, Marchant RE.
Shear-dependent changes in the three-dimensional structure of human von Willebrand
factor. Blood 1996; 88: 2939-50.

129



37. Lawrence MB, Springer TA. Leukocytes roll on a selectin at physiologic flow rates:
distinction from and prerequisite for adhesion to integrins. Cell 1991; 65: 859-73.

38. Ikeda Y, Handa M, Kawano K, Kamata T, Murata M, Araki Y, Anbo H, Kawai Y,
Watanabe K, Itagaki I, Sakai K, Ruggeri Z. The role of von Willebrand factor and
fibrinogen in platelet aggregation under varying shear stress. J Clin Invest 1991; 87:
1234-40.

39. Ozaki Y, Satoh K, Yatomi Y, Miura S, Fujimura Y, Kume S. Protein tyrosine
phosphorylation in human platelets induced by interaction between glycoprotein Ib and
von Willebrand factor. Biochim Biophys Act 1995; 1243: 482-8.

40. Chediak J, Telfer C, Laan BV, Maxey B, Cohen I. Cycles of agglutination-
disagglutination induced by ristocetin in thrombasthenic platelets. Br J Haematol 1979;
43: 113-26.

41. Manley, R. St. J., and S.G. Mason. Particle motions in sheared suspensions. II.
Collisions of uniform spheres. J. Colloid Sci 1952; 7: 354-69.

42. Greco NJ, Tenner Jr. TE, Tandon NN, Jamieson GA. PPACK-Thrombin inhibits
thrombin-induced platelet aggregation and cytoplasmic acidification, but does not inhibit
plateiet shape change. Blood 1990; 75: 1983-90.

43. Bell DN, Spain S, Goldsmith HL. The ADP-induced aggregation of human platelets
in flow through tubes: I. Measurement of the concentration and size of single platelets
and aggregates. Biophys J 1989; 56: 817-28.

44. Bell DN, Spain S, Goldsmith HL. The ADP-induced aggregation of human platelets
in flow through tubes: II. Effect of shear rate, donor sex, and ADP concentration. Biophys

130



J 1989; 56: 829-43.

45. Frojmovic MM, Mooney RF, Wong T. Dynamics of platelet glycoprotein Iib-IITa
expression and fibrinogen binding. II. Quantal activation parallels platelet capture in stir-
associated microaggregation. Biophys J 1994; 67: 2069-75.

46. Suzuki H, Kinlough-Rathbone RL, Packham MA, Tanoue K, Yamazaki H, Fraser M.
Immunocytochemical localization of fibrinogen during thrombin-induced aggregation of
washed human platelets. Blood 1988; 71: 1310-20.

47. Heilmann E, Hourdille P, Provost A, Papponneau A, Nurden AT. Thrombin-induced
platelet aggregates have a dynamic structure. Arterioscl and Thrombos 1991; 11: 704-18.
48. Dong JF, Hyun W, Lopez JA. Aggregation of mammalian cells expressing the platelet
glycoprotein (GP) Ib-IX complex and the requirement for tyrosine sulfation of GP Ib
alpha. Blood 1995; 86: 4175-83.

49. Berger G, Massé JM, Cramer EM. Alpha-granule membrane mirrors the platelet
plasma membrane and contains the glycoproteins Ib, IX and V. Blood 1996; 87:1385-95.
50. Parker RI, Shafer BC, Gralnick HR. Platelet density-dependent partition of platelet
von Willebrand factor between alpha granule and non-alpha granule pools. Thromb
Haemos 1987; 58: 911-4.

51. Parker RI, Rick ME, Gralnick HR. Effect of calcium on the availability of platelet
von Willebrand factor. J Lab Clin Med 1985; 106: 336-42.

52. Harrison P, Cramer EM. Platelet a- granules. Blood Reviews 1993; 7: 52-62.

131



Introduction to Chapter 4

Thrombosis is a major problem in industrialized nations. Because of the central role
of thrombin in cardiovascular ailments, much effort has gone into the development of
antagonists to neutralize thrombin’s activity. Two such compounds are hirudin and D-
Phe-Pro-Arg-chloromethyl ketone (PPACK) which have been assessed in clinical trials.
However, due to bleeding complications in several patients, these trials were halted
prematurely. These antagonists also counter the occupancy of platelet thrombin receptors
by catalytically functional thrombin. Previous studies have suggested, that occupancy is
only important initially for inducing normal secretion and consequently, platelet
aggregation in flow. We however probe residual effects that these antagonists may have
on platelet aggregation, and the surface expression of granule proteins TSP, P-selectin
and GPIIb-IIIa receptor activation. Particular attention was paid to antagonist effects on
vWEF (soluble or surface-expressed)-platelet interactions, due to our previously
demonstrated important role for vWF in shear-associated aggregation, crucial for the
arrest of hemorrhage. These parameters are examined at different thrombin

concentrations.
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Chapter 4

Thrombin Receptor Occupancy Modulates Aggregation Efficiency and Platelet

Surface Expression of von Willebrand Factor and Thrombospondin, at Low

Thrombin Concentrations
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Abstract

Previous studies evaluating requirements for occupancy of thrombin receptors in
normal platelet secretion and aggregation, using the thrombin antagomists hirudin and PPACK
(D-Phe-Pro-Arg-chloromethylketone), have suggested that at low thrombin activating
concentrations (0.025 - 0.13 U/ml), occupancy was required only in the first 45 - 60 seconds
following activation. In our study, we differentiate between thrombin receptor occupancy
requirements for surface expression of secreted adhesive proteins, for activation of GPIIb-IIIa
receptors, and for aggregation of washed platelets (WP) in lamimar shear flow. Platelets
activated with 0.05 U/ml thrombin for 10 minutes to allow maximal secretion (hereafter
referred to as “pre-activated platelets™), then sheared, showed a 50 - 70 % decrease in platelet
counts after 60 s of shear. Treatment of pre-activated platelets with hirudin or PPACK produced
a 65 % reduction of capture efficiencies, ag (reflecting experimental/theoretical initial rates of
aggregation), as well as a 30-40 % decrease in the surface expression of von Willebrand factor
(vWF) and thrombospondin (TSP). However, a-granule membrane P’-selectin expression and
numbers of activated GPIIb-IIIa receptors were comparable for treated and non-treated platelets.
No significant difference in any of the parameters tested was observed when platelets were
similarly pre-activated with 0.2 U/ml thrombin, due to treatment with thrombin antagonists.
Binding of soluble FITC-vWF (GRGDSP-sensitive) to pre-activated, thrombin antagonist treated
platelets, was greatly reduced (280 %). Soluble Fg was shown to bind to antagonist-treated pre-
activated platelets, but could not significantly enhance platelet aggregation. Although occupancy
of thrombin receptors by catalytically active thrombin is required tramsiently for secretiom and
activation of platelets, there is a further requirement for thrombin occupancy at low thrombin
concentrations, for optimizing initial rates of platelet aggregation, surface expression of vWF

and TSP, and activated GPIIb-IIla ligand recognition.
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1. INTRODUCTION

Hirudin and PPACK (D-Phe-Pro-Arg-chloromethyl-ketone) are direct thrombin
antagonists; hirudin occupies both the anion binding exosite involved in fibrinogen (Fg)
recognition (1)), and the catalytic site (2) of thrombin, and blocks binding to platelets (3),
while PPACK directly inactivates the catalytic site while still permitting binding of thrombin
to platelets through the exosites, but not supporting aggregation (4,5). Hirudin and hirulog
(a thrombin antagonist consisting of a thrombin exosite recognition domain linked by glycyl
residues to a PPACK analog) have been evaluated in clinical trials as anti-thrombotics drugs
(6-8). Although some reduction in the incidence of thrombotic episodes was reported, several
of these trials were stopped prematurely due to bleeding complications in some patients (9).
These bleeding complications may result from decreased platelet aggregation, a prerequisite
for clot formation, or from diminished or impaired Fg cleavage, due to a decrease in the
quantity or quality of available thrombin.

Thrombin antagonists have previously been used to show a requirement for
thrombin occupancy of platelet receptors for secretion and aggregation (investigated in the
stirred vials of an aggregometer at thrombin activating concentrations between 0.025 - 0.12
U/ml), in the first 45 - 60 seconds following thrombin activation, but not once aggregation
had begun (3, 10,11). Thus, a time-limited requirement for thrombin occupancy for secretion
and aggregation was suggested. However, we hypothesize that hirudin and PPACK, by
limiting available functional thrombin (i.e. catalytically-active thrombin), may have more
prolonged effects on platelet function, primarily when platelets are activated with low
thrombin concentrations, where activation is expected to be mediated by thrombin binding

134



to the GPIb receptor (K; = 0.03 - 0.06 U/ml (0.3 - 0.6 nM)) (12). Hence, it is important to
investigate the effect of these antagonists on platelet aggregation at subnanomolar thrombin
concentrations and under well-controlled physiological shear rates. Accordingly, we set out
to examine the time-dependent effect of hirudin and PPACK on the activation of platelets
at low thrombin concentrations ( 0.05 U/ml), as reflected by surface expression of secreted
adhesive proteins and upregulation of GPIIb-IITa receptor binding capacity, as well as
examining the effect of these antagonists on aggregation at well-defined shear rates. These
studies were contrasted with experiments using higher thrombin concentrations (0.2 - 1
U/ml), associated with a distinct thrombin receptor (K4 =0.2 - 0.5 U/ml;(12)).We were thus
able to differentiate between requirements for functional thrombin occupancy of thrombin-

induced platelet activation, versus platelet aggregation.

2. MATERIALS AND METHODS

2.1. Reagents:

Ristocetin A grade, ADP, a-thrombin and hirudin were purchased from Sigma Corp. USA;
glutaraldehyde, electron microscopy grade, from Polysciences Inc.; paraformaldehyde from
Fisher Scientific Co., Fairlawn, NJ; human fibrinogen from Enzyme Research Laboratories
Inc., South Bend, IN; H-Gly-Arg-Gly-Asp-Ser-Pro-OH peptide (GRGDSP) peptide, used to
block the binding pocket of GPIIb-Illa (13); and PPACK(14) (D-Phe-Pro-Arg
chloromethylketone HCI) from Calbiocnem Corporation, La Jolla, CA; fluorescein-
isothiocyanate (FITC; Isomer I) from Boehringer Diagnostics, La Jolla, CA); ZK 36374, a
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stable prostacyclin analog (15), was a gift from Dr. T. Krais, Schering Co., Berlin, Germany.
Monoclonal antibody (MAb) 6D1 an IgG against the vWF binding site on GPIb (16) was
kindly donated by Dr. B. Coller, State University of New York at Stony Brook; MAb S.12,
an [gG1, directed against platelet membrane CD62-P, PADGEM-140 (17), was a gift from
Dr. McEver, Oklahoma Medical Research Foundation, Oklahoma City, OK; MAb 2.2.9.,
an IgG1, recognizing an epitope, non-interfering with vWF binding to platelets, between
residues 1366-2050 of vWF (18) was generously provided by Dr. Z. Ruggeri, Scripps
Institute, La Jolla, CA; MAb 5Gl1, an IgG2a recognizing a non-functional epitope on
thrombospondin (TSP)(19) was prepared in one of our labs: Dr. Chantal Legrand, Hopital
St. Louis, Paris, France; Mab FITC-PAC-1, which recognizes an activation-dependent
epitope on GPIIb-IIla (20), was purchased from Becton-Dickinson, San Jose, CA.
Calibration beads, Quikcal: 7.1 xm, used for fluorescence intensity calibration of FITC-
labelled proteins, were obtained from Flow Cytometry Standards Corp, Research Triangle
Park, NC. Latex beads used for adsorbing GPIIb-IIIa were purchased from Interfacial

Dynamics Corp, Portland, OR.

2.2. Purification of von Willebrand factor and GPIIb-IIIa: von Willebrand factor was
prepared from human cryoprecipitate obtained from the Canadian Red Cross and purified as
previously described (21). GPIIb-IIIa was isolated from human platelet membranes by lentil
lectin affinity chromatography followed by gel filtration chromatography (22) and elution
from a Sephacryl gel filtration column with an HSC buffer (in mM: HEPES 5, NaCl 150,
CaCl, 3, pH 7.4) containing 30 mM of B-OG (n-octyl-B-p-glucopyranoside)-solubilized
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GPIIb-1I1a.

2.3. Preparation of washed platelets: Washed platelets (WP) were prepared by a one-step
wash procedure from human citrated whole blood as previously described (23), involving
acidification of platelet rich plasma (PRP) to pH 6.5 and by addition of 50 nM ZK 36374,
a synthetic prostacyclin analog, to inhibit platelet activation. The remaining pellet after
centrifugation at 800xg for 15 minutes, was resuspended in half the original volume, in a
modified Tyrode buffer (BAT:136 mM NaCl, 2.7mM KCl, 11.9 mM NaHCO,, 0.36 mM
NaH,PO,, 1.0 mM MgCL,, 5.6 mM glucose, 0.35% BSA). Platelet suspensions were kept at

37° C under a mixture of 95% air and 5% CO, to maintain pH 7.4 (24).

2.4. Preparation of GPIIb-IIIa" latex beads: Aldehyde/Sulfate Polystyrene latex beads,
4.5 um, were washed with Incubation Buffer (IB; Tyrode pH 6.5, 100 mM Hepes), then
suspended for 2 hours at room temperature in IB containing 25 ..g/ml purified GPIIb-ITIa and
1 mM GRGDSP to activate the GPIIb-IIIa complex (GPIIb -IIla"). Beads were washed and
resuspended in BSA buffer (Tyrode pH 7.4. 10 mM Hepes, 2.5% BSA) and left overnight

at 4° C, followed by a further wash with storage buffer (Tyrode pH 7.4, 3.6 mM Hepes).

2.5. Labelling of vWF and monoclonal antibodies: vWF, Fg and antibodies were labelled
with fluorescein-isothiocyanate, and fluorescein to protein ratios (F:P) were calculated as

previously described (21).
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2.6. Binding experiments:

2.6.1. Ristocetin or thrombin-mediated binding of FITC-vWF to washed platelets:
Washed platelets (WP) (104/ul), in BAT buffer, containing freshly-added 1 mM CaCl,, were
incubated with either 0.5, 0.8 or 1.2 mg/ml ristocetin and 10 ug/ml FITC-vWF in the
presence or absence of hirudin, or with 0.05 U/ml thrombin and FITC-vWF at concentrations
between 1-35 ng/ml for 25 minutes, to allow equilibrium binding. Specificity of binding to
GPIIb-IIa" was determined by incubating thrombin-activated WP with FITC-vWF in the
presence of 1 mM GRGDSP. For experiments with thrombin antagonists, platelets were
allowed to undergo activation by thrombin for 10 minutes (hereafter referred to as “pre-
activated” platelets), to correspond to incubation times used for aggregation experiments,
then were treated with an 8-fold excess of hirudin ( previously reported to neutralize
thrombin at a 4 to 40-fold excess ; (10,25-27)) or with 2 M PPACK (11,28), for 2 minutes,
as neutralization is known to occur rapidly (29). Soluble FITC-vWF was then added, and
incubated for a further 25 minutes. The reaction was arrested by diluting platelets with 10
volumes of BAT buffer and the average fluorescence per platelet particle read immediately
on a flow cytometer, FACScan (Becton Dickinson, Mississauga, Ont), as previously
described (30,21). Platelets were identified on the basis of characteristic FSC/SSC profiles,
and gates were set to exclude aggregates from platelet populations used to generate
fluorescence histograms. Particular attention was paid to the bimodal distribution of
fluorescence due to resting (P°) and activated platelets (P*), showing fluorescence greater
than control values in the absence of activator, as previously described (30). Thus, the
fraction of cells activated is reported as % P° for bimodal, subpopulation responses, or

138



simply as % activated platelets for partial, unimodal responses, where the entire population
undergoes a partial activation. Accordingly, fluorescence for the total cell population is
reported as Fl,, , while FL" represents the fluorescence on the activated platelet population
(P°) only.

2.6.2. Effect of hirudin and PPACK on thrombin-induced platelet secretion and
surface-bound protein: In order to assess the effects of the thrombin antagonists on platelet
activation, WP were activated with thrombin either in the absence or presence of hirudin and
PPACK. MAbs FITC-2.2.9, FITC-5G11, FITC-S.12 were used to report on the amount of
surface-expressed vWF (SE-vWF), TSP (SE-TSP), and P-selectin respectively. Five ul of
WP, at4 x 10 * /ul in BAT buffer, were added to FACS tubes with 0.05 U/ml or 0.2 U/ml
thrombin and incubated for 30 minutes in a total volume of 20.l, containing buffer, 1 mM
Ca?* and either 400 nM FITC 2.2.9, 333 nM FITC-5G11 or 273 nM FITC-S12. In
experiments with thrombin antagonist, either hirudin at an 8-fold excess concentration, or
2uM PPACK was added immediately pricr to thrombin, or to platelets pre-activated with
thrombin, and incubated for 2 minutes. Mabs were subsequently added and incubated for a
further 30 minutes. Platelet suspensions were diluted for reading on the FACScan as
described above. The binding of reporting antibody to WP was expressed as the percentage

inhibition of control values, obtained in the absence of antagonist.

2.6.3. Effect of hirudin on thrombin-induced glycoprotein receptor GPIIb-IIIa
activation: FITC-PAC-1 was used to report on activated platelet GPIIb-IIIa receptors
(GPIIb-MIa"). WP (10 */.l) were either activated with thrombin and incubated together with
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333 nM FITC-PAC-1, or pre-activated, treated with an 8-fold excess of hirudin, then
incubated for a further 30 minutes with FITC-PAC-1. Platelet suspensions were diluted for

reading on the FACScan as described above.

2.6.4. Percent Fg occupancy of GPIIb-IIIa": Since there is an ideal range of Fg
occupancies of available GPIIb-IIIa" receptors which is expected to yield optimal capture
efficiencies (approximately 20-75%; (31)), we adjusted Fg occupancies on platelets used for
shearing to fall within this range. Accordingly, WP (10 ¢ /ul) were pre-activated with 0.05
U/ml thrombin, incubated with hirudin or PPACK for 2 minutes, then incubated for a further
5 - 8 minutes with 0.2 «M FITC-Fg . The reaction was arrested by diluting with 10 volumes
BAT buffer, and results were read immediately on the FACScan. Alternatively, incubations
were for 40 minutes with saturating concentrations of Fg, to determine maximal numbers of
available activated GPIIb-IIIa receptors. Numbers of FITC-Fg bound were determined from
average fluorescence values, using MESF Quikcal calibration beads, from the equation:
220(fluorescence) - 1099/ F:P, as previously reported (32). Thus, the percent occupancy of

Fg was estimated by: # Fg bound at 5 minutes/ # Fg receptors available at 40 minutes.

2.6.5. Binding to GPIIb-IIIa" latex beads: FITC-vWF (1-35 pg/ml) was incubated for 30
minutes with latex beads with adsorbed activated GPIIb-IIIa , in BAT buffer solution, or
in BAT containing 0.5 U/ml hirudin or 2 pM PPACK. Bound vWF was determined from

fluorescence measurements, as described above.
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2.7. Aggregation in shear:

Aggregation of washed platelets under uniform laminar shear was tested in a coaxial
cylinder microcouette device (0.3 mm gap) at shear rates from 300 - 1000 s, as previously
described (21,31). Samples were drawn at given time intervals after the onset of shear (0, 10,
20, 60 sec), immediately fixed in 10 vol of 0.2% glutaraldehyde, and further diluted 7-fold
with isotonic saline, for analysis of particle number with the FACScan. Platelet aggregation
(PA) was calculated by determining the decrease in particle number with time: % PA=(1 -
N/N,) x 100%, where N, = platelet particle number at time t, and N, = the initial platelet
number. Capture efficiencies og, defined as the ratio of the rate of two-body collisions
resulting in aggregate formation to the total rate of two-body collisions, were computed
based on equations by Smoluchowski, assuming dilute suspensions of rigid spheres (33), as

described by Xia & Frojmovic (31).

2.7.1. Effect of hirudin and PPACK on shear-associated aggregation of WP activated
by thrombin or ADP: Washed platelet suspensions (4 x 10%ul) were pre-mixed in
Eppendorf tubes with BAT buffer containing 1mM Ca?, and incubated with thrombin for
10 minutes (determined to yield optimal capture efficiencies relative to similarly activated
platelets incubated for shorter periods of time; results not shown) prior to transfer to the
microcouette for shearing. Initially platelets were activated with three different
concentrations of thrombin, 0.05, 0.2 and 1.0 U/ml, respectively chosen to represent
thrombin binding to the high affinity binding site on GPIb, an intermediate concentration,
and one at which platelet responses would be mediated through the thrombin seven-
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transmembrane receptor (PAR-1; (12)). For hirudin and PPACK experiments, platelets were
pre-incubated with thrombin in the presence of the antagonists, or else were pre-activated,
treated with hirudin or PPACK for 2 minutes, and immediately transferred to the
microcouette for shear experiments. In experiments examining the effect of the length of the
pre-incubation time on thrombin antagonist inhibition of platelet aggregation, platelets were
pre-incubated with thrombin for 1 minute or 10 minutes. To test the effects of soluble Fg on
platelet aggregation, thrombin antagonist-treated platelets were incubated for a further 5-8
min with 0.2 uM Fg, to yield optimal Fg occupancies, prior to shearing.

The effect of hirudin on ADP-induced shear aggregation was also examined. WP
were activated with 5 M ADP in Eppendorf tubes as in previous studies (34) and
immediately transferred to the microcouette for shearing, or ADP was added together with
0.5 U/ml hirudin and subsequently sheared as above.

2.7.2. Statistical Analysis
Data are presented as the mean + standard error of the mean (SEM), with numbers in
parentheses indicating the number of experiments performed. Tests for statistical significance

were done using the Student t-test.
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3. RESULTS

3.1. Aggregation in sheared suspensions

Using our washed platelet preparations (WP) and light transmission aggregometry
(detecting macroaggregates of > 10 platelets; (35)), we were able to confirm the earlier results
obtained by Holmsen (10) and Greco (11), where hirudin or PPACK inhibited the
aggregation of platelets activated with low thrombin concentrations, if added to the stirred
WP in the vials of an aggregometer within < 1 minute of activation (results not shown). We
then examined the effect of thrombin antagonists on the microaggregation (platelet counts
determined by flow cytometry) of platelets sheared in a microcouette device at the
physiologic shear rates of G =300 and 1000 s**. Washed platelets activated with 0.05 U/ml
thrombin in the presence of an 8-fold excess of hirudin or 2 M PPACK, and sheared at G
=1000 s ", did not aggregate, showing that the "neutralized" thrombin could not yield any
detectable microaggregatiorn in shear flow. Alternatively, platelets were incubated with
thrombin for times exceeding the previously-observed lag phase of <1 minute (10,11).
Platelets activated with 0.05, 0.2 or 1.0 U/ml thrombin were maintained under non-flow
conditions for 10 minutes (referred to as “pre-activated” platelets), and then subjected to a
uniform shear field of G = 1000 s !. Such pre-activated platelets were found to aggregate in
shear flow (Fig.4-1) with equal or even greater rates of initial aggregation than platelets
sheared immediately following activation. Since it was found that the extent of aggregation
and its inhibition by antagonists was equivalent when platelets were pre-activated with 0.2
or 1.0 U/ml thrombin (results not shown), subsequent experiments were carried out at 0.05
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Fig. 4-1. Kinetics of shear aggregation. Washed platelets (WP) at 4 x 10* /.1 were activated with
0.05 or 0.2 U/ml thrombin and buffer, or with the antagonists hirudin or PPACK, added either
together with thrombin and incubated for 10 minutes (shown as HIR“”THROMB SIMULT, and
PPACK/THROMB SIMULT) or after 10 minutes of incubation with thrombin (“pre-activated™).
Platelet suspensions were transferred 2 minutes after addition of antagonist to a microcouette
device to evaluate platelet aggregation (PA) under shear flow. Results shown are for shear
aggregation at G = 1000 s for a representative donor. a.0.05 U/ ml thrombin, treatment with
hirudin; 5.0.05 U/ml thrombin, treatment with PPACK; c. 0.2 U/ml thrombin.



or 0.2 U/ml only.

The effect of hirudin and PPACK on the shear-associated aggregation of platelets
pre-activated with thrombin was then investigated. Analysis of kinetic PA curves for og
showed that the a; for 0.2 U/ml thrombin-induced aggregation did not change significantly
following treatment of pre-activated platelets with thrombin antagonist (Table 4-1), even
when a 20-fold excess of hirudin was used. However, for similar studies with 0.05 U/ml
thrombin, there was a significant decrease in o (Fig.4-2), with an accompanying decrease
in the extent of aggregation at 60 seconds, whether platelets were pretreated for 10 minutes
(Fig. 4-1; Table 4-1), or for 1 minute ( results not shown) prior to treatment with antagonist.
The thrombin antagonist effects on platelet aggregation are specific to low thrombin
concentration-mediated aggregation, as shown by the lack of significant difference in the
shear aggregation of WP activated with a sub-maximal concentration of ADP (5 M) in the

presence of 0.5 U/ml hirudin (Fig. 4-2).
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Table 4-1. Summary of inhibition by hirudin and PPACK, of parameters of thrombin

. activation

% INHIBITION FOLLOWING HIR/PPACK NEUTRALIZATION
FOR PLATELETS PRE-ACTIVATED WITH:
Parameter Low Thrombin (0.05U/ml) | HighThrombin (0.2U/ml )
Hirudin PPACK Hirudin PPACK
*Aggregation | o ¢ 64 + 5%"° 60 £ 9%’ -14£12 -6+5
at PAg, 48 £7%"° 43 = 7%" 03+£3 -3.7+4
G=1000 s 412 3 3
W
Surface- P, 3.5+8% -10% 2.5% 1.5%
bound* :
@ 2 (@) (@)
vWF 41 £ 6%’ 16 %°* -10+14 % 18%
12) 2) (5) (2)
TSP 41 £4%'’ 29 £12%° 14 + 8% 12%
(6) 3) 5) (2)

* Note that results for o ,PA4, and surface-expressed proteins are for platelets pre-activated with

thrombin for 10 minutes.
® Note that a; values were essentially identical for low and high thrombin, 0.09 +.02 and 0.12 +.02

respectively, in the absence of any thrombin inhibitors.
<Note that inhibition observed for only 1 minute pre-activation of WP with 0.05 U/ml thrombin, prior

to addition of hirudin, was comparable to neutralization after a 10 minute pre-activation.
4Numbers in parentheses represent numbers of separate experiments

¢ Measured from changes in Fl,,

“p<0.001;* p<0.05

‘ 147



140
_ == HIR
S s PPK
> 120 -
O
i
§ 100 -
L.
(T8
w 80 -
w
[+
2
a 60 -
<
&)
. -
o 40
[+
=
o 20 i
&)
s 0

0.2 UML 0.05 UML
THROMBIN THROMBIN

Fig. 4-2. Effect of hirudin or PPACK on capture efficiencies ( oG ) for variously-activated
platelets in a sheared suspension. For platelets pre-activated with thrombin and treated with
antagonist, conditions were as described for Fig.1. Activation with 5 M ADP was done in the
presence of hirudin for 2 minutes, after which platelets were transferred to the microcouette and
sheared. Results shown are expressed as % control (no antagonist) oG = SEM.
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3.2. Effect of hirudin and PPACK on thrombin-induced secretion: The effect of hirudin
and PPACK on platelet secretion was compared for platelets activated with thrombin and
treated with antagonist immediately following addition to platelet suspensions, or aftera 10
minute pre-incubation, at which time granule secretion is complete (36). Washed platelets
were incubated under equilibrium binding conditions with thrombin and monoclonal
antibodies (MAb) FITC-2.2.9 to report on surface-expressed vVWF (SE-vWF) or FITC-5G11,
reporting on SE-TSP, indicating release of soluble granule contents, or with FITC-S.12
reporting on P-selectin (indicating fusion of a-granule membrane with plasma membrane).
The extent of expression of surface-bound proteins (both FI* and % P°) on platelets pre-
activated with 0.05 U/ml thrombin at 10 minutes (incubation times used for shear) and 30
minutes (time for equilibrium binding experiments) was compared. Relative expression of
SE-vWF was examined by determining on-rates for FITC-2.2.9, and was found to be almost
identical for both thrombin pre-incubation times, indicating that maximal expression, both
in numbers of vWF and % P°, had occurred by 10 minutes following thrombin activation.
A similar technique was previously used to evaluate the time-dependent expression of
activation of GPIIb-IIIa receptors on platelets following stimulation with ADP (30).
Hirudin added together with 0.05 U/ml thrombin resulted in minimal or no P-
selectin SE-vWF or SE-TSP expression, and no GPIIb-II1a activation, when compared to
non-antagonist treated platelets. Addition of PPACK simultaneously with thrombin also
reduced these parameters by >85 %.
The differences observed between the aggregation of thrombin antagonist-treated
platelets pre-activated with 0.05 and those pre-activated with 0.2 U/ml thrombin were
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paralleled by differences in secretion and expression of surface-bound adhesive proteins. As
shown in Fig. 4-3b, platelets pre-activated with 0.2 U/ml thrombin and then treated with
hirudin or PPACK, exhibited amounts of fluorescence for FITC-S.12, FITC-2.2.9. and
FITC-5G11 similar to those of platelets not treated with antagonist (controls), summarized
in Table 4-1. However, when platelets were pre-activated with 0.05 U/ml thrombin, then
treated with hirudin or PPACK (Fig. 4-3a), there was a significant decrease of Fl,,, for FITC-
2.2.9and FITC-5G11, reporting on SE-vWF and SE-TSP respectively, but not for FITC-S.12
reporting on membrane P-selectin (Table 4-1).

Changes in F1,, reflect changes both in % P°, the fraction of cells activated, and FI",
the mean fluorescence of the activated population (P*) only. Thus, we further analysed the
fluorescence specifically on activated platelet populations. Analysis of fluorescence
histograms showed that decreases in total fluorescence for bound FITC-2.2.9 on WP pre-
activated with 0.05 U/ml thrombin, then treated with an 8-fold excess of hirudin, (%I =50
+ 3% (n=8)), principally represent a decrease in % P°, and only a small decrease in FI’, as
shown in Table 4-2. In contrast to an inhibition primarily of % P* for FITC-2.2.9 by hirudin,
the decrease in Fl,, for FITC-5G11 (% I = 41 + 5 %, n=5), represents almost an equal
decrease in F1" andin % P* (% I =17 £ 5 %, and 19 #* 3%, n = 5), respectively.

3.3 Correlation between capture efficiency and surface-expressed vWF on WP
activated with 0.05 U/ml thrombin and treated with antagonist after 10 minutes: Since
separate studies showed decreased aggregation and surface-expression of two a-granule
proteins when activating with the lower thrombin concentration (results summarized in Table
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Fig. 4-3. Effect of hirudin or PPACK on the surface expression of P-selectin, vWF and TSP on
platelets pre-activated with thrombin, then treated with antagonist. WP (1 x 10% p.I) were
activated with a. 0.05 U/ml thrombin or 5. 0.2 U/ml thrombin. Reporting mAbs against o.-
granule membrane P-selectin (S.12), vWF (2.2.9) or TSP (5G11) were incubated together with
thrombin-activated platelets for 30 minutes, or pre-activated platelets were incubated for 2
minutes with hirudin or PPACK, then incubated for an additional 30 minutes with reporting
antibody. Results are expressed as % inhibition of control (no antagonist) fluorescence values +
SEM, for a minimum of three donors, done in duplicate.
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4-1), we investigated the relationship between surface-expressed vWF (SE-vWF) and o
using platelets from the same preparation, in order to minimize inter-donor variability. For
platelets pre-activated with 0.05 U/ml thrombin, then antagonist treated, a paired t-test
showed a correlation between the percent inhibition (% I) for FITC-2.2.9 for FL" and « ¢
(p<0.05), and % P and o g*** ( p<0.01) (Table 4-2). However, no significant differences
in o , SE-vWF or SE-TSP compared to untreated platelets were observed when platelets

were pre-activated with 0.2 U/ml thrombin, then treated with antagonist (Table 4-1).

Table 4-2. Relation between the effect of hirudin on capture efficiency (o), and the surface
expression of vWF on platelets pre-activated with 0.05 U/ml thrombin, and treated with
antagonist after 10 minutes

PERCENT INHIBITION (% I) OF I

DONOR oG o P * FI' b Fl,, ©

1 37 28 24 44

2 77 37 21 49

3 46 47 27 40

4 45 22 17 35

S 83 58 23 57

6 67 47 19 57

7 38 51 21 62

8 66 53 19 58
X+SEM 58+5 43+ 4" 21+1"" 50+3

2 fraction of cells activated; %P° =41 - 71 % in absence of antagonist

® fluorescence for activated platelets; FI' = 175 - 232 in absence of antagonist

¢ fluorescence for the total cell population; Fl,,, = 76 - 182 in absence of antagonist
“paired t-test between o and % P°, p<0.01

*** paired t-test between ag and FI°, p <0.05
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3.4. Inhibition of soluble vWF binding to thrombin-activated WP by hirudin or
PPACK: Since we had observed a decrease in the surface expression of platelet vWF in
thrombin antagonist pre-treated platelets, we wanted to determine whether there was a defect
in the binding of plasma-derived vWF as well. The binding of FITC-vWF (1 and 35 xg/ml)
to WP pre-activated with 0.05 U/ml thrombin, or to pre-activated thrombin antagonist treated
platelets, was compared. No change in vWF binding due to the delayed addition of FITC-
vWF was observed in the absence of inhibitor. However, hirudin and PPACK both greatly
reduced the binding of all concentrations of FITC-vWF to platelets activated with thrombin,

with an inhibition by hirudin of 82* + 3%, and by PPACK, of 79* + 2% (n = 3); * p<0.01

(Fig. 4-4).
Fig. 4-4. Effect of hirudin and
PPACK on the binding of soluble
120 ® NOANTAGONIST FITC-vWF to thrombin-activated
wo| m pRACK platelets. FITC-vWF was added

directly to WP activated with

0.05 U/ml thrombin, or to

platelets pre-activated with

thrombin, then treated with

hirudin or PPACK. In all cases

platelet suspensions were allowed

to reach equilibrium binding of

FITC-vWF. Specific binding was

FITC-VWF (;:g/ML) determined by subtracting non-

specific fluorescence obtained in

the presence of ImM GRGDSP.

Results are presented as the percentage of the maximum vWF bound + SEM, for each vWF
concentration (n=3 ). '

% MAXIMUM BINDING
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3.5. Do thrombin antagonists interact directly with soluble vWF? We sought to test
whether inhibition of aggregation by hirudin was due specifically to deoccupancy of
thrombin from platelets, rather than to a direct interaction with the A-1 domain or RGD site
on vWF, both important for cross-bridging of thrombin-activated platelets under shear flow
(21). Soluble vWF was incubated with ristocetin, either in the presence or absence of hirudin
to determine its effects on vWF-GPIb interactions (Fig. 4-5a), using a range of ristocetin
concentrations (0.5 - 1.2 mg/ml) to detect hirudin interference with vWF binding. There was
however, no significant change in the ristocetin-mediated binding of FITC-vWF to WP at
any ristocetin concentration when platelets were incubated in the presence of hirudin. To test
hirudin and PPACK inhibition of vWF-GPIIb-IIIa interactions, soluble FITC-vWF (1 - 35
1g/ml) was incubated with GPIIb-IIIa’-beads in the presence and absence of thrombin
antagonists. FITC-VWF bound to the beads (Fig. 4-5b) with a K; of 30 = 1 nM (n = 3),
which was unchanged in the presence of hirudin or PPACK: K; =29+ 1 nM (n=3) and
30nM ( n = 2), respectively. Thus, the thrombin antagonists do not appear to interfere

directly with either vWF- GPIb or vWF- GPIIb-IIla interactions.
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Fig. 4-5. The effect of hirudin and PPACK on the binding of soluble FITC-vWF to either GPIb or
activated GPIIb-IIIa. a. To test for any direct effect of antagonists on the vWF-GPIb interaction, WP (1 x
104/ ul) were incubated for 30 minutes with three concentrations of ristocetin and 10w.g/ml! FITC-vWF, in
the presence or absence of hirudin. 5. Any direct effect on vWF-GPIIb-IIIa interactions was tested in a
cell-free system using latex beads with adsorbed activated GPIIb-II1a (GPIIb-1IIa *). FITC-vWF at
varying concentrations was incubated with GPIIb-IlIa*-beads for 30 minutes, and fluorescence was
compared to that observed in the presence of hirudin or PPACK. Results are for three experiments +
SEM.
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3.6. GPIIb-IIIa activation in the presence of hirudin or PPACK: In contrast to the
inhibition of soluble vWF binding to thrombin-activated WP, we have previously shown that
platelets pre-activated with thrombin concentrations from 0.02 to 0.5 U/ml, then treated with
hirudin, can bind Fg (21). In our present studies, we found that comparable numbers of Fg
molecules were bound with 0.5U/ml thrombin or with 0.2 ©«M PMA, known to produce
maximal activation of GPIIb-IIIa receptors (17). Similar results were obtained using PPACK,
with maximal numbers of Fg molecules bound showing <15 % difference from those bound
to hirudin treated platelets. To determine whether platelets activated at submaximal thrombin
concentrations show altered availability of activated GPIIb-IIIa receptors upon treatment
with thrombin antagonists, we used FITC-PAC-1, an IgM monoclonal antibody which
recognizes only activated GPIIb-IIIa receptors, thus mimicking Fg-binding, but resistant to
direct proteolysis by thrombin. Fluorescence values for FITC-PAC-1 bound to WP pre-
activated with thrombin at concentrations from 0.02 to 1.0 U/ml, then treated with hirudin,
were compared to fluorescence values for FITC-PAC-1 bound to untreated platelets (Fig.4-
6). For platelets pre-activated at low thrombin concentrations (< 0.1 U/ml), then treated with
hirudin, fluorescence values were not significantly different from control values, suggesting
that the primary mode of inhibition of shear aggregation by hirudin is not due to a decreased
availability of activated GPIIb-IIIa" receptors. However, at the higher thrombin concentration
tested, 0.2 and 1.0 U/ml, FITC-PAC-1 binding decreased in the presence of hirudin by 23

% (n=2) and by 37 £ 1 % ( n=3) (p <0.01) respectively.
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3.7. Effects of soluble fibrinogen on the aggregation of WP activated with 0.05 U/ml
thrombin and treated with hirudin or PPACK: Since Fg was shown to bind to thrombin
pre-activated WP treated with hirudin or PPACK, we considered that soluble Fg may be able
to cross-bridge such platelets in shear flow, and thus increase ag values. Incubation times
with Fg were adjusted to give occupancies of activated GPIIb-IIIa receptors in the range of
20 - 75 %, previously shown to result in optimal platelet aggregation (31). Accordingly, the
numbers of Fg molecules and numbers of activated GPIIb-IIla receptors on sheared platelets
were determined to be in the range of 4500-7100 and 11,000-14,000 respectively, yielding
percent occupancies of 49 + 5 % (n = 4). Surprisingly, the rate and extent of aggregation at
G = 1000 s !, of antagonist treated platelets in the presence of 0.2 M FITC-Fg, were not
significantly different from that in the absence of soluble ligand (Fig. 4-7a), the change in

ag being -1.0 + 11%, (n = 4) for hirudin and 5 + 3% (n = 3), for PPACK. Similar resuits
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were obtained at G =300 s™ (Fig. 4-7b), despite the important role expected for Fg at lower

shear rates (37).
a 0.8 1
- @ THROMBSIN ALONE 4
v NO THROMBIN G=1000s
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x
0 10 20 3 a0 so o0 70
TIME (SEC)
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Fig. 4-7. Effect of soluble Fg on the kinetics of aggregation of WP pre-activated with 0.05 U/ml
thrombin and treated with hirudin after 10 minutes. WP (4 x 10*/xl) activation with thrombin and
antagonist addition were as in fig. 1. To examine the effect of soluble Fg on the shear-associated
aggregation, platelets were incubated for a further 5 minutes after hirudin addition, with 0.2uM Fg
prior to shearing at a. G = 1000 or 5. =300 s ! . Results shown are for a representative donor.
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4. DISCUSSION

In studies by Holmsen et al and Greco et al (10,11) on requirements for thrombin
occupancy of platelet receptors for secretion and aggregation with 0.025 - 0.12 U/ml
thrombin, it was concluded that secretion was the key event regulating the occurrence of
platelet aggregation in flow; hence, once the lag phase corresponding to the onset of
secretion had passed (45 - 60 s), no further requirement for thrombin receptor occupancy for
platelet aggregation was postulated. We have confirmed the complete absence of aggregation
of thrombin-activated washed platelets in suspension, subjected to stir or laminar shear flow,
in the presence of an 8-fold excess of hirudin, or 2 M PPACK, or when these antagonists
were added after thrombin, but within the time required for secretion. However, differences
in methodology, in particular timing, have allowed us to uncouple requirements for thrombin
receptor occupancy for surface expression of secreted proteins and upregulation of GPIIb-Illa
receptor ligand recognition, from those for initiation of aggregation. Additionally, we have
shown that platelets which have been treated with hirudin or PPACK after 10 minutes of
thrombin activation (“pre-activated” platelets), differ in their requirement for thrombin
occupancy of its receptors dependant on the thrombin concentration used to activate the
platelets. Thus, for WP pre-activated with 0.05 U/ml thrombin and treated with antagonist,
occupancy of thrombin receptor(s) by catalytically active thrombin: 1) was required for
optimal capture efficiencies, for maintenance of surface expression of vWF and TSP, and for
activated GPIIb-IIIa receptor recognition of soluble vWF; and 2) was independent of surface

expression of o-granule membrane P-selectin or of availability of activated GPIIb-IIla
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receptors for Fg binding. When WP were similarly treated with antagonist, but pre-activated

with 0.2 U/ml thrombin, all parameters tested above were independent of thrombin receptor

occupancy.

4.1. Comparison of high versus low thrombin concentrations

We have consistently found that platelets activated with high thrombin
concentrations (0.2 - 1 U/ml) did not show a dependence on occupancy of thrombin
receptor(s) for continued optimal aggregation, surface vWF or TSP expression, or in binding
characteristics of the activated GPIIb-IIIa receptor. This is in contrast to the dependence seen
for low thrombin concentrations (0.05 U/ml). At low thrombin concentrations, primarily the
high-affinity receptor, GPIb, would be occupied , while at 0.2 - 1 U/ml thrombin, both the
GPIb receptor and the moderate affinity thrombin 7-transmembrane receptor (PAR-1) would
participate in mediating responses by thrombin (12), with irreversible cleavage of the amino-
terminal domain of PAR-1 ensuring hirudin-resistant signalling through this receptor. In
addition, the extent and nature of secretion appear distinct for the low and high thrombin
concentrations (19,26), with increased % P* for platelet surface expression, and perhaps
stabilization, of secreted ligands. Detailed studies of secretion and surface binding of ligands

with platelet activation need to be made to clarify the above.

4.2. Role for surface-expressed vWF and TSP in aggregation
In a previous study we demonstrated an important role for surface-expressed vWF
(SE-vWF) as the principal cross-bridging agent of thrombin-activated platelets in shear flow
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(21). This dependence on SE-vWF is also supported by our current data, since hirudin and
PPACK reduced capture efficiencies only at the lower thrombin concentrations, where
decreases in o were correlated with decreases in the % P* maximally expressing surface-
bound vWF. If all P* are recruited into aggregates, and no P® (resting platelets), then a 40%
reduction in % P would yield a 40% reduction in initial rates of aggregation, as reported for
Fg-mediated aggregation of ADP-activated platelets (31,38). However, the percent decrease
in ot for sheared platelets activated with 0.05 U/ml thrombin, is greater for individual donors
than the % decrease observed in % P* for SE-vWF, likely reflecting contributions due to
reductions in numbers of surface-bound vWF and TSP (FI"), % P* for SE-TSP, or other
factors. The specific role of TSP was not investigated further, but several studies have
suggested that TSP may be important for stabilization of aggregate formation (39) and for

amplification of the secretion response (40).

4.3. Eﬂ‘éct of hirudin and PPACK on soluble Fg and vWF binding

Binding of soluble vWF was almost completely abolished by the addition of
hirudin or PPACK 10 minutes after platelet activation with low concentrations of thrombin,
whereas the normal occupancy of receptors by soluble Fg binding appears to correspond to
the availability of activated GPIIb-IIIa, shown via PAC-1, an anti-GPIIb-IIIa activation-
dependent antibody. Since the numbers of GPIIb-IIIa® receptors were not reduced by
neutralization with thrombin antagonists, it would appear that GPIIb-IIIa conformation may
be compromised, with perhaps more stringent requirements for the vWF- GPIIb-IIla
interaction than for Fg. Any direct effects of hirudin or PPACK, two very distinct molecules,
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on both vWF (soluble and SE- vWF) and SE-TSP, are unlikely and would be expected to be
even more pronounced at 0.2 U/ml thrombin, where larger concentrations of hirudin and
PPACK were used. Moreover, we have demonstrated the lack of direct interference with
vWEF-GPIb or vWF- GPIIb-IIIa interactions by hirudin, and vWF-GPIIb-IIIa interactions by
PPACK, using ristocetin and model latex particles with surface-bound activated GPIIb-I1Ia.

Although many earlier studies indicate that thiere are three conformational states
of GPIIb-IIIa: unactivated, activated unoccupied, and activated but ligand occupied, there
are several lines of evidence suggesting that further fine tuning of conformations presented
may exist, depending on activating conditions and ligands bound. The recently described anti
GPIIb-IIIamAb, PMA-5, can selectively inhibit Fg-medzated aggregation of ADP-activated
platelets (and hence GPIIb-IIIa), but not the aggregation of RGD-activated fixed platelets
(41), while mAb AP-6, recognizing a ligand-induced binding site on residues 203-228 on
GPIIIa (LIBS) can distinguish between RGD ory 400-41 1 peptide -occupied GPIIb-IITa and
the receptor occupied by the intact ligand, Fg (42).

It has been shown that the y 400-411 site on Fg is exclusively required for binding
to activated GPIIb-IIIa (43) and for cross-bridging of platelets (44), and that this epitope has
been chemically cross-linked to a domain consisting of residues 296-306 on GPIIb (45),
whereas the RGD domain on vWF is expected to bind to region 109-171 on GPIIla (46).
Thus, perturbations of the final steps of the normal signal transduction pathway for low-dose
thrombin GPIb-mediated activation, controlling ligand affinities and duration of activated
conformational states (47,48), may result in altered stability or activated GPIIb-IIla
conformation in the absence of thrombin occupancy, withe differentially exposed epitopes for
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the binding of PAC-1, Fg and vWF.

4.4. Effect of soluble Fg on platelet aggregation

The y 400-411 recognition domain on GPIIb although likely to be available as
suggested by Fg binding, may nevertheless have reduced accessibility in thrombin-antagonist
treated platelets, as suggested by the inability of soluble Fg to improve ag; values at
intermediate shear rates of G = 1000 s -1, and even at G = 300 s !, where Fg is at its peak
efficiency (31). The apparent inability of soluble Fg to cross-bridge platelets following
binding to platelets has been described previously for effects of a combination of intact
monoclonal antibodies against GPIIb and against GPIIIa (49), and for platelets activated with
ADP at 4° C (50), but ascribed to post-Fg binding events. Similar effects of hirudin and
PPACK on post-ligand binding events remain a possible explanation for Fg behaviour,
although this would not explain the decrease observed in the binding of soluble vWF. The
internalization of GPIIb-IIIa receptors with bound Fg reported by Wencel-Drake et al.(51)
as a mechanism to explain reduced aggregation of platelets in stirred suspensions, is an
unlikely explanation for our experiments, since after five minutes of incubation with Fg,
Wencel-Drake et al. indicated that the extent of decrease in surface-Fg at this time point
resulted in only a 20 % inhibition of aggregation. Thus, sufficient Fg should remain bound

to platelets to participate in the mediation of aggregation, and to increase o values in our

system.
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4.5. Concluding remarks

We have shown an uncoupling of the requirement for thrombin occupancy for the
secretion versus aggregation response in platelets treated with hirudin or PPACK after an
extended thrombin activation period. Inhibition of aggregation at low thrombin activating
concentrations was correlated with a decreased percentage of activated platelets with surface
expression of vWF and TSP, reduced soluble vWF binding and abnormal Fg-mediated
aggregation. Thus, in clinical trials with patients receiving hirudin or PPACK-based
thrombin antagonists, where some low levels of thrombin generation may occur, initial rates
of thrombin-induced platelet aggregation are likely to be reduced at the low thrombin
concentrations present initially, and may contribute to the bleeding complications observed

in some patients.
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Introduction to Chapter 5

Thrombospondin and fibrinogen have been implicated in thrombin-induced macro-
aggregation of platelets in stirred suspensions. In this study, we evaluate the contribution
of these adhesive ligands as well as vWF, to initial rates of aggregation of platelets in
uniform laminar shear flow, at physiologic shear rates between G = 300 and 2000 s™'.
Differences in receptor-ligand requirements resulting from different exposure times to

thrombin prior to placement in the shear field, was also determined.
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Chapter 5
Complementary Roles for Fibrinogen, Thrombospondin and von Willebrand
Factor in Mediating Shezr-Dependent Aggregation of Platelets Stimulated at

Threshold Thrombin Concentrations
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Abstract
Although antibodies against several adhesive ligands have been shown to inhibit the

aggregation of stirred washed platelets (WP) activated with low concentrations of thrombin
(0.05 U/ml), the specific role of individual ligands has not been well established. We have
investigated the contributions of von Willebrand factor (vWF), fibrinogen (Fg) and
thrombospondin (TSP), to the efficiency of platelet capture at various physiologic shear rates
(G =300 (=venous), 1000 or 2000 s! (=microcirculation)) and pre-incubation conditions
(30 s (1,) or 10 minutes (t,,)) with threshold thrombin concentrations. Fluorescently-labelled
reporting antibodies, detected by flow cytometry, confirmed the expression of vWF, Fg, and
TSP, on activated platelet surfaces. vWF was essential for mediating platelet aggregation at
all shear rate and incubation conditions tested. Antibodies against TSP inhibited initial rates
of aggregation in a shear-rate independent manner by 35-65 %. For platelets pre-incubated
with thrombin (t,,), Fg did not directly cross-bridge platelets in flow, although a secondary,
supportive role for Fg is postulated, potentially in its proteolysed form, fibrin. At Ty, vVWF,
TSP and Fg all appeared to mediate aggregation, with Fg now directly cross-bridging
platelets via the y-carboxyl terminus. Thus, optimum shear-associated aggregation of WP
activated with low thrombin concentrations requires all three adhesive ligands, with diverse

role(s) postulated for each, depending on shear and activating conditions.
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1. INTRODUCTION

In hemostasis, vascular injury results in exposure of subendothelium and the rapid
adhesion of flowing platelets to matrix proteins, as demonstrated for von Willebrand factor
(vWF) and collagen (1), with subsequent activation of platelets. Platelet activation may be
associated with release of a-granule proteins and platelet surface expression of adhesive
ligands, including fibrinogen(Fg), vWF and thrombospondin (TSP) (2). Fv_.u'ther recruitment
of platelets for aggregate growth may be mediated by thrombin or released ADP (3,4). VWF
and Fg have also been implicated in both venous and arterial thrombosis (5,6), while TSP
levels are elevated in the thickened intima in human vascular disease (7).

Antagonists against adhesive ligands or glycoprotein receptors can inhibit the macro-
aggregation of washed platelets activated with thrombin (8-10). However, the decrease in
aggregation may be due to direct inhibition of cross-bridging sites on ligand or receptor, or
by inhibition of processes required for optimal platelet surface presentation of ligands
following activation. Platelet binding and participation in aggregation of a given ligand may
be mediated by homotypic platelet receptors (eg. GPIIb-IIIa"-Fg-GPIIb-IIIa"), or by
heterotypic receptors (eg.GPIb-vWF-GPIIb-IlIa") (1 1-14), as summarized in Fig.5-1. Direct
associations between adhesive ligands have also been proposed (Fig.5-1), which include TSP
with vWF (15), Fg (17) or fibrin (Fn) (11), and vWF with Fn (16). These ligands may also

serve to amplify the secretion process, as reported for TSP in thrombin-mediated aggregation

(18).
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Figure 5-1. Potential association sites between soluble or surface-bound adhesive ligands
von Willebrand factor (vWF), thrombospondin (TSP), fibrinogen (Fg), and fibrin and
glycoprotein receptors, for platelet surface presentation or cross-bridging.

176



We have previously demonstrated an important role for vWF in optimizing initial
rates of aggregation of washed platelets, activated with low concentrations of thrombin or
ADP, and sheared in laminar flow at shear rates G =300 or 1000 s™ (19-21). The role of the
two other adhesive ligands, TSP and Fg, has not been previously investigated under similar
conditions. We have used a panel of antibodies against Fg, TSP, and vWF to determine their
role in platelet aggregation under conditions of uniform laminar shear flow. Platelets were
sheared at G = 300 - 2000 s !, at threshold thrombin activating concentrations, and with

varying incubation times.

2. METHODS
2.1. Reagents:

Phorbol myristyl-acetate (PMA), ADP, and a-thrombin were purchased from Sigma
Corp. USA; 8% glutaraldehyde, electron microscopy grade, from Polysciences Inc.;

fluorescein-isothiocyanate (FITC; Isomer I) from Boehringer Diagnostics, La Jolla, CA).

2.2 Reporting and inhibitory antibodies

Monoclonal antibodies (mAbs) used were (also listed in Table 1 for easy reference): mAb
S.12 (IgGl), against platelet membrane P-selectin (22), a gift from Dr. McEver, Oklahoma
Medical Research Foundation, Oklahoma City, OK; mAb 2.2.9., (IgG1), recognizes a non-
functional epitope between vWF residues 1366-2050 (23), generously provided by Dr. Z.

Ruggeri, Scripps Institute, La Jolla, CA; mAb 4AS, (IgGl ,), recognizing y 402-411 on
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native Fg or fibrin, inhibits soluble fibrinogen-mediated platelet aggregation and adhesion
(24), generously provided by Dr. G. Matsueda, Princeton, N.J.. MAb MAITI, (IgG1) against
the heparin binding domain (HBD) on TSP (25), inhibits binding to Fg, and ADP or
thrombin-mediated platelet aggregation (9) and mAb MAI, (IgG1) against the TSP type 3
repeatregion (25), minimally inhibiting thrombin-mediated aggregation (9), were a generous
gift of Dr. J. Lawler, Harvard Medical School, Boston MA; mAb 5G11 (IgG.,) against a
non-functional epitope on TSP (26); and polyclonal affinity-purified F(ab’), fragments
against TSP, generously contributed by Diagnostica Stago, France, previously shown to
inhibit thrombin-induced aggregation (27). F(ab’), fragments from a nonimmune rabbit were
prepared as control. Polyclonal F(ab’), fragments against Fg, shown by us to inhibit soluble-
Fg mediated aggregation of ADP-activated platelet rich plasma, and non-immune F(ab’),
fragments to [gG were purchased from ICN Chemicals in Montreal, Canada. A polyclonal
IgG Ab against vWF, inhibiting thrombin, or ristocetin and soluble vWF-mediated
aggregation of washed platelets (20), and control non-immune IgG were from Cedarlane
Laboratories Ltd. in Montreal, Canada; The mAb T2G1, ( IgG1 «) against BB 15-42 on
fibrin IT (28), was a generous gift from Dr. B. Kudryk, New York Blood Center, New York,

NY.

2.3. Preparation of washed platelets and labelling of monoclonal antibodies: Washed
platelets (WP) were prepared by a one-step wash procedure from human citrated whole
blood as previously described (29). Antibodies were labelled with fluorescein-isothiocyanate

(FITC), and fluorescein to protein ratios (F:P) were calculated (30).
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2.4. Binding experiments: In a previous study, we had shown a threshold thrombin
activating concentration for both the onset of platelet aggregation and for the fraction of
platelets expressing increased levels of vWF, occurring atidentical ECyy's (20). We therefore
determined the thrombin threshold concentration (reflecting very low thrombin
concentrations available early in hemostasis) for each donor, using reporting antibody FITC-
2.2.9 to examine the surface expression of vWF (SE-vWF). Five ulof WP, at 4 x 104 /ul
in a modified Tyrode buffer (BAT:136 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO,, 0.36
mM NaH,PO,, 1.0 mM MgCl,, 5.6 mM glucose, 0.35% BSA) with ImM Ca?*, were added
to FACS tubes, activated with thrombin at concentrations between 0.02 and 0.07 U/ml in
increments 0of 0.01 - 0.02 U/ml, and incubated for 30 minutes with 400nM FITC-2.2.9.. The
reaction was arrested using a 10-fold dilution with BAT buffer, and the average fluorescence
per platelet particle read immediately on a flow cytometer, FACScan (Becton Dickinson,
Mississauga, Ont), as previously described (20,21). Fluorescence for the total cell
population is reported as Fl,. In most cases, platelet populations showed a bimodal
fluorescence distribution due to resting (P°) and activated platelets (P°), where fluorescence
values were increased over background values in the absence of activator (F1"). The
threshold thrombin concentration was dgfined as that at which the % P* for FITC-2.2.9
increased by at least double, to a minimum of at least 40 % over background values. This

concentration was used for further binding and aggregation studies.

2.4.1. Surface expression of TSP, P-selectin and Fg: In order to determine the surface

expression of a-granule-proteins other than vWF on platelets activated with thrombin, WP
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at 10 %/ ul in BAT buffer with 1 mM Ca®*, were activated in the presence of reporting
antibodies: FITC-5G11 (333 nM) or FITC-S.12 (273 nM), used to detect surface-expressed
TSP (SE-TSP) and P-selectin respectively, and incubated for 30 minutes. Fluorescence
values were determined as described above. SE-Fg was assessed using FITC-4AS5 (110 nM),

added 10 minutes after activation, to permit normal Fg binding to platelets.

2.4.2. Effect of inhibitory antibodies used for functional tests, on the surface expression
of adhesive ligands: Binding with reporting antibodies was performed as above, except that
inhibitory antibodies, were added immediately prior to thrombin activation at the following
concentrations, previously shown to inhibit platelet aggregation in stirred suspensions, or
determined in our laboratory: 1.3 M polyclonal F(ab’), anti-Fg (29) or non-immumne IgG
» 3.9 uM polyclonal anti-vWF or control IgG, 67 nM polyclonal F(ab’), anti-TSP (27) or
control IgG, 300 nM MAII or MAI (9). The binding of reporting antibody to WP in the
presence of inhibitor was expressed as the percentage inhibition of control fluorescence

obtained in the absence of antagonist.

2.4.3. Detection of fibrin formation: A fluorescently-labelled mAb against the B3 15-42
residues on fibrin I (FITC-T2G1) was incubated with WP (10 %/ ul) , BAT, 1 mM Ca*, and
activated with thrombin, or with 0.2 M PMA . Platelet suspensions were incubated for 10
or for 30 minutes, at which time the reaction was arrested by dilution, and the fluorescence

values read on the FACSCAN.
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2.5. Aggregation in shear:

Aggregation of WP under uniform laminar shear was tested in a coaxial cylinder
microcouette (0.3 mm gap), as previously described (21,31). Sheared aliquots were
immediately fixed in 10 vol of 0.2 % glutaraldehyde, then diluted with isotonic saline for
particle counting using the FACScan. Platelet aggregation (PA) and capture efficiency ag
were respectively determined from the decrease in particle number with time, and from the
ratio of the rate of two-body collisions resulting in aggregate formation to the total rate of

two-body collisions, as previously described by Xia and Frojmovic (31).

2.5.1. Thrombin-induced shear-associated aggregation of WP: Platelet suspensions (4
x 10%/ul) were pre-mixed in Eppendorf tubes with BAT buffer containing 1mM Ca®", and
thrombin, and immediately transferred to the microcouette for shearing (t,). At To, inhibitory
antibodies against TSP, vWF and Fg, were added to platelets 0-2 minutes prior to thrombin,
at concentrations used in binding experiments. Alternatively, platelets were pre-incubated
with thrombin for 10 minutes (t,,) prior to transfer to the microcouette. In these experiments,
inhibitory antibodies were added either prior to or at the end of the incubation period.
Results reported for percentage inhibition of aggregation (% I ag) by vWF and TSP
antibodies were corrected for inhibition obtained with non-immune control antibodies. The
% I of o for TSP for two different antibodies were very similar at all conditions tested. As
an example, at G =300 s !, the % I of o were 47 + 12 % (n = 4) and 48.5 % (n =2) for
MAII and for the polyclonal F(ab’), anti-TSP fragments respectively. Results were therefore

pooled for these two antibodies.
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2.6.Statistical Analysis

Data are presented as the mean + standard error of the mean (SEM), with numbers
in parentheses indicating the number of experiments performed. Tests for statistical

significance were performed using the Student t-test.

3. RESULTS

3.1. Surface Expression of adhesive ligands:

The thrombin threshold concentration determined using mAb FITC-2.2.9. occurred
at 0.04 £+ .003 U/ml, with a range between 0.02 - 0.07 U/ml, and resulted in 35 - 60 % of
platelets showing maximal binding (% P*). This activating concentration, determined for
each WP preparation, was used for further binding and functional studies. Henceforth, use
of the term thrombin will indicate thrombin at threshold activating concentrations.

The specific binding of fluorescently-labelled reporting antibodies FITC-2.2.9, FITC-
5G11 and FITC-4AS (added 10 minutes after thrombin activation) against SE-vWF, SE-
TSP, and SE-Fg respectively, increased on thrombin-activated platelets, demonstrating
surface expression of all three adhesive ligands (Fig. 5-2). At these low thrombin
concentrations, platelet suspensions contained subpopulations of activated platelets (% P*
2 35 %), with the mean fluorescence for P* (F1°) being approxiinately 95 % of the maximum

Fl,,, for vWF and at least 50 % of the maximum FI, , for the other two ligands.
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Figure 5-2. Surface expression of adhesive ligands vWF, TSP and Fg on washed platelets. WP (10*/
wl) were incubated with or without threshold thrombin concentrations with reporting antibodies
FITC-2.2.9, FITC-5G1t1 and FITC-4AS against vWF (b.), TSP (c.) and anti AGDV on Fg (d.)
respectively, and incubated for 30 minutes. Scatter profiles (a.) were gated to exclude platelet
aggregates, and fluorescence histograms were determined for gated populations. Figures show the
binding of reporting antibodies in the presence (dashed lines) and absence of agonist (solid lines),
for a representative donor.

The surface expression of vWF, TSP, and Fg on thrombin-activated WP was
determined in the presence and absencg of functionally-inhibitory antibodies (Fig.5-3) to
test inhibition specificity. A probe for the surface expression of P-selectin (FITC-S.12) was
included to indicate a-granule secretion. Polyclonal F(ab’), fragments against Fg did not

alter the surface expression of non Fg ligands. Two antibodies: mAb 4AS, againsty 402-411
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Figure 5- 3. Effect of functionally inhibitory antibodies on the surface expression of
adhesive ligands. WP were incubated with thrombin either in the presence or absence of
inhibitory antibodies against TSP (anti TSP-heparin binding domain), vWF (polyclonal)
or Fg (anti AGDV on Fg or polyclonal F(ab’), fragments against Fg), as in Fig. 2. Total
fluorescence (Fl,.) was determined from fluorescence histograms. Results are presented
as mean values for % inhibition of control (no inhibitor) fluorescence values + SEM, for
3-6 donors for FITC-2.2.9 and FITC-5G11 and at least 2 donors for FITC-S.12 and
FITC-4AS, done in duplicate.
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on Fg, and a polyclonal antibody against vWF, potentiated the surface expression of P-
selectin by 1.2 to 3- fold. Although both Fg antibodies inhibited FITC-4AS binding by 66 -
94 % (added at t,; Fig. 5-3), fluorescence values remained higher than with PMA activation
(results not shown) which maximally drives platelet activation and secretion (32) but lacks
proteolytic activity. A component of FITC-4AS5 binding to thrombin-activated platelets may
thus be attributable to fibrin. A mAb against the heparin-binding domain of TSP (MAII)
altered the surface presentation of only TSP, with a significant decrease in Fl,, of FITC-
5G11 of 71 £4 % (n = 5; P<0 .01) (Fig. 5-3), similar to previously reported results using
radiolabelled mAb 5G11 (26). There was no significant inhibition of the surface expression
of any of the adhesive ligands by the isotype control, or of polyclonal F(ab’), fragments

against TSP .

3.2. Aggregation in Shear:

The roles of vWF, TSP and Fg in mediating shear-associated platelet aggregation
were tested under two different activating conditions. Platelets were activated and
immediately transferred to the microcouette device for shearing (1 ), or were pre-incubated
for 10 minutes and then sheared (t,). For t,,, inhibitors were added either prior to or after
the pre-incubation period. Comparison of the inhibition of early rates of aggregation by
these antibodies, when added before versus after a 10 minute pre-incubation with thrombin,
should discriminate between primary events such as ligand secretion-amplifying functions
or ligand stabilization, and secondary cross-bridging events, entailing direct participation in

the capture of platelets in flow. After 10 minutes, we would not expect these ligands to play
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further roles in the secretion process (21), and any inhibition of o; may be attributed to
participation in platelet aggregation by direct cross-bridging.

Washed platelet suspensions pre-activated at thrombin threshold concentrations,
showed significant aggregation with % PAg, increasing from 25 to 79 %, in agreement with
previous results showing correlations between SE-vWF and % PA at the thrombin threshold
concentration (20). Capture efficiencies (o) reflecting initial rates of aggregation (t,,), were
og = 0.2 £0.03, 0.08 = 0.01 and 0.06 + 0.01 (n = 10) at G = 300, 1000 and 2000 s

respectively, with <15% lower o at T,.

3.2.1. Pre-activation of WP with thrombin,t,, ; Role of vWF and TSP: A polyclonal anti-
vWEF antibody significantly inhibited o at all three shear rates tested (G = 300 - 2000 s™)
(Table 5-1), with a significant difference in the extent of inhibition of o, between the lowest
and the 2 higher shear rates ( P< 0.05). Antibodies against TSP also significantly inhibited
ag atall G, with no significant difference found for the % I a obtained at different G’s.
This is the first time that a role for TSP has been demonstrated in the shear-associated
microaggregation of WP activated with thrombin.

Donor-matched data (n = 3) showed significantly less inhibition of a.5’s by anti-TSP
antibodies when added after 10 minutes pre-incubation with thrombin than when added prior
to thrombin: 45 % less at G = 300 and 2000 s (P<0.01) and 60 % less at G =1000 s ! (P<
0.01)(data not shown). Thus, for TSP, we postulate both a role in platelet aggregation via
cross-bridging, as reflected by the 35-50 % inhibition by TSP antibodies when added after

a pre-incubation with thrombin, as well as an additional role reflecting the higher inhibition
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when added prior to agonist. The polyclonal antibody against vWF strongly inhibited ag
when added after a 10 minute pre-activation with thrombin (post thrombin in Table 5-1),
with inhibition of o almost twice as high as that by anti-TSP antibodies, at G = 2000 s
Thus, as in previous studies (20,21), vWF appears to have an important, direct role in

thrombin-mediated platelet aggregation at all G tested.

Table 5-1: Effect of inhibitcry antibodies on the shear-associated aggregation of
washed platelets pre-activated with threshold thrombin concentrations for 10 minutes

% INHIBITION of ag ®

INHIBITORY | G (s)
ANTIBODY*

FOR ANTIBODY ADDED:
PRE THROMBIN POST THROMBIN

300 |74+10 @) ¢
ANTEVWE 1000 |95+3 (3) ¢
2000 |92 2 (6)
300 48 +8 ®© 7 50 =8 4)
ANTI - TSP 1000 |65+8 (9 “ 37 +8 o) 7
2000 |58 14 (4 35 +5 @

* Inhibitory antibodies were added to WP suspensions either immediately prior to, or after a 10
minute pre-incubation period with thrombin (POST), then transferred to the microcouette for
shearing.

® In order to simplify presentation, values presented for % I ag for vVWF and TSP were corrected
for any inhibition obtained with control antibodies. Results were pooled as described in the Methods
section.

¢ Numbers in parentheses represent numbers of separate experiments

§P<0.05

 non-significant
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3.2.2. Pre-activation of WP with thrombin,t,, ; Role of Fg: Using polyclonal F(ab’),
fragments against Fg as well as a mAb against the y-carboxyl terminus of Fg (mAb 4AS5),
shown to be critical for soluble Fg-mediated cross-bridging of platelets in flow (13), we
investigated the contribution of surface-expressed Fg to the aggregation of thrombin-
activated WP. The mAb 4AS5 did not inhibit ag at any G tested (Fig. 5-4a), whether added
prior to or after pre-incubation with thrombin, suggesting that Fg does not directly cross-
bridge platelets under these conditions. In fact, mAb 4AS potentiated o by 15 - 100 %. It
was therefore surprising to find that polyclonal F(ab’), fragments against Fg significantly
inhibited o at all shear rates when added before pre-incubation with thrombin (Fig. 5-4b),
with inhibition at G = 300 s™! significantly greater than at the two higher shear rates (P <
0.001). Addition of this antibody after pre-activation with thrombin (verified to bind
platelets when added at t,, with less than 20 % decrease in numbers bound than when added
at 1, ; results not shown), caused no inhibition of o at any G, but rather a shear-rate
independent potentiation of a; as we had observed with mAb 4AS. Thus, Fg appeared to be

required, but in a role distinct from that of direct cross-bridging of platelets.
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Figure 5- 4. Inhibition of shear-associated aggregation by Fg antagonists in WP pre-activated with
thrombin (t10). WP (4 x 10? /ul) were activated with thrombin. A mAb (anti AGDV )(a.), or polyclonal
F(ab’), fragments against Fg( 1.3 M) (b.), were added to WP either immediately prior to or after a 10
minute incubation with thrombin, then sheared. Results shown are represented as the mean+ SEM, and
are from 2-9 donors.
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3.2.3. Inhibition of adhesive ligands, t,: In contrast to the lack of inhibition by mAb 4A5
when platelets were pre-activated with thrombin (t,,), bothmAb 4AS5 and polyclonal F(ab’),
fragments against Fg significantly inhibited ag; in a shear-rate dependent manner when
platelets were activated and immediately sheared (t,)(Fig. 5-5), suggesting a direct role for
Fg in cross-bridging of platelets in flow at t,, especially important at the lowest shear rate.
Antibodies against vWF and TSP also inhibited ag (Fig. 5-5). The inhibition was similar to
that observed when added prior to pre-incubation (t,,), except that the % I of a; by the énti—
vWF antibody was significantly lower at G = 1000 s *! (P< 0.01), with the minimal % I ag

still close to 50%.
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Figure 5-5. Inhibition of shear-associated aggregation by antagonists of Fg, TSP and vWF in WP
activated with thrombin and immediately transferred to the microcouette for shearing (t,) Washed
platelets were activated as in Fig. 4, and sheared in the presence of inhibitors without a pre-
incubation period. Inhibitory antibodies used were as in Fig. 3 and 4., as well as polyclonal F(ab’),
fragments against TSP (67 nM) (anti-TSP data were pooled as explained in Table 1). Results shown
for inhibition of control ag (no inhibitor) are from experiments with 3-4 donors.
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3.2.4. GPIb and GPIIb-IIIa participation: The mAb 10E5 against the binding pocket of
GPIIb-IIIa completely blocked the shear-associated aggregation of WP, at all shear rates and
activating conditions (data not shown). The antibody against GPIb (mAb 6D1) caused shear-
dependent inhibition at t,,, with greater inhibition (66 = 7 %) (n = 3) at G = 1000 s™' than at
G =3000r2000s! (P<0.01), where % I a; were lower (18 +3 % (n=3)and 31 +4 %
( n = 3) respectively( P < 0.05)). There was no significant di fference between the % I ag
obtained whether mAb 6D1 was added prior to, or after & 10 minute incubation with
thrombin. At t,, inhibition by mAb 6D1 was surprisingly > 80% at all shear rates studied.
This was significantly greater than that at t,, at G = 300 or 2000 s (paired t-test P <

0.05)(data not shown).

3.3. Investigation of fibrin formation:

Fibrin formation and participation in platelet aggregation were hypothesized based
on differences in Fg antagonism observed at the different experimental conditions tested.
Accordingly, we used a fluorescently-labelled antibody against BB 15-42 on fibrin I (FITC-
T2G1) to compare binding to WP activated with 0.2 «M PMA which lacks proteolytic
activity, versus threshold thrombin concentrations. Thrombin activated platelets clearly
showed a 12-fold increase in Fl, for FITC-T2G1 (Fig. 5-6) over background levels,
indicating fibrin formation, while platelets activated with PMA showed only a 1.5-fold
increase. Binding of FITC-T2Gl to thrombin-activated WP for only 10 minutes
(corresponding to t,, in shear experiments), still yielded 50 % of the maximal binding

obtained in 30 minute incubations. These data suggest a potential role for fibrin in the shear-
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associated aggregation of thrombin pre-activated platelets.

Figure 5-6. Detection of fibrin
formation on surfaces of washed
platelets activated with threshold
thrombin concentrations. Washed
platelet suspensions (10*ul) were
activated with thrombin, orwith 0.2
uM PMA. Labelled antibody was
added immediately, then incubated
for 30 minutes. Thrombin cleavage
dependent production of fibrin-II
was detected by mAb FITC-T2G1.
Results presented are for the
fluorescence (Fl,,) in the presence
and absence of agonist, for a
representative donor, and are
similar to results obtained with all
three donors tested.

FITC-T2G1

4. DISCUSSION:

Antibodies against the three adhesive ligands tested, vWF, TSP and Fg, inhibited
microaggregate formation by platelets activated with threshold concentrations of thrombin
in shear flow. However, the apparent contribution of each ligand, as determined by inhibition
of o by specific antibodies, varied with shear rate and with the activating conditions

preceding shearing.

4.1. Platelet aggregation of WP pre-activated with thrombin for 10 minutes (t)-
In the aggregation of platelets pre-activated with thrombin (t,,), (i) as in our previous

studies at G=1000s" (20,21), vWF appears to play an important direct role in cross-bridging
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of platelets in flow, as determined by a 63 - 75 % inhibition of o by a polyconal anti-vWF
Ab, added after surface presentation of proteins was complete; (ii) there is a requirement for
TSP for optimal microaggregation, with TSP fulfilling dual functions, as determined by
differences in inhibition by TSP antibodies added before or after pre-incubation with
thrombin: (a) directly contributing to capture of platelets in flow, and (b) a thus far unclarified
function, (iii) native Fg does not appear to directly cross-bridge platelets, as evidenced by the
complete lack of inhibition by mAb 4AS added pre or post thrombin, and by the selective
inhibition by the polyclonal F(ab’), anti-Fg fragments, seen only if added prior to thrombin
addition; (iv) fibrin is formed on the surfaces of platelets activated with thrombin for 10
minutes, and may participate in platelet aggregation; and (v) glycoprotein GPIIb-IIla is
absolutely required at all shear rates, while there is a shear-dependent requirement for GPIb.
Differences between inhibition of o by inhibitory antibodies when added before or
after incubation with thrombin, suggest a model where at all shear rates tested vWF is the
principal cross-bridging agent, with a cross-bridging component attributable to TSP. Although
native Fg does not appear to directly cross-bridge platelets, Fg in its proteolysed form, fibrin,
may be important for platelet aggregation at t,,. We hypothesize that F(ab’), fragments
against Fg, can interfere with an early event, such as (i) blocking sites on Fg required for
stabilization of Fg or Fn by TSP (17), or (ii) inhibition of fibrin formation and or
polymerization. Thus, inhibitory antibodies may disrupt complex formation between ligands,
or may block sites required for cross-bridging, where associations between vWF and TSP
(15), or Fg and TSP (9,17) may provide stabilization for either partner for actual cross-

bridging. We have not ruled out the possibility that the proteolyzed form of Fg, Fn, may
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directly cross-bridge platelets via the GPIb-vWF-fibrin axis, or via GPIIb-IIIa by cross-
bridging sites other than epitopes targeted by mAb 4AS5 or F(ab’), anti Fg. This would
compare with recent results described for normal clot retraction, shown to occur
independently of Fg sites involved in platelet binding and aggregation (33). Indeed, a fibrin-
associated epitope has been described on gamma (34), which is also implicated in defective
mediation of platelet adhesion to immobilized Fg having mutations or deletions in this region

(35).

4.2. Platelet aggregation of WP pre-activated with thrombin, t,:

In contrast to results obtained at t,,, in thrombin-activated WP suspensions sheared
immediately (t,), Fg participated directly in the cross-bridging of platelets in flow at all
shear rates, as determined by the inhibition of a; by mAb 4A5. vWF and TSP continued to
be required for optimal microaggregation. This is consistent with a model where activation
with thrombin at threshold concentrations, such as may occur in the interval preceding
amplified thrombin generation, yields platelet subpopulations with submaximal to maximal
surface-expression of adhesive ligands, and limited numbers of activated GPIIb-II1a (20,21),
thereby necessitating the composite contribution of all three adhesive ligands for optimizing
platelet aggregation. This is paralleled by initial processes in adhesion, where multiple
ligands and receptors participate (1).

In our study at t,, Fg appears to cross-bridge platelets directly at G = 2000 s™.

Although studies of platelet adhesion to immobilized Fg suggest that the efficiency of
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platelet adhesion to Fg drops off by G = 800 s ' (36), studies of platelet aggregation in
suspension (29,31) indicate a modest but non-negligible role for Fg at higher G, with a role
for Fg in thrombus stabilization postulated (37). TSP appears to contribute to the capture of
platelets in shear flow, as in studies of platelet adhesion to immobilized Ca**-replete

purified TSP (38). However, in suspension, this role appears to be shear rate independent.

4.3. The role of vWF at low shear:

Our results indicate a significant requirement for vWF at threshold thrombin
concentrations (0.02 - 0.05 U/ml) both at t, and t,,, even at the very lowest shear rate (300
s), where soluble Fg is primarily expected to cross-bridge platelets. This is supported by
studies where the vVWF-GPIb axis was found to be important for thrombus growth at G=300
s, even in the presence of Fg (37). It is however in contrast to the limited role reported for
vWF, where normal aggregation was observed in vWF deficient or vWF-antagonized
platelet rich plasma activated with ADP or epinephrine (14,39). High agonist concentrations
used in these studies would increasingly upregulate platelet activation responses, and would
maximally elevate the fraction of the platelet population showing increased activated GPITb-
ITIa receptors and surface-expressed proteins, thereby affecting receptor ligand requirements
for cross-bridging. We previously described such differences in platelet activation responses
when using intermediate (0.2 U/ml) versus low (< 0.05 U/ml) thrombin concentrations (21).
In fact, in our current studies, we have found that inhibition of a; by antibodies against TSP

and GPIb is almost negligible at a thrombin-activating concentration of 0.2 U/ml.
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4.4. Comparison to ADP-mediated aggregation of WP in shear

A previous study of WP activated with ADP, expressing surface-bound vWF and Fg,
and immediately sheared (t;), showed similar kinetics of early aggregation as for thrombin-
activated platelets (t,,) at G = 1000 s ! (19). An important role was also ascribed to surface-
expressed vWF (20), suggesting parallel mechanisms for bond formation between colliding
platelets in flow. However, in contrast to shear-associated aggregation induced by ADP, for
thrombin, a role can also be ascribed to Fg/Fn. While ADP activates subpopulations of
platelets to maximally express activated GPIIb-IIIa receptors, activation with low
concentrations of thrombin only yields subpopulations expressing submaximal numbers of
activated GPIIb-IIIa receptors (21). Thus, although vWF still appears to be the principal
cross-bridging agent, sites to which vWF bridges on threshold thrombin activated WP may
now include TSP and/or fibrin, required to increase numbers of “receptor sites” to yield
similar kinetics. Indeed, the vWF-GPIb axls has been shown to play an important role in

platelet-fibrin interactions (16,40).

4.5. Concluding remarks:

Intrinsic chemical or physical properties of ligands and receptors are expected to
determine the association between varying ligand-receptor combinations. We have shown
that interactions between specific pairs of ligands and receptors may be favoured for
participation in platelet aggregation, under differing shear and activation conditions. This
may further depend on stabilizing complexes formed between alternate pairs, where ligands

may additionally function as “receptors”. In the clinical setting, treatment for cardiovascular
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disease requires that a balance be re-established between anti-coagulant and pro-coagulant
systems. Our results indicate that the multiple roles of ligands under varying conditions, may
allow mild, multitarget prophylactic treatments, which should help reduce bleeding
tendencies while controlling undue thrombus growth. Further studies will be required to link
specific epitopes with function for adhesive ligands and receptors in platelet aggregation

under varying conditions, and to define targets for use in interventional therapy.
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Chapter 6
SUMMARY OF RESULTS and

GENERAL DISCUSSION
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1. ORIGINAL CONTRIBUTIONS AND SUMMARY OF RESULTS

We have evaluated interactions between metabolically active platelets at well-defined
shear rates, for a series of agonists. Most previous studies examined platelet aggregation at
low, undefined shear flow conditions (G estimated to be <100 s!)!? and often at high agonist
activating concentrations, or at very high shear rates (G >6000 s!) in the absence of chemical
agonist>®. We have attempted to more closely adhere to physiologic ranges of shear rate,
namely ~100 - 2500 s!. We have also emphasized the importance of determining receptor-
ligand interactions at low agonist concentrations (2 - 5 «M ADP, <0.05 U/ ml thrombin), as
these are expected to most truly reflect concentrations available in vivo upon initiation of
physiologically relevant processes of hemostasis and thrombosis®.

Our focus was on the role of von Willebrand factor (vWF) in mediating platelet
aggregation induced by varying concentrations of platelet activators, and at varying shear
rates. The picture emerges of vWF as a versatile, extremely sticky adhesive protein. It
appears to be especially important at low agonist activating concentrations, where conditions
for effective platelet capture in flow are expected to be the most stringent, due to submaximal
responses in several platelet parameters. Thus, we have been the first group to explore
specifically the kinetics and capture efficiencies of platelet shear-associated aggregation
mediated by soluble vWF bound to GPIb, in the presence of the chemical modulator,
ristocetin. We demonstrated that the efficiency attained was eight-fold greater than for Fg-
mediated aggregation under similar shear-flow conditions®, and was dependent on the platelet
GPIb receptor alone. Furthermore, as few as10 molecules, or fewer, of bound vWF were
sufficient to cross-link platelets. (Chapter 3).
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Platelets activated with the physiologic agonists ADP and thrombin, showed increased
surface expression of von Willebrand factor following activation, in the absence of any
externally added soluble ligands. Initial studies established the existence of a threshold
thrombin concentration which caused a fraction of the platelet population to maximally
express VWF. This threshold concentration occurred with an EC,, (effective concentration
causing 50% of maximal changes) identical to that for a similar threshold response for the
onset of platelet aggregation. Additionally we showed that this EC,, was significantly lower
than that for the expression of surface P-selectin or activated GPIIb-IIIa receptors, suggesting
uncoupling of platelet activation responses. Unlike shear-associated aggregation in the
presence of a specific modulator of the vWF-GPIb interaction, ADP-activated washed
platelets showed a shear-sensitive role for GPIb and an unconditional and total requirement
for activated GPIIb-IIIa. Thus, rapid initial capture of platelets via surface-bound vWF on
one platelet, and GPIb on another platelet, insufficient to mediate aggregation alone, could
nevertheless extend contact times between colliding platelets to allow stable bond formation
to occur via activated GPIIb-IITa. Aggregation induced by low thrombin concentrations in
platelets pre-activated with thrombin for 10 minutes prior to shearing (t,,), showed an
absolute requirement for vWF, and similar glycoprotein receptor participation and
efficiencies of platelet capture as when induced by ADP. However, this similarity occurred
despite underlying differences in participation by the ligands TSP and Fg.

We were the first to demonstrate that TSP could mediate shear-associated
microaggregation of platelets pre-activated with threshold concentrations of thrombin, both
by cross-bridging platelets and by a second, as yet undefined role. We also clearly showed
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that under these conditions, native Fg does not directly cross-bridge platelets, but that in the
thrombin-proteolyzed form, fibrin, it may either directly link platelets through as yet
undefined epitopes, or it may function as a "receptor", thereby providing additional sites to
which vWF, surface-expressed on another platelet, may cross-bridge.

Platelets activated by thrombin and transferred immediately to the microcouette for
shearing (t,), relied on different ligand-receptor combinations for effecting aggregation. In
this case, native Fg directly cross-bridged platelets in a shear-dependent manner, in addition
to a partial reliance on TSP. A much higher than previously suggested role was ascribed to
the GPIb receptor at all shear rates. This, together with the fact that under all conditions
tested, inhibition of vVWF caused between 63-98 % inhibition of microaggregation, suggests
that the vWF-GPIb axis may be supremely important for direct capture and initial cross-
bridging of platelets in minimally activated platelets.

1.1. Thrombin concentration-dependent platelet responses

Using thrombin antagonists, we showed that requirements for thrombin occupancy of
its platelet receptors varied with thrombin concentration. Previous studies had suggested that
for platelet aggregation induced by low concentrations of thrombin, occupancy of its
receptors was required only in the first minute or so following activation to allow secretion
to occur’®. However, we showed that for the initiation of aggregation, sustained occupancy
of thrombin receptors by prdteolytica]ly active thrombin was required for maintenance of
surface-expressed vWF, TSP and likely for appropriate activated GPIIb-IIIa conformation.
We also demonstrated that following thrombin neutralization, the presence of soluble Fg pre-
bound to activated GPIIb-IIla, was insufficient for mediation of aggregation, even at flow
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conditions optimal for Fg.
1.2 Caveats

The above must be considered with the following caveats. 1) Our experiments were
performed in a closed system, rather than in a "one-pass”" system such as exists in the
vasculature. Thus, cells were exposed to a constant agonist concentration (no dilution effects)
and shear rate (normally varying throughout the circulation) during the duration of each
experiment. However, short times were used in actual aggregation measurements, with initial
rates estimated for "zero" time, with the first experimental time point being 10 seconds. 2)
Uniform laminar shear was applied in contrast to the pulsatile shear stresses to which blood
is exposed within the vasculature. 3) We have used isolated platelets with selective re-
constitution of plasma proteins and the absence of additional blood or vessel wall cells,
which can contribute further activators (neutrophil cathepsin G %) or inhibitors (EC nitric
6xide, prostacyclin'®). 4) The transfer time between the Eppendorf tubes used to pre-mix
platelet suspensions with agonists and inhibitors, and the microcouette device used for
shearing, also added 20-30 seconds prior to shearing. This activation time is longer than
would be expected in normal physiology, where adhesive events occur within milliseconds.
However, as flow greatly increases the flux of platelets, at the short times tesied (<60
seconds), aggregation becomes significant only under dynamic conditions, and cross-
bridging partners are expected to validly reflect in vivo associations occurring at given shear
rates. In the pathological state, there may be more chronic exposure to agonists, abrogating

this caveat, and modeled by our studies at t,,.
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2. DISCUSSION
2.1. Chemical and physical determinants of platelet aggregation
The interplay between chemical and physical modulators of platelet aggregation may

be illustrated by the observations of Dr. Goldsmith et al'!. They found that washed platelets
aggregated in tube flow only when minimally activated (0.7 .M ADP), and were subjected
to average wall shear rates of G 2300 s’!, with both conditions simultaneously required, and
no aggregation observed at G < 100 s'. A synergism between flow and activation was also
described by Goto et al'?, for the agonist epinephrine. Our results reflect the modulator effect
of these two elements at the molecular level. Chemical activation can directly upregulate
GPIIb-IIa affinities, induce the release of alpha granule-stored adhesive ligands vWF and
Fg, already present in plasma, as well as of new ligands like TSP, and of the dense granule-
stored activator, ADP. Physical factors regulate the frequency of collisions', contact times'*,
energies of collision (transfer of kinetic energy to energy of bond formation), and can
directly alter the quaternary structure of molecules, as reported for shear-induced unfolding
and extension of surface-bound vWF'.
2.2 Platelet cross-bridging receptor sites

Increases in ADP concentration used to activate platelet-rich plasma suspensions, yield
increasing fractions of platelets expressing maximal numbers of activated GPIIb-Illa
receptors (% P°), with % P corresponding to % platelets incorporated into platelet
aggregates's!’, In contrast to this, increases in thrombin concentrations used to activate
washed platelets, leads to a graded response in both the fraction of platelets expressing
activated GPIIb-IITa, and in the actual numbers of receptors which are activated (Fig. 6-1).

208



The percentage of platelets incorporated into aggregates is however mﬁch greater than this
number. At threshold thrombin activating concentrations, the low numbers of GPIIb-IIIa
available may limit the potential of ligands to capture or to completely link platelets in flow
via this receptor, since (i) fewer GPIIb-IIIa’ may require more collisions before effective
capture can occur, or (ii) fewer cross-bridging sites may reduce avidity, which may be
needed to maintain effective cross-bridging. A similar graded response occurs for TSP

surface expression as well.
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Fig. 6-1. Glycoprotein (GP) IIb-IIIa receptor activation as a function of agonist activation.
Although at high agonist concentrations, both ADP and thrombin will produce activation of mostly
all GPIIb-IIIa receptors on the entire platelet population, at low concentrations, a different pattern
of GPIIb-IIIa activation occurs. Whereas activation at such concentrations with ADP will produce
a subpopulation of platelets with all their GPIIb-IIIa receptors fully activated, thrombin activation
results in subpopulation responses, with only a fraction of receptors on each platelet being activated.
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The greater ability of thrombin than of ADP to drive secretion'?, its catalytic function,
and differences between ADP and thrombin signaling pathways, however, can provide
additional molecules for cross-bridging of platelets activated with thrombin, each associated
with their respective receptors. There are at least two different mechanisms which may
compensate for low activated GPIIb-IIla density (numbers per platelet) on platelet
subpopulations (Fig. 6-2). In the first case, called the mad dash model (t,), for platelets
activated and sheared immediately, corresponding to normal physiological processes, the
composite contribution of ligands Fg, vWF and TSP, and receptors GPIb and GPIIb-IIIa’,
is required to effect aggregation, with Fg participating in a direct cross-bridging role. In a
pathological model corresponding to liberation of activated platelets from entrapped sites
with low levels of thrombin generation'®, called the chronic evolution model (t,(), platelets
may aggregate, by way of vWF, TSP and fibrin (Chapter 5), with both direct participation
in aggregation and a secondary role postulated for TSP. GPIb is less important than in the
mad dash model (t,), and GPIb-1iIa" is absolutely required. Again, a multi-component
model is expected to compensate for limited GPIIb-IIIa" availability. Glycoprotein Ib as a
receptor remains important under these conditions, since approximately 25,000 receptors per
platelet are available on the surface of each platelet in the suspension, with a minimum of
20,000 receptors competent to bind vWF in the presence of ristocetin. Very little loss due to
internalization is expected at concentrations of <0.05 U/ml thrombin?*?!. This may be
compared with approximately 6 -10,000 molecules per platelet on <20 % of the populatidn
for GPIIb-IIIa", or an estimated 10,000-20,000 antibody-accessible fibrin molecules on 40-
50% of platelets (with GPIb also required for vWF-mediated platelet-fibrin interactions).
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Fig. 6-2. Models for participation of adhesive ligands and glycoprotein receptors in thrombin-
induced shear-associated aggregation. When platelets are activated with threshold thrombin
concentrations and immediately placed in a shear field, vWF, TSP and Fg appear to directly
participate in mediating the aggregation (mad dash model; t,). GPIb and GPIIb-IIIa are both
extremely important at all shear rates. When platelets are pre-activated with thrombin for 10 minutes
prior to shearing (chronic evolution model), native Fg is no longer required, but when proteolysed
to fibrin, is now needed either to cross-bridge platelets through non AGDV sites, or to function as
a "receptor” for cross-bridging to, by vWF or TSP.

2.3 Role of von Willebrand Factor
VWF is competitively at an advantage over Fg in our "chronic evolution" model, as it
could theoretically cross-bridge to four distinct "receptors" GPIb, GPIIb-IIIa*, TSP or fibrin

(discussed in Chapter 1, section 4.4). As suggested by our studies, the vWF-GPIb axis likely
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acts in a facilitative role, bringing cells together to allow further bond formation between
additional receptor-ligand partners such as Fg-GPIIb-IIIa’, which may be further stabilized
by TSP2. Thus, multi-component adhesions would provide the greatest strength of platelet-
platelet cohesion.

Quantitative differences in the surface expression of adhesive proteins and activated
GPIIb-IIIa receptors, and qualitative differences in receptor-ligand participation in
aggregation, varied with the activation thrombin concentration (Chapter 3,4). The
dependence of platelet aggregation on GPIb and TSP at intermediate shear rates decreased
with increasing thrombin concentration for thrombin pre-activated platelets. At higher
agonist concentrations, Fg may be of primary importance for cross-bridging at shear rates
below G ~ 50032, due to a plasma concentration advantage and full activation of its binding
partner, GPIIb-IIIa’. vWF should gain importance again as shear stresses increase and more
severely limit contact times available for molecular orientation for bond formation during
cross-bridging. Recent studies by Ruggeri et al?%, 1998, suggest that both Fg and vWF may
function over a wider range of shear rates than previously believed?. At lower shear rates (G
=300 s'), and in the presence of plasma concentrations of Fg, vWF may be important for
thrombus growth in a non-pre-activated system, while Fg may stabilize aggregates at G up
to 1500 s”?4. In suspension, for platelets pre-activated as in our experiments, vWF was found
not to be important in mediating platelet aggregation®. This however is not necessarily in
disagreement with our results, and merely cautions as to the sensitivity of data to slight
changes in experimental conditions. In their studies, surface expression of adhesive proteins
was not determined, and full activation of platelets was likely induced at the much higher
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agonist concentrations used (20 «M ADP and 20 xM epinephrine), thereby shifting the
balance towards different receptor-ligand participation. An essential role for the vVWF-GPIb
axis has also been demonstrated in platelet adhesion to fibrin, collagen and fibronectin (see

Chapter 1, sections 2.1.1, 4.4 and 5.3)), and is therefore of broad physiological importance.

2.4 Other Paradigms:

Initial processes for adhesion have also recently been shown to require multiple
receptor-ligand combinations to ensure platelet attachment?s. An additional paradigm of a
multi-component system is that of neutrophil hetero- or homotypic aggregation. As such, in
neutrophil-neutrophil interactions, dynamic conditions also dictate molecular bonding
partners for mediating aggregation. Thus, at venular shear rates (G = 20 - 200 s %),
neutrophils may aggregate via 82 integrins (LFA-1 or MAC-1). However, at increasing shear
rates (G 2400 s), L-selectin and and its receptor PSGL-1 on individual neutrophils are
required to mediate initial transient capture, followed by activation and firm capture via 82
integrins®*-°. Indeed, activated platelet co-aggregation with neutrophils has also been found
to depend on multiple receptor-ligand combinations similar to that for neutrophil homotypic
aggregation, but with P- (instead of L-)selectin provided by activated platelets (P°)*!, and
GPIIb-IIa’-Fg on platelets cross-bridging to CD11b/ or CD11c/ CD18%. Thus, intrinsic
biomechanical properties of specific receptor-ligand combinations, can limit potentials for
interaction at varying shear rates, with in our case, vWF, able to capture platelets under the

full range of G from physiological (G =30-2000 s™') to pathological (G >10,000 s™).
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2.5 Reflections on platelet thrombin receptors:

Our results clearly indicate a functional difference between platelet responses when they
are activated at thrombin concentrations of <0.05 U/ml versus >0.2 U/ml. This is reflected
by requirements for thrombin receptor occupancy by catalytically active thrombin, for
optimal shear-associated aggregation, and for surface expression of vWF and TSP. The
sustained requirement for catalytically active thrombin suggests that even at very low
concentrations, a proteolytic event may be involved. This is consistent with resuits by Liu
etal®*, where even at low thrombin concentration, cleavage of PAR-1 occurred, and suggests
possible cooperativity between high and moderate affinity receptors. Alternatively, allosteric
changes in the exosites may be induced by occupation of thrombin by PPACK?>4, and may
lead to changes in engagement of the receptor for downstream signaling events. The
conversion of fibrinogen to fibrin, required for optimal aggregation, may occur with slower
kinetics at lower thrombin concentrations. Thus, the abrogation of thrombin catalytic
function by its antagcuists, may more greatly affect fibrin receptor- or ligand function
dependent events mediated by a high-affinity receptor. However, itis difficult to explain how
this would cause the > 85 % inhibition of soluble vWF binding to thrombin-activated
platelets observed, which is expected to be directly to GPITb-IIla". Therefore, differences in
requirements for thrombin receptor occupancy at different thrombin activating
concentrations, for platelet aggregation and vWF, and TSP surface-expression, are apparently

unrelated to fibrin formation.

2.6 Implications for therapeutics:
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Our studies have added to the knpwledge of hemostasis by highlighting normal
mechanisms which may be involved in platelet aggregation under physiological conditions,
and corroborate previously described important roles for the GPIb-axis as well as for
activated GPIIb-IIIa. The illustration of platelet aggregation as being dependent on multiple
receptor ligand pairs in the earliest stages of hemostatic and thrombotic processes, can
provide a basis for "mild" prophylactic therapies targeted towards multiple ligands and
receptors. Several antithrombotic agents have been developed against GPIIb-IIIa , with
animal and FDA -approved drugs for human use including abciximab (c7E3, Reopro®**¢), and
RGD-related compounds such as tirofiban (Aggrastat’’**) and eptifibatide (integrilin®?).
Drugs have been targeted against ADP receptors (ticlopidine and clopidogrel?) or directly
against thrombin (low molecular weight heparin*' and hirudin*?) or its production (F.Xa
inhibitors®®). Although adhesive ligands Fg and vWF*+4 have also been targeted, TSP
antagonism has not been investigated. The appearance of fibrin in atherosclerotic plaques has
been correlated with the severity of lesions*®. Additionally, it has been shown that neutrophil
deposition may be increased on fibrin, contributing to inflammatory processes*’. Our results
suggest that fibrin formed on platelet surfaces may participate in plateiet aggregation as well.
Our discovery of residual inhibition of platelet aggregation by thrombin antagonists at low
thrombin activating concentrations despite normal platelet secretion and fibrinogen
equilibrium binding, sugges';s an explanation for the bleeding complications described in
some patients*®*. A better understanding of these effects should allow compensatory
compounds to be administered which would correct for lost adhesive function while
neutralizing the pro-coagulant aspects contributed by thrombin.
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3. FUTURE DIRECTIONS:

The release of soluble alpha granule proteins is generally thought to occur in close
temporal proximity to the appearance of alpha granule membrane protein P-selectin on
platelet surfaces, and as such it is often used as an indicator of secretion from activated
platelets. However, studies by Ginsberg et al*® have suggested that fibronectin, an alpha
granule protein, may actually appear on platelet surfaces well in advance of the appearance
of soluble granule-derived fibronectin. In our studies, we have shown a disparate increase
in the fraction of platelets showing upregulation of surface expression of vWF, than of P-
selectin, with vWF expression occurring at lower agonist concentrations, suggesting
independent mobilization of this protein from intracellular stores. We have thus far not
verified whether platelets with vWF also expressed P-selectin, or if that occurred on a
different subset of platelets, and this could easily be done using two-colour fluorescence.
Studies by Dr. Goldsmith et al*®, have suggested that the time required for surface
organization of various secreted proteins may not be identical. The question raised would tie
in well with our experiments, since investigation of temporal appearance on platelet surfaces
under a range of conditions would help further define availability of ligands for aggregation.
This may need to be checked under flow conditions as well, to take into account post-
aggregatory changes which may modulate ligand accessibility.

Further to this, model systems may be used to determine affinities between individual
receptor-ligand pairs as a function of receptor availability (GPIb, resting versus activated
GPIIb-IIIa, and potentially, TSP and fibrin as receptors) and to relate these to efficiencies of
aggregation. Actual numbers of such "receptors" should be taken into account in order to
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consider mass-action effects on binding events which must occur in very short periods of
time, due to flow diluting out unbound ligands or released agonists.

As our results were procured using washed platelets, in the absence of most plasma
proteins or additional cells, reconstitution experiments selectively adding back adhesive
plasma proteins, blood cells and cellular pro- and anti-coagulant chemical modulators,
should be done to validate the importance of the multi-ligand, multi-receptor model
proposed.

We have alluded to a potential role for fibrin in platelet aggregation at threshold
thrombin activating concentrations. Decreased platelet adhesion to Fg from patients with
mutations in a fibrin neo-epitope’!, at residues 315-322 of the y-carboxyl terminus of
fibrinogen/fibrin®? has been described. It would be interesting to evaluate this new site for
mediation of platelet aggregation in model systems. Similarly, previous studies have not
determined the ability of TSP to directly mediate aggregation, while taking into account TSP
affinities for its multiple potential platelet receptors (GPIIb-IIIa, IAP, GPIV; see Chapter 1,
section 5.2.1.) or for other adhesive ligands (FG, vWF or FN) bound to their respective
receptors. These would test functions of TSP other than those for amplification of secretion
processes, as previously proposed>*. These additional studies should provide new data which
may prove useful in the development of novel strategies for anti-thrombotic therapies or to

improve therapies in bleeding disorders.
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Surface-Secreted von Willebrand Factor Mediates
Aggregation of ADP-Activated Platelets at Moderate Shear
Stress: Facilitated by GPIb but Controlled by GPlib-llia
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. Summary

We previously showed that ADP activation of washed human
platelets in plasma-free suspensions supports aggregation at moderate
shear stress (0.4-1.6 Nm-?) in Poiseuille flow. Although most activated
platelets expressed maximal fibrinogen-occupied GPIIb-IIa receptors,
aggregation appeared to be independent of bound fibrinogen, but
blocked by the hexapeptide GRGDSP. Here, we tested the hypothesis
that von Willebrand factor (vWF) secreted and expressed on acti-
vated platelets mediates aggregation at moderate shear rates from
300 to 1000 s! corresponding to shear stresses from 0.3 to [.1 Nm2.
Relatively unactivated platelets (<15% expressing prebound fibrino-
gen) were prepared from acidified citrated platelet rich plasma (cPRP)
by single centrifugation with 50 nM stable prostacyclin derivative
ZK 36374 and resuspended-in Tyrodes-albumin at 5 X 104 cells pl-l.
Flow cytometric measurements with monoclonal antibody (mAb) 2.2.9
reporting on surface-bound vWF, and with mAb S12 reporting on
a-granule secreted P-selectin, showed that 65% and 80%, respectively,
of all platelets were maximally activated with respect to maximal
secretion and surface expressior of these proteins. “Resting™ washed

" platelets exhibited both surface-bound vWF and significant P-selectin

secretion. We showed that mAbs 6D1 and NMC4, respectively
blocking the adhesive domains on the GPIb receptor recognizing vWF,
and on the vWF molecule recognizing the GPIb receptor, partially
inhibited ADP-induced aggregation under shear in Couette flow, the
degree of inhibition increasing with increasing shear stress. In contrast,
mAb 10ES, blocking the vWF binding domain on GPIIb-Illa, essen-
tally blocked all aggregation at the shear rates tested. We conclude
that vWF, expressed on ADP-activated platelets, is at least the pre-
domipant cross-bridging molecule mediating aggregation at moderate
shear stress. There is an absolute requirement for free activated
GPIIb-Mia receptors, postulated to interact with platelet-secreted, sur-
face bound vWF. The GPIb-vWF cross-bridging reaction plays a
facilitative role becoming increasingly important with increasing shear
stress. Since aurin tricarboxylic acid, which blocks the GPIb binding
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domain on vWF, was also found to completely block aggregation in
Poiseuille flow, we conclude that it too affects the GPIb-IIIa inter-

action.

1Infroduction

In a previous paper, we reported that. in the absence of exogenous
fibrinogen, ADP-induced activarion of multiple-washed and centri-
fuged human platelets suspendad in Tyrodes-albumin supported aggre-
gation at moderate shear rates in Poiseuille flow {mean values, 335
and 1335 s) corresponding to shear stresses of 0.4 and 1.6 Nm2 (1).
Although 54% of the resting_ and >75% of the ADP-activated, washed
cells expressed maximal fibrinogen-occupied GPIIb-Ia receptors (as
monitored with FITC-labelled monoclosal antibody 9F9), the aggrega-
tion appeared to be independent of the bound fibrinogen, though
blocked by the hexapeptide GRGDSP which did not alter the prebound
fibrinogen. In addition, F(ab™). fragments of a polyclonal antibody to
human fibrinogen which did not alter the extent of prebound fibrino-
gen, had almost no effect on the ageregation. Moreover, relatively
unactivated washed platelets (14% of resting platelets expressing pre-
bound fibrinogen), prepared by single centrifugation in an acid medium
in the presence of the stable prostacyclin derivative, ZK 36374, and
resuspension in Tyrodes-albamin. also supported ADP-induced aggre-
gation at shear rates of 335 and 1335 s~ in the absence of exogenous
fibrinogen.

We therefore postulated that another adhesive protein, likely von
Willebrand factor (VWF), secreted during platelet isolation and/or in
flow at sufficiently high shear stress. mediates the observed aggrega-
tion following ADP-activafion of the platelets. Even at the low shear
rates (~100 s™) estimiated to exist in stirred aggregometer vials, soluble
vWF can mediate aggregation of ADP-activated platelets via binding to
activated GPIIb-IHa receptors in the absence of exogenous fibrinogen
(2, 3). The aim of the present paper was to explore the postulated
cross-bridging role of platelet surface-expressed vWF, by testing the
single-washed, relatively unactivated platelets, before and after addi-
tion of agonist, for a-granule release and secretion and surface expres-
sion of vWF, and to compare the results with those of platelets in cPRP,
in which freshly-prepared cells are known to be unactivated (4). In
addition, we studied the effect on ADP-induced aggregation at moder-
ate shear stress, of monoclonal antibodies (mAbs) LJ-152B/6 (152B/6)
and NMC4, respectively blocking the GPIIb-a and GPIb binding
domains on vWF (5, 6), of mAbs 6D1 and L0ES, respectively blocking
the vWF binding domains oz GPIb (7) and GPIIb-IIz (8), and of aurin
tricarboxylic acid (ATA) reported to block the GPIb binding domain
on vWF (9), using both a variable shear (Poiseuille flow) and a uni-




form shear field (Couette flow; 4) at moderate shear stresses, from
03t LINm=

Others have carried out experiments in free-flowing suspensions of
washed platelets and blood subjected to high shear stress in Couette

to vary from 9 to 12 nM, an order of magnitude below- the value reported
for the fibrinogen-platelet receptor dissociation constant, K, ~100-200 oM
(19-21).

viscometers in the absence of extrinsic activators (5, 10-12). At shear 3.3 Esrimation of Activation of Washed and ADP-stimulated Plaselets

stresses >8 Nm-, platelets do aggregate, but only in the presence of
vWF, either added or released from the platelets. It is remarkable that,
in our previous work. we found that, for the multiple-washed cells at
3 X 10° ui", the critical shear stress for the onset of aggregation with
0.7 pM ADP was about 20-fold lower than that observed by Ikeda et al.
(5). If vWF plays a major role in the ADP-induced aggregation at the
much lower shear stress, one would expect a significantly increased
secretion and surface expression of the adhesive protein on the ADP-
activated washed platelets.

4. Materials and Methods

1.\ Reagents

Frozen aliquots of 20 mM ADP in Tyrodes and of 1.6 mM PMA in 100%
ethanol (Sigma Chemical Co., St. Loujs, MO) were warmed to room tempera-
ture before use and diluted in Ca**-free Tyrodes-albumin solution. Electon
microscope grade glutaraldehyde (J. B. EM Services, Pointe Claire, Quebec)
was diluted 10 0 5-0.8% (vol/vol) in Isoton I {Coulter Electronics Inc., Hialeah,
FL). The stable prostacyclin derivative, ZK 36374 (13) was a generous gift of
Dr. T. Krais, Schering Corporation, Berlin, Germany. Frozen aliquots of 10 pM
ZK in saline containing 0.13% NaHCO; were warmed to room temperature
before use and added to give the desired concentration.

Twenty-five pl of washed platelets in Ca**-free Tyrodes were mixed with
451055 pl of FITC antibody and incubated for about 30 min. before quench-
diluting the reaction with 10 vols of Ca**-free Tyrodes. and analyzed in the
flow cytometer within 30-60 s to minimize any post-dilution tme-dependent
changes (18). For ADP- or PMA-stimulated platelets, 225 pl of washed cells
were rapidly mixed with 2.5 pl of activator (rapid hand swirling of the tube for
~1 s), 10 s before addition of the FITC antibody. The final concentrations of
mAb [52B/6,2.2.9 and S12 were 133, 173 and 100 nM. respectively. The pres-
ence of | mM MgCl,, in the Ca**-free Tyrodes normally allows “physiologic™
studies of PACI and 9F9 binding to ADP-activated plateless. in the absence of
confounding aggregation (1, 16-17). We nonetheless confirmed that identical
equilibrium fluorescence histograms and platelet subpopulation distributions
were obtzined when directly comparing 9F9, S12 or 152B/6 binding to platelets
activated with 5 pM ADP or 0.2 uM PMA in PRT with and without 2 mM
CaCl, added 30 s before the activator.

The platelet suspensions were analyzed for 2500-5000 cells in a FACSCAN
flow cytometer (Becton Dickinson Canada, Mississauga, Ontario) as previous-
ly described (18), with particular attention to the bimodal distribution of
fluorescence due to resting (P°) and maximally-activaied platelets (P*), as
previously described (22). Thus, the fraction of cells activated are reported as
%P* for bimodal, subpopulation responses, or simply as % activated platelets
for partially unimodal responses, where the entire platelet population undergoes
a partial activarion.

Monoclonal antibodies 152B/6 (6) and NMC4 (S), which block the 34%,,, Devices

GPIIib-Ila and GPIb domains on vWF, respectively, and mAb 2.2.9, specific to
a vWF adhesion-independent domain with one site per 220 kDa repeating unjt
present at the COOH-terminal domain of vWF (14), were generously provided
by Dr. Z. Ruggeri (Scripps Institute, La Jolla, CA), with NMC4 originally
obtained from Dr. A. Yoshioka (Nara Medical University, Japan). Monoclonal
antibodies 6D 1. directed against the vWTF binding site on GPIb (7) and 10ES,
against the GPIIb-MMTa binding domain for soluble fibrinogen or vWF (8), were
provided by Dr. Barry Coller (Mount Sinai Medical Center, New York. NY).
Aurin tricarboxylic acid (2900 Da fraction), which blocks the GPIb binding do-_
main on VWF and the associated ristocetin-induced platelet aggregation (15).
was the generous gift of Dr. M. Weinstein (FDA, CBER, Rockville Pike, MD);
mAb 9. specific for the receptor-induced binding site (RIBS) on fibrinogen
bound to its activated GPIIb-IIa receptor (16), was obtained from Dr. A.
Budzynski (Temple University, Philadelphia, PA), and mAb S12, specific to
platelet a-grannle membrane protein GMP-140 (17), was a gift from Dr. R.
McEver, Oklahoma Medica! Research Foundation, Oklahoma City, OK. Label-
ling of antibodies with fluorescein isothiocyanate (FITC; Isomer L. on celite
10%, Bochringer Diagnostics, La Jolla, CA) was carried out as previously
described (18).

-d.Preparation of Platelet-rich Plasma and Washed Platelet Suspensions

Citrated PRP (cPRP) was prepared from venous blood collected from
healthy human donars into 1/10 volume of 3.8% sodium citrate and processed
as previously reported (). Relatively unactivated washed platelets were pre-
pared from cPRP by a single centrifuging and washing procedure as previously
described (<15% expressing pre-bound fibrinogen; 1). Essentially, the proce-

* dure involved acidifying cPRP, centrifuging in the presence of 50 oM ZK
36374 and redispersing the platelet pellets in modified, Ca**-free Tyrodes-albu-
min (136 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO;, 036 mM NaH,PO,,
1L.O0mM MgQl. 56 mM glucose, 0.35% BSA). The platelet-rich Tyrodes
(PRT) was then diluted with normal Tyrodes-albumin containing 2.0 mM
CaCl, added just before activation and shear, to yield 5.0 X 10* cells/pl in
the flow experiments. The fibrinogen concentration in solution was estimated

Tube flow was used to evaluate the inhibition of shear-induced platelet
aggregaton by mAb LI-152B/6 and ATA, reagents available in relatively large
quantites, since a minimum of 10 mi of washed platelet suspension was
required per run. All other inhibitors, mAbs NMC4, 6D1 and 10ES, were
evaluated in the micro-Couette device which required ouly 400 pl of suspen-
sion per run. .

3\ Poiseuille flow. Platelet-rich Tyrode suspension and ADP solutions flowing
from independent infusion pumps (Harvard Apparatus, Bedford, MA) were
rapidly mixed in a stirred chamber of S0 pul volume at 2 fixed flow rado,
PRT:ADP =9:1 (23). The suspensions flowed out into 0.76 mm i.d. polyethy-
lene tubing (Clay Adams, Parsippany, NJ) from 2 cm to 10 m long at a volume
flow rate, Q = 108 pl s, corresponding to volume averaged mean tube shear
rates <G> = 32Q/157R ? = 1335 s, R, being the tube radius (23). The mean
transit times (mean tme of exposure to ADP), <t> =X/<U>, where X is the
distance of flow along the tube and <U> is the mean linear fluid velocity.
ranged from <0.1 to 42 s. Known volumes of suspension (~300 ul) were col-
lected into 4.5 ml 0.5% isotonic glutaraldehyde. thereby arresting the reaction.

3.1 Couerte flow. The platelet suspensions were sheared in an annulus of thick-
ness h = 0.5 mm between concentric plexi-glass cylinders of a micro-Couette
device (4). The outer cylinder, radius 5.5 mm, was stationary. By means of a
high precision step motor, the inner cylinder, radius R = 5.0 mm, rotated at var-
iabie angular velocity, w, comresponding to shear rates. G. given by G = Rw/h
from 1 to 1000 s~! (b << R). Adenosine diphosphate was briefly (<2 s) mixed
with the platelet suspension using a disposable plastic pipette. and 400 pl trans-
ferred into the Couette after first lifting out the inner cytinder. The inner cyfin-
der was lowered and the suspension sheared for a given time before arresting
motion. A 30 ul subsample of suspension was then collected from a port on the
outer cylinder situated just above the base of the inner cylinder, and immediate-
ly fixed in 7 vol of 0.8% glutaraldehyde, first discarding 20 pl of dead volume.
The volume between the lower surface of the inner cylinder and the base of the
outer cylinder is not sampled during these operations.

Daza analysis - Poiseuille Flow. The number concentration and volume of
single platelets and aggregates were measured using an electronic particle and
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Fig.1 Flow cytometric measurements of thé extent of surface-bound vWF on
washed platelets before and following activation with (a) 0.2 pM PMA and (b)
2 and 5 uM ADP, as monitored with mAb 2.29. The solid line histograms
show mAb-binding to resting washed platelets, compared to platelets in cPRP
{dashed line histogram). The dashed-dotted and dotted line histograms show
_ binding to PMA- or ADP-driven maximally activated washed platelets. Data

for the computed % activated cells in this and the following two figures are

given in Table |

sizing system (Multisizer I, Coulter Electronics Inc., Hialeah, FL) to generate
250 class log-volume histograms over the equivalent sphere volume range
1-10° pm?, as previously described (23). Computer integration of the log-
volume histograms yielded the number concentraton and volume fraction of
particles between lower and upper volume limits. Platelet aggregation, PA, as
defined by the fraction of single platelets incorporated into aggregates after a
mean transit ime t, PA = I- N/N,, was obtained from the measured number of
single cells initjally present, N, and those after ime time <t>, N, Individual

Table ] Surface-bound fibrinogen and vWF on washed platelets, before and
after “physiologic™ activation

Activaxr Mean % Activared Plaxiess £ SEM *
Added 9F9 (Fibrinogen) |  2.2.9 "WF) | 152B6 (vWF*)© | S12 (P-sclectin)
None 1726(5) sxoam° o $6+30(38)
2-suMADPY| w2150 5@ 83 $1£9(6)
02uMPMA | 982209 100 (1) - 100 @) 98+2(5)

'srwwmmwpmmw
'dewmwwmdm
:v‘PmnMqua‘wmﬂh

‘ZuMADPﬁrﬁ’Dnndm 2.and 2 - 5 uM ADP for S12 weh identical results for this range of
[ADPY; 5 uM ADP for 152B/6, the sume conditions as used in the aggregaton smdies.

570

histograms from multiple doncrs were averaged, resulting in 2 histogram of
the mean class volume fraction normalized to the maximum class content at
<t>=0(24).

3.S. Data analysis — Couerte Flow. The glutaraldehyde-fixed samples were
analyzed in an-electronic particle counter (Elzone 80xy, Particle Data Inc,,
Elmhurst, [L) t0 obtain the fractional decrease in the panicle number concentra-
tion with time. Here, PA was defined in terms of the fractional decrease in num-
ber of all particles present (single cells and aggregates). Since the number of
singlets is considerably greater than the number of aggregates over much of the
time course of aggregation, PA defined in terms of the total number of particles
is not significantly different from that defined in terms of the decrease of single
cells. Alternatively, in some experiments, N/N, was readily determined from
an analysis of the flow times, T, needed to count a given number of particles
(4.000) on the FACSCAN cytometer, as previously described for similar stud-
ies of neutrophil aggregation (25), where N/N_ = T/T.. In other experiments,
N/N, was determined from measurements of the number of particies in platelet
suspensions diluted a further 7 times after 20 s of flow (fixed volume).

Caphure efficiencies, ag, representing the fraction of the tofal number of
two-body collisions between platelets resulting in doublet formation, were
computed from the initial slopes, dPA/dti,_,. of the measured PA-time curves
(representing the collision capture frequency) assuming the two-body collision
frequency, FG per unit volume of suspension, is given by (26):

Fo= -GN

where G is the shear rate, b the radius of the equivalent platelet sphere
(~1.13 pm; 27), N, is the number concentration of platelets before the onset of

shear, and hence:
ﬁc = dPththFG

Wherever possible, dita are presented as mean values + one standard error
of the mean (SEM).

4. Results

Y4 Flow Cytometric Determinations of Fibrinogen and vWF

on Washed Platelets

W Surface-bound vWF. In our previous studies of shear-induced aggre-
gation of single centrifuged and washed platelets with 2 or S uM ADP
in the absence of added plasma proteins, the measured aggregation
appeared to be independent of platelet surface fibrinogen, and we
hypothesized that aggregation was mediated by platelet secretion and
surface-expressed vWF (1). We therefore compared the surface expres-
sion of the number of vWF molecules on resting platelets in cPRP, with
those on washed platelets before and after activation with PMA (ex-
pected to yield maximal a-granule secretion and surface expression of
vWF; 17, 28), shown in Fig. 1a, as well as with washed platelets before
and after activation with 2 and 5 uM ADP, shown in Fig. 1b. The FITC-
labelled mAb 2.2.9 was used to report on the surface-bound vWF, as it
reacts with the COOH terminus of the vWF repeating 220 kDa sub-
units, with no known inhibitory activity on vWF function (14).

Figure 1 clearly shows that. both before and after activation with
ADP, washed platelets exhibit two populations consisting of relatively
unactivated platelets, and of platelets maximally expressing vWF (P*),
as compared to one population when they are fully activated with
0.2 tM PMA. The % platelets expressing maximal mAb binding, cor-
responding to the subpopulation P*, is shown in Table I. One of the
three donors’ platelets evaluated with mAb 2.2.9 showed a unimodal
activation of all cells. In all cases, however, there was unequivocal
evidence for surface expression of vWF, with a significant increase in
%P* upon activation with ADP (Table I).



Wip.a-Granule secretion. As illustrated in Fig. 2, the a-granule secretion
marker, P-selectin, probed with mAb S12. also showed that major
secretion had occurred in the subpopulation P* of the resting washed
platelets. When caused to maximally secrete with 0.2 M PMA, the
washed platelets expressed the same number of bound S12 molecules
as did similarly activated platelets in cPRP. The resting washed plate-
lets of two-thirds of nine donors showed the presence of a subpopula-
tion, the remainder exhibiting unimodal partial activation of the entire
platelet population (Table 1). However, addition of 2-5 pM ADP re-
sulted in the identical significant increase in %P* (maximal secretion)
irrespective of unimodal or subpopulation behaviour, i.e. a similar
majority of platelets became maximally activated (Table I).

w3 Surface-bound fibrinogen. As previously reported (1), Fig.3 shows
that only a minor fraction of the resting washed platelets expressed sur-
face-bound fibrinogen (reported by mAb 9F9), as compared to 100%
P* with fibrinogen surface expression seen with PMA activation.
However, addition of 2 uM ADP, increased the % P* containing sur-
face fibrinogen to 44 %, significantly lower than the P-selectin and vWF
secretion and surface expression on ADP-activated washed platelets
(Table I).

4\\- GPlIb-Illa binding domain of vWF. About a third to a half of all
platelets had maximally expressed surface-bound vWF, as reported by
mAb 2.2.9, on the washed platelets prior 1o the addition of any extrin-
sic activator. It was therefore surprising that there was no significant
binding of mAb 152B/6 to the adhesive domain on vWF for activated
GPIIb-Mla (vWF*; Table 1), with fluorescence values equivalent to
those of resting platelets in cPRP (data not shown). While addition of
5 1M ADP only changed the %P* expressing maximal vWF from ~43
to 65% (as reported by mAb 2.2.9), this ADP activation caused all of
the platelets to express 63% of the 152B/6 maximal binding sites seen
on platelets maximaily activated with PMA (Table 1). In fact, this was
very similar to the 72% activation of all platelets in cPRP activated with
5 uM ADP (a = 2), compared to PMA activation for the same two
donors (data not shown). Lower concentrations of ADP (0.7-1.0 uM),
insufficient to promote shear-induced aggregation in suspensions of
S X 10¢ platelets pl-' (1), were also unable to yield any significant
binding of 152B/6 to washed platelets, in contrast to measurable
binding observed with similarly activated platelets in cPRP (data not
shown). Itis therefore expected that mAb 152B6 will only begin to bind
to washed platelets following ADP activation, and may therefore not be
an effective inhibitor.

Y3.Effects of Antibodies and ATA on Platelet Aggregation

\-7-\. Reagent concentrations and specificity. To determine the concentra-
tion of ATA and of mAb NMC4, directed against the GPIb-binding
domain on vWF, required to completely inhibit soluble vWF-mediated
platelet aggregation, washed platelet suspensions containing 10%
platelet-poor plasma were stimed with 0.3-1.5mg/ml ristocetin at
1000 rpm in an aggregometer for 2 min. The suspensions were then
rapidly fixed with 0.8% glutaraldehyde and a particle size analysis
carried out. In the case of ATA, aggregation was totally inhibited at
concentrations >30 pM. In the case of NMC4 concentrations greater
than 100 aM were required to completely inhibit the reaction, but we
chose 80 nM as used by Ikeda et al. (12) to block high shear stress-
induced aggregation. In order to optimize efficient use of mAb 152B/6,
we tested the antibody at 31 and 310 oM. representing a 4.3X lower,
and 2.3 higher concentration than that (133 nM) shown by Ikeda et al.
(12) to block high shear stress-induced aggregation.

In the stirred vials of an aggregometer, <10 pg/ml! of the mAbs 6D1
and 10ES have been shown to block aggregation dependent on soluble
vWF binding to GPIb (5) or GPIIb-IIIa (6) respectively, on platelets.
These antibodies have also been shown to block high shear stress
induced aggregation (=6 N nr?) of platelets in Couette flow (12).
Using the micro-Couette, we confirmed the fact that, at a shear rate
of 1000 s, 10 pg/ml of mAb 6DI could indeed block ristocetin-
induced aggregation of washed platelets containing 21 oM soluble
vWF monomer equivalents.

All of the mAb’s tested were IgGI types, with mAB 152B/6 effec-
tively serving as the ideal control, as it had no measurable effect on
platelet aggregation at the shear rates tested, while binding both non-
specifically as well specifically to vWF present oa the ADP-stimulated
platelets.

v22Aggregation in Couette flow. We previously reported that, in the ab-
sence of extrinsically-added fibrinogen, single-centrifuged and washed
platelet supensions containing 5 X 10 cells/pl aggregated with 5 pM
ADP in Poiseuille flow at mean tube shear rates <G> = 335 and
1335 57!, the rate and extent of aggregation increasing with increasing

Washed Platelets + PMA

Events

10° 10

Fluorescence
Fig.2 Histograms, as in Fig. [, of the extent of surface-bound. a-granule
secreted P-selectin, before (solid line) and following (dashed-dotted line) acti-
vation by 0.2 uM PMA, as monitored by mAb S12. Washed platelets are com-
pared with those in resting (dashed line) and PMA -activated (dotted line) cPRP ~

. Washed Platelets + PMA
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Fig.3 Histograms. as in Fig. 1, of the extent of surface-bound fibrinogen
before (solid line) and following (dashed-dotted line) activation with 02 pM
PMA, as monitored by mAb 9F9
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Fig.4 Inhibition of aggregation of washed platelets. mduced by 5 pM ADP,
in Couente flow at G = 300 s~ (a) and 1000 s~! (b), shown for a single experi-
ment. Plot of the time course of % platelet agsregation over ! min in the
absence of antibody (@), and in the presence of 10 pe/mi of mAbs 6D1 (V)
and 10ES (M). The dashed line (@) is the control run in the absence of ADP

and antibody
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Fig.5 % Inhibition (+ SEM; n =4; n =2 for the 10ES data) of the initial rates
of platelet aggregation by antibodies targeted against VWF or its receplors,
GPIb and GPIIb-MIa. The suspensions were sheared at G = 300 s! (except for
NMCH. at G =335 s™) and 1000 s~'. Kinetics of the ageregation are shown in
Figs.4and 6
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<G>. The experiments were repeated in the micro-Couette at uniform
shear rates of 300 and 1000 s~ with the aim of obtaining values of the
inital rates of aggregation (approximating initial rates of doublet for-
mation) and thus to derive values of the collision capture efficiencies,
;. The inhibitory effects of select mAbs could then be determined.
We had previously shown (unpublished results) that, in the absence of
inhibitor, the time course of agaregation at <G> = 335 and 1335 s~
was very similar to that observed in Poiseuille flow, the % aggregation
at given times being within +5% of that found in the wbe. Plots of the
time course of % platelet aggregation (%PA) induced by S uM ADP in
the presence and absence of inhibitors are shown in Figs.4a and 4b.
We found that for a >3-fold increase in G, from 300 to 1000 s, o
decreased by only 20% from 0.090 + 0.005 (o = 4) to 0.070 + 0.004
(n=>5). This result is in marked contrast to the 73% decrease in o over
the same range of G, which was found in fibrinogen-driven aggregation
of cPRP in the micro-Couette (4).

W-2-3 Antibodies 6DI and 10ES. These antibodies were used to evaluate

the roles of the vWF binding domains on GPIb and GPIIb-Ila in
mediating aggregation of activated platelets. Washed suspensions of
5 X 10* cells were preincubated with 10 pg/ml of the antibody for
5 min, and then immediately sheared in the device following addition of
5 pM ADP. The time course of aggregation over one minute, plotted in
Figs.4a and 4b at G = 300 and 1000 s~', respectively, clearly indicates
shear-dependeat inhibition of both the initial rate and extent of aggre~
gation in the case of mAb 6D1, compared to almost total blockage
of aggregation at both shear rates in the case of mAb 10ES. Thus, as
shown in the histogram of Fig. 5, the degree of inhibition of the initial
rate of aggregation (and therefore in o) due to mAb 6D1 increased

" from 22 + 6% at G = 300 s t0 52 £ 6% at G = 1000 .. Similarly, the

decrease in the extent of aggregation after one minute of shear caused
by mAbs 6D! and 10ES, respectively, increased from 28 + 1% and
87+4%atG=300s"t059+55%and 89 + 1% at G=1000s".

- 2 Antibody NMC4. Given the partial inhibition of aggregation by mAb

6D1, we compared the effect of the complementary mAb NMC4, which
binds to the GPIb adhesive domain on the vWF molecule (5). As shown
in Fig.6, washed piatelets preincubated with the antibody for 5 min
prior to addition of 5 uM ADP and sheared at G = 335 and 1000 s/,
exhibited aggregation profiles similar to those of platelets preincubated
with mAb 6D1. Thus, the initial rates of aggregation decreased by
26 + 5 and 50 +3% (n =4) at G = 335 and 1000 5™, respectively, cor-
responding to the values of % inhibition shown in Fig. 5.

™-34ggregation in Poiseuille Flow
W-3VAnnibody LJ-152B/6. Although we found that mAb 152B/6, reported

to bind to the GPIb-1IIa domain of vWF (6), only bound to a subpopu-
lation of these molecules after activation with 5 uM ADP (Table 1), we
still tested its inhibitory effect on shear-induced aggregation. In orderto
enhance binding after activation with ADP, the washed platelets were
incubated for 30 min with the antibody prior to shearing in the presence
of 5 uM ADP at <G> = 1335 s'. We found that preincubation of the
celis for 30 min with 31 or 310 .M 152B/6 had no significant effect on
the rate or extent of aggregation. Thus, at <t> =42 s, the extent of
aggregation obtained in the presence of 310 nM antibody (52.2%) was
not significantly different from that in the absence of antibody (49.3%;
mean of two experiments).
Wh3Aurin tricarboxylic acid. In our laboratory (as described above), and
by others (9), ATA has been shown to block the GPIb domain of vWF.
Given that ATA is being evaluated as an antithrombotic agent in animal
models (29, 30), and that ATA may affect both GPIb and GPIIb-MIa
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Fig.6 Effect of monoclonal antibody NMC4 on aggregation in Couette
flow induced by 5 pM ADP in washed platelets, 5 X 10* cells pl!, at (a)
G =335 5! and (b) 1000 s~'. Plot of the time course of the mean % platelets
aggregated (= SEM: n = 4) as a function of the time of shearing: O — in the
absence of NMC4; @ — in the presence of 80 oM NMC4; A - control run in the
absence of ADP and NMC-4

interactions with their ligands (29), we wished to compare the inhibi-
tory effects of ATA on platelet aggregation, with the similar but partial
inhibition observed with the mAbs 6D1 and NMC4 directed exclusive-
ly at the GPIb and vWF domains required for cross-bridging of plate-
lets.

By contrast, as illustrated in Figs. 7a and 7b, preincubation of the cells
with 31 pM ATA completely abolished aggregation with 5 pM ADP
in Poiseuille flow at <G> = 1335 s™'. The plot of the fraction of
single cells aggregated against <t> (Fig.7a) shows that 104.4 + 2.8%
(S-E.M,, o = 5) of single platelets remained unaggregated at <t> =
42 s, a result not significantly different from that, 99.5 £32% (n =5),
obiained in the control run, in which Tyrodes-albumin was infused
instead of ADP, and no ATA was added. In the absence of ATA, how-
ever, there was significant ADP-induced aggregation: 24.7 + 3.9%
(n = 5) of single ceils were incorporated into aggregates (Fig. 7a). The
extent of aggregate growth at <t> =42 s in the presence or absence of
antibody is shown in Fig. 7b in the continuous volume fraction histo-
grams in which the mean, normalized volume fraction of particles in
each of the 250 classes is plotted against particle volume, over the range
1-10° wm?. It is evident that, in the absence of ATA, a marked reduction
in the height of the singlet peak resulted in the appearance of two bands
of aggregates, between 30 and 200 jm?, and between 800 and 10% pm?.

S.Discussion

The results of the work reported above lend strength to the hypothe-
sis that von Willebrand factor, secreted during the isolation and activa-
tion of the single centrifuged and washed platelets, and surface-bound
on the activated cells, is required for ADP-induced aggregation at
moderate shear stress in the absence of exogenously added fibrinogen,
with a supporting (facilitating) role for GPIb and an absolute (regulat-
ing) role for GPIIb-Ifa.

() von Willebrand factor is indeed maximally expressed on 43% of
platelets isolated in the PGE,-mimetic (ZK) protected environment.
We know from previous work (1) that such platelets do not aggre-
gate when stirred in an aggregometer, or at low shear rate (42 s™!)
in rbe or Couette flow, unless both fresh extrinsic fibrinogen and
“physiologic™ activation by ADP are provided.

(ii) Mutually adhesive domains on GPIb and vWF, blocked by mAbs
6D1 and NMC4, respectively, are only partiaily responsible for
platelet aggregation at G =300 s~'. These sites are predicted to
facilitate maximal capture of platelets by the activated GPiIb-Ila*
interactions with platelet-secreted, surface-bound vWF. The im-
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Fig.7 Effect of 31 pM aurin tricarboxylic acid (ATA) on aggregation
induced by 5 pM ADP in washed platelets, 5 X 10¢ cells pl-!, undergoing
Poiseuille flow at <G> = 1335 s-'. (a) Plot of mean values of the percentage of
single platelets aggregated (= S.E.M.; n =5) as a function of mean transit time.
The control run was carried out in the absence of ATA by infusing Tyrodes-
albumin instead of ADP. (b) Comparison of aggregate growth in the presencs
and absence of ATA, and in the control run. Volume fraction histograms
showing three-dimensional plots of the mean. normalized class volume fraction
for the same data as in (2) vs particle volume at mean transit time = 42 s.
S =singlets, A = aggregates; the dots represent S.E.M.
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portance of the facilitative role for the GPIb-vWF cross-bridging
reaction increases with increasing shear rate, as evidenced by the
greater inhibition of PA at G = 1000 than at 300 s~ (Fig.5)-

(iii) There is an absolute requirement for free activated GPIIb-llla
receptors for crossbridging and capture of platelets at G = 300,
1000 or 1335 s, as seen by the total blocking of aggregation by
GRGDSP (1) or by 10E5 (Fig. 5). ‘

(iv) ATA can completely block aggregation at <G> = 1335 s in
Poiseuille flow, under conditions demonstrated to block the
GPIb/vWFiristocetin-mediated aggregation, but predicted to also
affect the GPIIb-Ila interaction, absolutely required for optimal
aggregation.

Shear Rate-dependent Role of vWF

The initial collision capture efficiencies, c, in the experiments with
washed platelets activated by 5 uM ADP, shown in Figs.4a and 4b,
were 0.09 = 0.0! (n =4) and 0.07 = 0.01 (n =5) at G = 300 and
1000 s, respectively. In a previous study of fibrinogen-driven ADP-
induced aggregation in Couette flow, we found the relationship ag =
53G-, corresponding o0 ag = 0.18 and 0.05 at G = 300 and 1000 s™,
respectively. Thus, o for surface-secreted vWF-mediated aggregation
at G = 300 s~ is already 50% of the maximal value for fibrinogen-
driven aggregation, and at G = 1000 s~! is even 40% more efficient.
These results are consistent with an increasingly important role for
vWF in mediating aggregation at higher shear rates (5, 10-12). Similar-
ly, the inhibition of initial rates of vWF-driven aggregation of washed
platelets via the vWF domain of GPIb on platelets (targeted by mAb
6D1), or by the GPIb domain on surface-bound vWF (targeted by
mAb NMC4) was only 22% at G = 300 s~!, but increased to 52% at
G =1000 s (Fig.5).

S.2. Relative Roles of GPlb and GPIIb-1lla

At shear rates <100 s, in stirred aggregometer vials. and in tube
flow (1), the addition of fibrinogen is an absolute requirernent for ADP-
induced aggregation in washed platelet suspensions. Thus, the surface
expressed vWF resulting from washing and centrifugation of the plate-

the first reaction between the surface expressed and bound vWF with a

GPIb receptor on an adjacent platelet results in the formation of

rapidly reversible bonds having fast on and off rates. but which are

relatively resistant to rupture by externally applied shear stress. The
second reaction between an altered domain oa vWF and a GPIIb-IIl2
receptor on an adjacent platelet, results in the formation of a strong
bond resistant to rupture at high shear stress. but with relatively slow on
and off rates. Thus, with increasing shear rate. the first reaction be-
comes increasingly important in order to facilitate bond formation in
the second reaction, and thus provide efficient capture of platelets,
as seen at G = 1000 s~ There &, therefore. an obligatory role for

GPIIb-Ma at all shear rates, and a facilitative role for GPIb especially

at high shear rates.

There are, in fact, good analogues for such a model, as in:

(i) the rapid reversible bond formation of L-selectin on neutrophils to
counter receptors on endothelial cells enabling the neutrophils to
roll along the vessel wall. In tum. this facilitates capture of the leu-
kocyte via the firm bond formed between the integrin activated
Mac-1 on the neutrophil, and its counter receptor on activated endo-
thelial cells, required at modest shear rates (<300 s~'; 32).

(ii) the wranslocation of resting platelets via rapidly reversible bond for-
mation between GPIb on resting platelets and vWF immobilized on
a plastic surface. Again, this process facilitates the subsequent firm
arrest of the platelets through activated GPIIb-Tla (33).

It should be noted that, whereas the'GPIb-vWF facilitated aggrega-
tion in the free flowing suspensions is largely bypassed at 300 s~ via
interactions with activated GPIIb-IIa. this is not the case in the above
quoted surface interactions of cells. There. rolling (facilitation of wall
adhesion) is an absolute prerequisite for firm capture. This difference
likely arises from the presence of activated GPiIb-Ila on the ADP-
stimulated platelets prior to the onset of vVWF-GPIb cross-bridging
reactions. It is, however, in marked contrast to high shear stress-
induced platelet aggregation, in which the initial soluble vWF binding
to GPIb leads to intracellular signalling and activation of GPIIb-Ila
(12), or to a similar observation for the translocation of resting platelets
on surface-immobilized vWF with finm capiure requiring subsequent
platelet activation (33).

lets, appears to be unable to mediate aggregation. However, above 253 Inabilty of mAb 152/6 to Block Aggregation

critical threshold shear rate ~300 s, the platelets will aggregate. At this
moderate shear rate, it seems that the interaction berween vWF and
GPIb can largely be bypassed, since, as pointed out above, inhibition of
the initial rates of aggregation by mAbs 6D1 and NMC4 is only minor.
With increasing shear rate, however, the role of GPIb becomes increas-
ingly important, as evidenced by the increased inhibition of the initial
rate of aggregation.

We therefore propose 2 model for the shear dependent involvement
of vWF in the aggregation of platelets in the absence of exogenously
added fibrinogen, based on differences in the strength and lifetime of
the bonds between the respective binding domains of vWF for the GPIb
and GPIIb-IIIa receptors. First, it should be pointed out that much of
the vWF secreted from the a-granules is likely associated with, and

. anchored to the GPIIb-Ila receptors. Thus, it has been reported that

freshly secreted vWF from thrombin-activated platelets cannot be pre-
vented from binding to the cell surface using mAb 6D! directed against
the vWF binding site on GPIb, and is only ~72% inhibited from bind-
ing to GPIIb-ITIa by mAb 10ES (31). Thus, it appears that vWF is part-
ly secreted in association with GPIIb-IlTa, and mAb 10ES5 is unable to
inhibit this subpopulation of vWF from being released and surface
bound to its receptors. Upon activation with ADP, it is proposed that
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Ikeda et'al. (5) found that high shear stress-induced aggregation in
hirudinized PRP in the presence of soluble vWF was-completely
blocked by 133 nM 152B/6, preincubated for only 5 min before shear-
ing. By contrast, we found that, at moderate shear stress. there was no
significant inhibition of the aggregation of the ADP-activated washed
platelets even at 310 oM mAb when preincubated for 30 min prior to
addition of agonist. The inability of this antibody to bind to surface-
secreted vWF, maximally expressed on 43 + 9% of all washed platelets
prior to addition of extrinsic activator. as reported by mAb 229
(Table 1), suggests that the GPIIb-IIIa binding epitope is not accessible.
However, following activation by 5 pM ADP. all of the platelets ex-
press about 63% of the maximal number of such epitopes suggesting
that (i) the original vWF on “resting platelets™ can be conformationally
ransformed, and/or (if) newly-secreted vWF expresses these epitopes.
Given the obligatory requirement for GPIIb-IIIa to mediate aggregation
at 300 and 1000 s™!, it appears that 152B/6 cannot access its GPIIb-Ila
domain on vWF in sufficient quantity to block aggregation, but that
these ADP-dependent domains or other domains stll not characterized
are indeed required. Although 152B/6 has receatly been shown ta block
soluble vWF binding to GPIIb-IIIa on thrombin-activated platelets
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(14), it may not be an appropriate antibody for blocking the epitope on  8,References

surface-bound vWF required for the actual cross-bridging reactions in
platelet aggregation, or the rapid and perhaps imeversible binding re-
quired 1o block the shear-induced aggregation immediately following
ADP addition may not occur with this antibody. Altemnatively, a ligand
other than vWF may bind to GPIIb-1lTa.

$ M The Role of ATA in Blocking Aggregation

The striking difference between the total inhibition of the ADP-
induced aggregation by ATA, and the partial, shear stress dependent
inhibition by antibodies 6D1 and NMC4, the latter directed exclusively
at the GPIb and vWF domains required for cross-bridging, su ggests that
ATA is also able to inhibit vWF binding to GPIIb-IIa.

In this connection it is of interest to note that a somewhat related
study concurrent with ours (34) has shown that cPRP pretreated with a
low concentration of epinephrine (250 nM) can synergize aggregation
induced by high shear stress (6 Nm~2). Such aggregation is only partial-
ly inhibited by 6D1 or ATA, the latter in marked contrast to the total
inhibition in our experiments. It should be noted, however, that Wagner
et al. (34) used a less purified form of ATA (from Sigma Chemicals).
Nevertheless their studies provide another example of the partial by-
pass of the GPIb-vWF interactions possible in high shear stress-induced
aggregation when GPIIb-Ila* is provided by a separate physiologic
activation.

. Concluding Remarks

We have shown that vWF secreted and surface expressed on ADP-
activated, washed platelets can mediate aggregation at moderate
shear stresses (0.3-1.1 Nm™), in contrast to the much higher shear
stresses (>8 Nmr?) required for aggregarion of resting platelets with
soluble plasma vWF (5). A useful analogue of the facilitating role
of the GPIb-vWF crossbridging of platelets can be found in the
models reported for neutrophil rolling on endothelium (32) and the
translocation of platelets on vWF immobilized on a plastic surface
(33).

With increasing shear rate, the vWF adhesive domain on GPIb
apparently becomes increasingly essential for aggregation. The
GPIIb-MlIa* domain on secreted and surface-bound vWF is also likely
involved in aggregation, but cannot be blocked by mAb 152B/6 which
can block soluble vWF binding to GPIIb-IITa*. Thus, GPIb-vWF inter-
actions facilitate and are increasingly important at moderate and high
shear rates, to permit effective capture of platelets. We postulate that
these most likely occur via GPIIb-IHa-vWE cross-bridging between
cells. The potential contributions of other surface-expressed proteins,
especially P-selectin and thrombospondin to aggregation at moderate
shear rate, are being explored.
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